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Foreword 
-  ' OLUME 71 of the Transactions of The American Society of Mechanical 
Engineers contains the individual papers published during 1949 under 
the sponsorship of the Society’s professional divisions and technical com- 
mittees, including the contributions of the Applied Mechanics Division, issued 
originally in a quarterly known as Journal of Applied Mechanics, and the 1949 
Society Records and Index. The technical papers and reports that make up 
this volume represent the Society’s annual contribution to the permanent 
record of mechanical-engineering achievement. Most of these papers and 
reports were presented at meetings of the Society and its professional divisions 
and sections and were published in monthly issues, eight being distributed 
as the Transactions of The American Society of Mechanical Engineers and 
four as the Journal of Applied Mechanics. These indexes will be tound at the 
end of this volume; an index to Jlechanical Engineering, an index to the eight 
issues published as Transactions, and an index to the four issues published as 
the Journal of Applied Mechanics. \ndexes to other ASME papers and pub- 
lications will be found on page SR-47 at the end of this volume. 

In view of the fact that the material of which this volume is composed was 
originally issued periodically as the Transactions, Journal of Applied Mechanics, 
and Society Records, three sets of page numbers will be found. Numbers 
without letter symbols are those of the eight issues of Transactions, and the 
Journal of Applied Mechanics, and those with letter symbol SR to the So- 
ciety Records and Index section, which concludes the volume. 


All sections of the Transactions are bound together at the end of the year 
for the convenience of libraries and of engineers who wish all of the papers in 
permanent form. Copies of the bound Transactions will be found in deposi- 
tories located in selected engineering, university, and public libraries through- 
out the world. A complete list of these depositories will be found on pages 
SR-43 to SR-46 of the Society Records and Index. Copies of the Trans- 
actions have also been set aside for-sale. 


PUBLICATIONS COMMITTEE 


Ace 


4 


wie Pred. 
n 
= 
| 
— 
— 


Considerable developmental work is progressing 
various types of jet rotor systems for helicopters. Among 
these are the ramjet system, and the pressure system, 
which are described in some detail in the paper. Applica- 
tion of the gas turbine for driving the compressor used in 
the pressure system is considered briefly, as well as use of 
the turbojet engine. A comparison of performance of the 
two principal jet-rotor systems under consideration with 
conventional helicopter-rotor drive is given, which indi- 
cates advantages for short-haul application over the con- 
ventional drive. 


on 


INTRODUCTION 


INCE the advent of the various types of jet-propulsion en- 

gines, a great deal of time and money have been spent in an 

effort to apply jet propulsion to helicopter rotors. This 
effort was primarily prompted by the possibility of solving the 
age-old problem of fuselage torque compensation on the single- 
rotor type of helicopter. Since the jet-propelled rotor transmits 
no torque to the fuselage, all devices such as the commonly em- 
ployed auxiliary tail rotor are eliminated. In addition, an ex- 
pensive internal-combustion engine supplemented with trans- 
mission and clutch assemblies would no longer be required. It 
was believed that this would yield an aircraft with enhanced per- 
formance and greatly reduced mechanical complexity. 

To date, the jet-rotor developments have consisted primarily 
of design studies, and the fabrication and testing of whirl-stand 
rotors. In a few cases, an effort has been made to construct a 
complete aircraft and determine the flight characteristics. The 
outstanding example of this is the German jet-propelled heli- 
copter which was designed and built by Fredrick Dobolhoff. 
The Dobolhoff machine was brought to this country at the close 
of hostilities and currently is being flight-tested at Wright Field, 
Dayton, Ohio. This aircraft has been capable of hovering at low 
altitudes but the forward flight performance is definitely limited. 

\t the present time, a surprisingly great number of organiza- 

ns, large and small, throughout this country are engaged in jet- 

wr developments and are seriously considering the practical 
pplication of fhe jet-propelled helicopter. It appears that the 
t-propelled helicopter is particularly suited for certain special- 

! duties and a large potential market is considered by many to 

st. 

Proposals for jet-propelled helicopters have considered many 

ferent types of jet drives; however, only two types will be con- 

‘red in detail here. One is shown in Fig. 1, and is known as 

“ramjet system.’’ The extreme simplicity of a helicopter 

izing this type of power plant i& obvious. It is noted that the 

nplete propulsion system consists of a ramjet engine mounted 
each rotor-blade tip. For operation of the ramjet engine, 

y fuel and ignition lines are required and these are integral 

th the blade structure. 


Chief Helicopter Engineer, Marquardt Aircraft Company. 

Presented at the Aviation Meeting of THe AMERICAN SOCIETY OF 
Mecuanicat ENGINEERS, Los Angeles, Calif., May 26-29, 1947. 

Note: Statements and opinions advanced in papers are to be 


nderstood as individual expressions of their authors and not those 
he Society. 
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The ramjet engine is the simplest of power plants, having no 
moving parts and requiring no lubrication. Consequently, the 
initial cost is extremely low and essentially no maintenance is 
required, 

The ramjet engine is incapable of producing a useful static 
thrust; thereby necessitating a rotor-starting device. This can 
take the form of a small internal-combustion engine or electric 
starter geared to the rotor shaft, or it is considered possible to 
start the rotor with small rocket charges located at the blade 
tips. In either event, the starting problem is considered relatively 
minor since the power required to accelerate the rotor is quite 
small at zero lift coefficient. 

The second jet system considered is shown in Fig. 2, and is 
termed the ‘“‘pressure system.” Here, a relatively low-horse- 
power conventional internal-combustion engine is employed to 
drive an air compressor in the fuselage. The pressurized air is 
driven through the hub and along internal blade ducts to a con- 
stant-pressure burner mounted at the blade tip. Fuel is intro- 
duced into the system either at the compressor or blade tip, 
forming a combustible mixture. The mixture is ignited in the 
tip burner and the products of combustion are expanded to at- 
mospheric pressure by an exit nozzle, thus producing the force 
which propels the rotor. This type of system is that which was 
employed by Dobolhoff in the German jet helicopter. 

It is noted that the inherent simplicity of the ramjet system 
is not present here. However, as will be shown later, the ad- 
vantage of this system lies in its reduced fuel consumption. 

The inherent properties of jet-powered rotors are largely dif- 
ferent from rotors which are gear-driven and a different type of 
design criteria is required. A design analysis of the ramjet and 
pressure type of propulsion systems has been made, and the re- 
sults of this analysis indicate the lita hited characteristics 
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of the two types of jet-propelled rotors. It is not possible to pre- 
sent a complete explanation of the method used in the analysis, 
or the basis for the several assumptions which are necessary. 
However, the method is quite fundamental and the assumptions 
are in accordance with experimental data. 

In the analysis, an effort has been made to evaluate the effect 
of a change in the various design parameters upon performance. 
The major design parameters involved in both propulsion systems, 
are the rotor-disk loading, rotor solidity, blade-tip speed, and 
blade lift coefficient. In addition, for the pressure type of pro- 
pulsion system, the value of the pressure ratio across the air com- 
pressor is important. 

The rotor-disk loading is equivalent to the thrust produced 
by the rotor, divided by the area of the rotor disk; or, for an air- 
craft with a fixed gross weight, a low disk loading indicates a rotor 
of large diameter, and a high disk loading dictates a small rotor 
diameter. The rotor solidity is the ratio of the blade area to the 
rotor-disk area. For a rotor with a fixed number of blades, a low 
solidity indicates a small blade chord, and the converse for a high 
selidity. The blade-tip speed, blade lift coefficient, and pressure 
ratio across the compressor are considered self-explanatory. 

The analysis considers only the hovering-flight condition; how- 
ever, this is adequate to investigate the effect of a change in the 
various design parameters. The ratio of the air flow to the fuel 
flow in the jet burners has been considered to be 1 to 20 by weight 
for both systems. A slight change in this design fuel/air ratio does 
not affect the trends to be shown appreciably, but the magnitude 
of the fuel-consumption values should be corrected according to 
any deviation. 


RAMJET SYSTEM 


For the ramjet system, the principal criterion used in evalu- 
ating the effect of a change in design parameters is the fuel con- 
sumption per hour of flight. It is convenient to express the fuel 
consumption as a function of the gross weight of the aircraft. 
This is termed a weight specific fuel consumption given in pounds of 
fuel consumed per hour per pound of gross weight or rotor thrust. 
This permits a determination of the fuel consumption per hour 
for any size aircraft. In computing the weight specific fuel con- 
sumption, the performance properties of the ramjet engine are 
first determined as a function of velocity. These properties are 
completely independent of the helicopter rotor. The character- 
istics of the rotor as'a function of the disk loading, solidity, and 
tip speed are then determined, and these are independent of the 
propulsion system. By combining the ramjet engine and rotor 
properties, the fuel consumed as a function of aircraft gross weight 
is known. 

Figs. 3, 4, and 5 show typical ramjet-engine performance 
characteristics. These characteristics are based upon relatively 
small engines which would be suitable for powering helicopters 
with gross weights of 2000 lb or less. The performance of larger 
ramjet engines capable of powering heavier aircraft is improved 
materially over that presented here. However, all trends indi- 
cated are independent of aircraft size. In the charts, the engine 
thrust coefficient, specific fuel consumption, arid drag coefficient 
are shown as a function of velocity or blade-tip speed. The thrust 
coefficient is an indication of the ability of the engine to produce 
thrust and, as noted, this increases slightly with increasing tip 
speed. 

The thrust coefficients shown in Fig. 3, are gross values and, in 
order to obtain the net thrust applied to the rotor, it is necessary 
to substract the drag coefficients shown in Fig. 5. 

The engine specific fuel consumption, shown in Fig. 4, is given 
in pounds of fuel consumed per hour per pound of jet-engine 
thrust. This is not to be confused with rotor thrust or aircraft 
gross weight. It is noted that a rapid decrease in specific fuel con- 
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sumption occurs with increasing tip speed. Increasing the tip 
speed from 500 fps to 700 fps results in a 40 per cent reduction 
in specific fuel consumption. This ram-jet characteristic of 
great saving in fuel consumption at high tip speeds is the most 
important factor in determining the optimum values for the 
rotor design parameters. It is indicated here that a designer 
of a ramjet rotor should use the highest permissible tip speed. 

Fig. 5 shows an assumed jet-engine drag coefficient which has 
a constant value up to a tip speed of 800 fps. At a tip speed 
slightly above 800 fps, experimental data indicate that the critical 
velocity occurs, and the drag coefficient increases rapidly. How- 
ever, the rotor-tip speed is limited to a value below 800 fps for 
all flight conditions due to compressibility drag on the rotor blade 
Consequently, the exact tip speed at which the drag coefficient o! 
the jet engine increases is not important to this analysis. 

The characteristics of the helicopter rotor are not shown since 
they are common to all helicopters independent of the type of 
drive used. 
horsepower required per pound of aircraft gross weight for various 
disk loadings, solidities, and tip speeds. By combining these 
data with the ramjet-engine properties, the performance char- 
acteristics of the complete ramjet rotor are known. 

Fig. 6 is a typical ramjet-rotor design chart showing the effect 
on fuel consumption of a variation in rotor solidity and rotor-tip 
speed. These data are based upon a rotor-disk loading of 2.5 psf, 
but the trends indicated do not change for a variation in this pa- 
rameter. Each solid line is for a constant rotor solidity, and each 
dash line represent a constant rotor-tip speed. The ordinate for 
the plots is the fuel consumed per hour per pound of rotor thrust 
or gross weight, and the mean rotor lift coefficient is shown as the 
abscissa. This lift coefficient varies as a result of a variation in 
the tip speed and solidity. 

By following either of the solid lines representing constant 
rotor solidity, it is noted that the fuel consumption is increasing 
as the tip speed decreases. As an example, for a rotor solidity of 
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0.03, an 18 per cent saving in fuel consumption is achieved by in- 
creasing the tip speed from 600 to 700 fps. By increasing further 
the tip speed to 800 fps, an additional 11 per cent reduction in 
fuel consumption is realized; however, operation in the hovering- 
flight condition at tip speeds appreciably above 750 fps is pro- 
hibited due to compressibility drag on the rotor blade. 

The effect on fuel consumption of a change in rotor solidity is 
shown in this figure by following either of the lines of constant tip 
speed. It is noticed that, as the solidity is decreased for any given 
tip speed, the fuel consumption is decreased significantly. Using 
the plot for a tip speed of 700 fps as an example, a reduction in 
rotor solidity from 0.04 to 0.03 results in a 17 per cent saving in 
fuel consumption. By reducing the solidity to 0.02, a further 14 
per cent saving is achieved. However, a design solidity below 
0.02 is considered impractical from a blade-structure standpoint 
and also, as is indicated later, the minimum solidity which can 
be used is affected by the maximum design speed of the aircraft. 

It is noted from Fig. 6 that, as the solidity is decreased for a 
constant tip speed, the mean rotor lift coefficient is increased. 
This increasing lift coefficient is responsible for the decreased fuel 
consumption in that the airfoil sections of the rotor blade are 
operating more efficiently at the higher lift coefficients. 

The data in this figure have demonstrated the definite advan- 
tage of designing a ramjet rotor with low solidity such that 
operation at high tip speeds can be accomplished efficiently with 
a relatively high lift coefficient. Since the proper selection of the 
rotor solidity is critical in a ramjet-rotor design, it should be 
chosen carefully considering all factors involved. 

Affecting the optimum design solidity are the limits imposed 
on the blade-tip speed due to compressibility drag on the airfoil 
sections, and the limits imposed on the mean rotor lift coefficient 
due to stalling of the retreating blade in forward flight. Both of 
these limitations are functions of the forward flight velocity of the 
aircraft. The tip-speed limit decreases with increasing forward 
flight speed. This is due to the flight speed adding to the rota- 
tional speed of the rotor when a blade is in the advancing azi- 
muth position. Consequently, as the forward flight speed in- 
creases, the tip-speed limit must decrease, in order to maintain a 
constant air velocity relative to the blade tip. 

The magnitude of the reduction of the tip-speed limit with in- 
creasing forward speed is also affected by the rotor lift coefficient. 
This is due to the fact that the speed at which compressibility 
drag occurs decreases as the lift coefficient increases. 

The limit imposed on the mean rotor lift coefficient is a result of 

he velocity differential between the advancing and retreating 

ides in forward flight. This velocity differential necessitates a 

clic change in lift coefficient in order to maintain a nearly con- 

int lift as the blade travels around the azimuth. 
nventional airfoil sections stall at a mean lift coefficient of 
approximately 1. Therefore, the lift coefficient must not exceed 
this value at any azimuth position. The limiting mean rotor lift 
coefficient decreases with increasing forward speed due to the 

‘reased velocity differential as the blade travels around the 

muth. 

By considering both of these limitations for several rotor-disk 
loadings, the solidity design chart, shown in Fig. 7, is obtained. 
Here, the disk loading is plotted as a function of the solidity for 
everal design maximum forward flight velocities. This chart 

ibles the designer to select the solidity value which yields 

nimum fuel consumption for a given disk loading and given 
lesign maximum forward speed. This solidity value is shown to 
increase with increasing maximum design speed and with increas- 
ing rotor disk loading. 

It is noted that with a change in maximum design forward 
speed, an appreciable change in solidity is required. Therefore, 
it is important that a designer carefully select a maximum de- 
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sign speed compatible with the use for which the aircraft is in- 
tended. 

For example, if a disk loading of 2.5 psf is being used and if 
the design maximum forward speed is 80 mph, the desired rotor 
solidity is 0.025. If a lower solidity is employed, the rotor is 
subject to compressibility drag or tip stall at high speeds, and if 
a higher solidity is chosen, an unnecessary increase in fuel con- 
sumption will result. 

Selecting the optimum rotor solidity for a given disk loadinz 
from Fig. 7, and applying the basic fuel-consumption data, Fig. 8 
is obtained. Here, the fuel consumption per hour per pound of 
gross weight is plotted against rotor-disk loading for several de- 
sign maximum speeds. It is remembered that all fuel-consump- 
tion data presented have been bAsed upon hovering-flight con- 
dition and; likewise, the data in this figure give the fuel consump- 
tion in the hovering condition but for aircraft designed to attain 
a specified forward speed. No indication is given of the fuel 
consumption when the aircraft is operating at its maximum de- 
sign speed. However, for most designs this usually is not a great 
deal higher than the fuel consumption in the hovering condition. 

The solid lines in Fig. 8, indicate the fuel consumption as 
a function of the rotor-disk loading for various design maximum 
speeds; however, the data are based upon the supposition that 
the pilot is operating the aircraft at the tip speed required at the 
maximum design speed of the aircraft. As previously indicated, 
the tip speed can be considerably greater in hovering than in for- 
ward flight. Assuming that the pilot increases the tip speed in 
hovering flight to its maximum allowable value, the fuel con- 
sumption is decreased to that indicated by the dash lines. As the 
pilot, in the hovering condition, increases the tip speed from that 
represented by the solid lines to that represented by the dash 
lines, the operating fuel/air ratio of the jet engine must be de- 
creased simultaneously. In computing the dash-line data, it was 
assumed that the combustion efficiency and friction pressure loss 
through the ramjet engine did not change for the fuel/air-ratio 
range considered. 

For a given design forward speed, it is noticed that there is 
an appreeiable difference in fuel consumption represented by the 
two sets of data. This indicates two important characteristics 
of the ramjet helicopter. The first, as was previously indicated, 
is that proper piloting of the aircraft is important if maximum 
fuel economy is to be achieved. It is also shown qualitatively that 
an aircraft designed to attain a certain specified forward speed 
automatically provides.a great deal of excess power in the hover- 
ing and slow-speed flight conditions merely by increasing the 
operating fuel/air ratio of the jet engine. This serves to give a 
high-performance aircraft in the hovering and slow-speed flight 
conditions. 

Also, this means that for a given disk loading, the size of jet 
engine required is determined by the maximum design speed of 
the aircraft. This is strictly true for the higher design maximum 
forward speeds; however, for the lower speeds, it may be neces- 
sary to increase the jet-engine size slightly in order to achieve the 
desired vertical-flight performance. This condition has not been 
investigated quantitatively. 

It is also shown in Fig. 8, that for the hovering flight condition, 
an appreciable sacrifice in fuel consumption must be made as 
the maximum design forward speed increases. ‘ Again, it is 
pointed out that it is important for a designer to select a design 
maximum forward speed carefully in accordance with the intended 
use of the aircraft. 

In addition, it is noted from Fig. 8, that for any design maxi- 
mum speed, there is a slight increase in fuel consumption as the 
disk loading increases. The fact that fuel consumption increases 
only slightly with increasing disk loading is a distinguishing char- 
acteristic of the ramjet helicopter. This means that it is possible 
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to design an aircraft to carry a greater load with a given rotor 
diameter and only a slight increase in the fuel-consumption re- 
sults; or, for a given aircraft gross weight, the rotor size can be 
reduced with a relatively snfall sacrifice in fuel consumption. This 
serves to yield a small compact type of aircraft. 

However, there is a secondary criterion which possibly may 
affect the design disk loading; and that is, the size of jet engine 
required. From Fig. 9, it is shown that the cross-sectional area 
of the jet engine increases as the disk loading increases for a given 
design maximum forward speed. This, in turn, means an en- 
gine weight increase with increasing disk loading. The jet-engine 
weight tends to vary approximately in a linear manner with cross- 
sectional area. Therefore, at a design speed of 100 mph, by in- 
creasing the design disk loading from 3 psf to 4 psf, a jet-engine 
weight increase of approximately 15 per cent results. The effect 
which the engine-weight increase should have on the design disk 
loading depends largely upon the type of blade structure used; 
therefore, it is difficult to make any general comments concerning 
this parameter. 

An important characteristic of the ramjet engine, which has 
not been considered in this analysis, is the effect that yaw angle 
has on performance. As the aircraft goes into forward flight, the 
air flow is no longer perpendicular to the blade-span axis at all 
blade azimuth positions. The greater the forward speed, the 
greater the yaw angle at which the jet engine operates. Suf- 
ficient data are not available on the effect of yaw angle to con- 
sider it in this analysis, with any degree of accuracy. 

It is also noticed that the size of the starting engine has not 
been considered. However, this is not necessary since the starting 
engine required is essentially independent of the design parameters 
involved. 

In addition, no mention has been made of the desired number 
of rotor blades. This is likely to be determined by the fact that 
the optimum design solidities are relatively low, and the fewer 
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blades used the larger the chord per blade; hence a reduction in 
the blade structural problem. A one-bladed rotor is usually con- 
sidered undesirable due to its adverse vibrational characteristics. 
However, the two-bladed rotor has been used quite extensively 
on the conventional-type helicopter, and it is believed, to be the 
most desirable configuration for the jet-propelled type. 

In summary, the major design points resulting from this ram- 
jet-rotor analysis are as follows: 

A slight saving in fuel consumption results with low disk load- 
ings and, if the rotor diameter is not an important factor, con- 
sidering the intended use of the aircraft, a relatively low design 
disk loading should be used. Upon selection of the design disk 
loading, the design maximum forward speed should be chosen 
‘arefully, and the solidity required to produce minimum fuel con- 
sumption should be used. If a higher solidity is used, an appre- 
ciable sacrifice in fuel-consumption results unnecessarily. 

The size of jet engine required is determined from the rotor-disk 
loading and the maximum design speed. If the design maximum 
forward speed is relatively high, it is probable that sufficient excess 
power will be available in hovering flight to provide the desired 
vertical flight performance. If the design maximum speed is 
quite low, it likely will be necessary to increase the size of the jet 
engine in order to achieve the desired performance. 

Also, proper piloting of the aircrait is important in order to 
achieve minimum fuel consumption and the maximum perform- 
ance. 

PRESSURE SysTEM 

The pressure type of jet-propulsion system is now considered. 
In the pressure system it is recalled that an air compressor, driven 
by an internal-combustion engine, is required to supply air to 
the jet units through internal blade ducts. Fuel is mixed with 
the pressurized air, and the combustible mixture is ignited and 
burned in a blade-tip jet unit. 

In the pressure system, it is not possible to separate the per- 
formance of the jet unit from the rotor performance, as was pos- 
sible in the ramjet system. This is because the internal duct 
area of the rotor blades and concurrently the frictional pressure 
losses are a function of the rotor solidity and these pres- 
sure losses have a significant effect on jet-unit performance. 

The method of analysis is similar to that used for the ramjet 
system in that the rotor horsepower required per pound of gross 
weight is determined as a function of rotor-disk loading, solidity, 
and tip speed. Knowing the required rotor power, the fuel con- 
sumption of the jet unit required to generate this rotor power is 
determined. In computing the fuel consumption, standard 
thermodynamic relationships with factors based upon experi- 
mental data are used. 

The first design parameter to be investigated is the pressure 
ratio across the air compressor in the fuselage. In Fig. 10, « 
typical plot of the fuel consumption of the jet unit in pounds per 
hour per pound of rotor thrust or gross weight is shown as a 
function of pressure ratio. It is noted that the fuel consumption 
decreases very rapidly with increasing pressure ratio. This trend 
is comparable to the rapid decrease in fuel consumption of the 
ramjet engine with increasing velocity, since a velocity increase 
represents a pressure increase. By increasing the pressure ratio 
from 2:1 to 4:1, a 32 per cent saving in fuel consumption is 
achieved; however, as the pressure ratio increases, the horse- 
power required to drive the air compressor increases quite rap- 
idly. Fig. 11 is a plot of the air horsepower on the outlet side of 
the air compressor per pound of rotor thrust as a function of the 
pressure ratio. Here it is seen that if the pressure ratio is in- 
creased from 2:1 to 4:1, the air horsepower required is increased 
approximately 34 per cent. These two trends tend to balance 
each other in that for a given flight duration, the weight saved 
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at high pressure ratios due to a decreased fuel consumption is 
counteracted by the weight increase due to the larger compressor 
and internal-combustion-engine combination. 

In order to evaluate this quantitatively, the weight of the fuel 
consumed by the jet unit plus the weight of the compressor and 
internal-combustion-engiye combination and its final consumption 
are plotted against pressure ratio in«Fig. 12, for three different 
flight durations. It has been assumed that the air compressor has 
an efficiency of 75 per cent and that the compressor and engine 
installation weighs 2.2 lb per engine hp. The fuel consumption 
of the internal-combustion engine is considered to be 0.6 lb per 
hp. It is noted that these curves are’relatively flat. However, 

in aircraft is designed for an endurance of only 1 hr, a slight 

‘ing is to be achieved by designing the compressor to operate 

2 pressure ratio of approximately 2 to 1, and for longer endur- 

‘es, & pressure ratio of approximately 3 to 1 is desirable. 

Secondary criteria, such as the jet-unit size, possibly should 
As the pres- 

re ratio increases, the jet-unit size and concurrently the jet- 
it weight decrease, thereby tending to decrease the blade struc- 
iral problem. On the other hand, the blade gealing problems 
ecome more difficult as the pressure ratio increases. 


considered in selecting a design pressure ratio. 


Also, from 
‘se charts, it is indicated that a high pressure ratio has a tend- 
‘y to increase the initial cost of the aircraft and decrease the 
erating cost in that a larger internal-combustion engine and 

compressor are required, and the fuel consumed by the jet 
rner is reduced ;, the converse being true for a low pressure ratio. 

The importance of this criterion is dependent largely upon the 

intended use of the aircraft. 

The remaining data to be presented on the pressure system are 
based upon a pressure ratio of 3 to 1; however, the trends to be 
indicated are applicable to other design pressure ratios. 

A typical set of data showing the effect on performance of a 
Variation in rotor solidity and rotor-disk loading are shown in 


Fig. 13. The data are based upon a constant lift coefficient of 
0.6; however, the trends shown do not change appreciably for a 
variation in this value. As noticed, the fuel consumption of the 
jet unit per hour per pound of rotor thrust is plotted as a function 
of the rotor solidity for several disk loadings. The crossing 
diagonal plots are lines of constant tip speed. 

It is noticed that the fuel consumed by the internal-combustion 
engine, used to power the compressor, is not included in this 
plot. This is not needed in order to show the effect of a change 
in the design parameter, since, with a constant pressure ratio 
across the compressor, the engine fuel consumption varies di- 
rectly with the jet-unit fuel consumption, and the trends indi- 
cated would remain unchanged. 

Following either of the constant disk-loading curves, it is 
noticed that the fuel consumption is reduced appreciably with 
decreasing solidity. However, there is a sharply characterized 
lower limit to which the solidity can be reduced. This low limit 
is determined by the frictional losses in the internal air duct of the 
rotor blades. The data shown in this figure are based upon a 
two-bladed rotor, using a monocoque type of blade construction 
with an internal duct area equal to 70 per cent of the airfoil- 
contour area. The duct losses for a given solidity are a function 
of the number of blades and the type of construction employed; 
therefore, a change in either of these variables will change the 
low solidity limit. For example, this chart shows the low solidity 
limit to be 0.02 for a disk loading of 2.5 lb per sq ft, but for a 
three-bladed rotor, with the same disk loading, the low solidity 
limit is approximately 0.03. As stated, the solidity limit also is 
affected materially by the type of blade construction, thereby 
indicating that in general a two-bladed rotor with monococoque 
blade construction is the most desirable, if the unsatisfactory use 
of a one-bladed rotor is precluded. In addition, the solidity 
limitation is a function of the air-compressor pressure ratio, and 
the specific data presented in the chart are applicable only for a 
ratio of 3 to 1. 

With a decreasing solidity for any disk loading, it is noticed 
from the diagonal plots that the tip speed is increasing. This 
increasing tip speed is primarily responsible for the decreased 
fuel consumption. As for any constant-pressure thermal-jet 
engine, the propulsive efficiency of the blade-tip unit is in- 
creased materially with increasing velocity. 

It is also indicated in this figure that a saving in fuel consump- 
tion is achieved by designing with low rotor-disk loading; how- 
ever, the disk-loading parameter is evaluated more accurately in 
a later chart. The advantage of designing a “‘pressure”’ type jet 
rotor with relatively low solidity such that it is possible to operate 
efficiently at high tip speeds has been indicated by these curves. 
This same conclusion was drawn for the ramjet system and, in 
the same manner, the tip speed and lift coefficient must be 
limited as a function of the forward flight velocity. 

As a result, the solidity design chart explained for the ramjet 
system is also applicable to the pressure type of jet rotor and it 
is repeated here as Fig. 14. After a design disk loading and de- 
sign maximum forward speed have been selected, the solidity re- 
quired to achieve maximum fuel economy is determined from 
this chart. However, the solidity values determined must. be in 
excess of the low solidity limits as established from plots similar 
to Fig. 13. 

Considering all limitations, the fuel consumption of the jet 
unit in pounds per hour per pound of rotor thrust is plotted as a 
function of the rotor-disk loading, in Fig. 15. Here, hovering- 
flight fuel-consumption plots are shown for aircraft designed to 
attain a maximum speed of 120 mph down to aircraft designed 
only for hovering flight. It is noted that the curves for relatively 
low design speeds,-0 to 40 mph, are quite flat; thereby indicating 
that a relatively high disk loading can be used without a great 
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sacrifice in fuel economy. As the design forward speed increases, 
it is evident from the curves that a greater sacrifice in fuel con- 
sumption is made with increasing disk loading. For example, 
at a design speed of 40 mph, the disk loading can be increased 
from 2 lb per sq ft to 4 lb per sq ft with only an 8 per cent increase 
in fuel consumption. However, a 20 per cent increase in fuel con- 
sumption results for the same disk loading increase at a design 
speed of 100 mph. Therefore, in selecting a design disk loading 
for a pressure-type jet rotor, particular attention should be given 
to the maximum design speed of the aircraft. In general, at low 
design speeds, the advantages of high disk loading and small 
roter diameter can be achieved without a great sacrifice in fuel 
economy. At higher design speeds, it is quite advantageous to 
design with relatively low disk loadings. 

From this same figure, by noting the rapid increase in fuel con- 
sumption with increasing design speed for any disk loading, the 
importance of selecting a design maximum speed carefully is 
apparent. For example, the fuel economy would be reduced 
significantly if an aircraft were designed to attain a maximum 
speed of 120 mph, and the aircrafts application did not require 
a speed in excess of 80 mph. This same condition exists for the 
ramjet rotor, and it is an inherent characteristic of any rotor 
driven by a propulsion system which becomes more efficient as 
the tip speed increases. 

To summarize the data on the pressure type of jet rotor, it 
has been shown that an air-compressor pressure ratio of approxi- 
mately 2 to 1 is optimum if it is not necessary for the endurance 
of the aircraft to exceed 1 hr. For endurances greater than 1 hr, 
a slight advantage is gained by increasing the pressure ratio to 
approximately 3 to 1. The advantage of using the proper rotor 
solidity, as determined by the maximum design speed of the air- 
craft and affected by the number of rotor blades and the type of 
blade construction, has been shown. The desirability of selecting 
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a design maximum speed carefully in accordance with the in- 
tended use of the aircraft has been indicated and a low disk 
loading definitely should be used if the design speed is relatively 
high. 

Use or Gas TurBINE TO Drive AIR COMPRESSOR 

In order to improve performance, various modifications of the 
pressure type of jet propulsion have been proposed. For ex- 
ample, it is possible to improve the over-all performance mate- 
rially by using a gas turbine to drive the air compressor instead 
of an internal-combustion engine. In using a gas turbine, the 
air from the compressor is ducted to the blade-tip units and 
burned in the same manner as described previously. The per- 
formance is improved with this system primarily due to the un- 
usually low installation weight of the gas-turbine type of power 
plant. 

It is possible further to improve the performance of the air- 
craft with the gas turbine by using a heat exchanger to transfer 
a portion of the heat energy in the turbine exhaust to the air 
which is ducted to the rotor blades. This scheme makes it pos- 
sible to utilize a portion of the exhaust energy, which otherwise 
would be wasted, and the rotor performance is improved mate- 
rially. 

Another modification of the pressure type of propulsion system 
is to supply air to the blade-tip burners by ducting the exhaust 
of a standard turbojet engine through the rotor blades. The 
turbojet exhaust temperature is normally about 1200 F, which 
makes burning in the blade-tip burner very efficient. On the 
other hand, this high temperature creates difficult blade struc- 
tural problems, and the possibility of leakage in the system is 
greater. These obstacles may not be insurmountable if the re- 
cently developed high-temperature alloys are used. 


Orner Types oF JET Drives 

Both of these modified systems for supplying air to a blade-tip 
burner require the same general type of rotor design as the sys- 
tem using an internal-combustion engine and air-compressor 
combination. Several other interesting and promising types of 
jet-propulsion systems have been profiosed for helicopter rotors 
and, in general, these require an entirely different type of rotor 
design from that indicated for the ramjet or pressure systems. 
For example, the configuration known as a ‘‘cold-air’’ system, 
where atmospheric air is pressurized by any of several means in 
the fuselage and ducted through the rotor with ejection at the 
blade tip without burning fuel, requires relatively low tip speeds 
and high solidity for efficient operation. This is primarily be- 
cause the efficiency of the system depends upon a very low pres- 
sure ratio across the air compressor, which permits the movement 
of a large mass of air at low velocity. Also, in the ‘‘cold-air” 
system without burning at the blade tip, it is highly desirable to 
design with an unusually low disk loading. 

As in the “pressure”’ system, the standard turbojet engine can 
be used to modify the “cold-air”’ system with materially improved 
performance. Were, the turbojet exhaust is ducted through the 
rotor and expelled at the blade tip without additional burning. 
Again, since no fuel is burned at the blade tip, a low tip speed, 
and, in general, a relatively high solidity are required. 

Some attention has been given to the “pulse-jet”’ type of en- 
gine for the propulsion of helicopter rotors; however, the present 
state of development of this engine prevents ‘its immediate use. 
On the other hand, when the present performance of the pulse- 
jet engine at speeds of 400 to 500 fps is improved materially, the 
pulsejet will be a very attractive power plant for the helicopter 
rotor. 


PERFORMANCE COMPARISON 


It will be recalled from the fuel-consumption data, that the 
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ramjet propulsion system consumes a great deal more fuel per 
hour than an internal-combustion engine producing an equivalent 
power. The pressure system also has a higher fuel consumption 
than an internal-combustion engine, but appreciably less than the 
ramjet system. The advantage of either propulsion system over 
a conventional rotor drive lies in the decreased structural and 
equipment weight of the aircraft. This weight is greatly reduced 
in the jet-propelled helicopter due to the elimination of the aux- 
iliary torque-compensating rotor and the structure required to 
support it; due to the elimination of clutch, free wheeling, and 
transmission assemblies; and due to the elimination of a large 
internal-combustion engine. Of course, in the pressure system, 
a relatively low-horsepower engine is required to drive the com- 
pressor. The structural and equipment weight saved by using a 
jet-propulsion system can be used to carry additional fuel or 
additional pay load, dependent upon the duration of flight. Con- 
sequently, for flights of relatively short duration, when it is not 
necessary to carry a large quantity of fuel, the weight saved in the 
jet-powered helicopter can be used to transport a greater pay load. 

A performance comparison based upon pay load has been made 
between a helicopter of the conventional type and an equivalent 
helicopter using each of the jet-propulsion systems which have 
been described in detail. For the conventional type, data from 
the Army R-5 helicopter have been used. This aireraft has a 
gross weight of 4800 lb and uses a 450-hp engine. By removing 
the equipment and structure of the R-5 which would not be re 
quired if a jet-powered rotor were used, and replacing this weight 
with fuel and pay load, the data shown in Fig. 16 result. In this 
plot, the increased pay load over that which is normally carried 
by the Army R-5 helicopter is shown as a function of flight dura- 


tion for both the ramjet and pressure types of propulsion sys- 


tems. The data for the pressure system are based upon a com- 
pressor pressure ratio of approximately 2:1. It is noted that for 
a ramjet helicopter, equivalent in size to the Army R-5, a greater 
pay load can be carried up to an endurance 1'/, hr. If it is neces- 


Fig. 17 


DESIGN CRITERIA FOR JET-PROPELLED HELICOPTER ROTORS ie 


sary to fly for only '/: hr, as much as a 1000 lb additional pay load 
can be carried by the ramjet helicopter. 

For an equivalent helicopter using the pressure type of jet- 
propulsion system, a greater pay load can be carried up to an 
endurance of 2'/, hr. For an endurance of 1 hr, approximately 
750 lb additional pay load can be transported. 

These characteristics of the jet-propelled helicopter make it 
particularly suited for specialized applications where only a rela- 
tively short endurance is required. However, for endurances of 
4 and 5 hr, the two types of jet helicopters which have been con- 
sidered in detail cannot compete favorably with the conventional 
type. 
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Fic. 16 Inereasep Pay Loap or Jet-PropeLLep HELICOPTER 
Versus ENDURANCE 


From a military standpoint, the jet-propelled helicopter could 
be used to advantage for transporting heavy equipment for a short 


WHIRL-STAND Rotor Usinc Pressure Type or Proputsion System 
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Fig. 18 Ramset-Encine Wuiri-Test Ria 


distance in the field; such as crossing rivers or any other kind of Fig. 18 shows a ramjet-engine whirl-test rig. The jet engine 
barriers. Commercially, it appears that the jet-powered heli- is mounted on a counterbalanced steel tube. An electrie moto 
copter would be economically superior for short-haul transporta- is used to accelerate the engine to the velocity required for start 
tion of cargo or passengers such as shuttle runs between a ing. Fuel and ignition systems are built in the whirling art 
municipal airport and the city proper. The operating cost of the — and controlled remotely. 

jet helicopter due to fuel consumption is greater than the con- and weighs only 12 lb. 
ventional type even for a short endurance; however, the return Two such engines mounted on a properly designed rotor woul 
from the increased pay load would make this an insignificant fac- be capable of propelling a helicopter with a gross weight of ap 
proximately 1300 Ib. 


The engine shown here is 6.6 in. diat 


Marquarpt Arrcrart Jet-Roror DEVELOPMENTS ConcLUSION 


Shown in Fig. 17, is a whirl-stand rotor using the pressure type In conclusion, it should be mentioned. that the jet-propelle 
of propulsion system. This rotor has been developed and tested helicopter is still a relatively new type of aircraft, and a grea 
_ - under Army contract. Air is supplied to the rotor through the — deal of development testing is yet to be accomplished before 
duct shown and fuel'is injected through a manifold just below the — utility aircraft can be realized. However, development wor 
rotor hub. The fuel and air mixture is ignited and burned at the appears to be progressing quite rapidly, and it is not ur 
blade tip. The test data from this whirl-stand rotor agrees fa- reasonble to anticipate a practical aircraft in the relatively neat 
vorably with the analytical data. future. 
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Heat-Transter Temperature Patterns 
Multicomponent Structure by 
~ Comparative Methods 


| 

For ou. shel two-dimensional corner composed of two 
different materials of unequal thickness, with fluid- 
boundary conductance on each side, and with a tempera- 
ture difference established between the two boundary 
fluids, the isotherms throughout the solid corner are dis- 
torted in irregular fashion. Accordingly, calculation is 
difficult. This problem has been studied by various meth- 
ods and comparative results have been obtained for the 
internal temperature distribution. The methods include 
the experimental ‘“‘geometrical’”’ and the network electrical 
analogies, as well as the solution of the equivalent electri- 
cal network by the process of arithmetical iteration. 


By C. F. KAYAN,' NEW YORK, N. Y. 


as 


INTRODUCTION 


REDICTION of the temperature patterns lor a multi 
none complex wall between two heat-transfer fluids 

is rendered difficult when the isotherms themselves are dis- 
torted in irregular fashion. Orthodox mathematical techniques 
normally are not sufficient for numerical evaluation, and special 
techniques, consequently, take on particular significance. 

The multicomponent complex structure herewith studied is a 
thick corner composed of two materials of different thickness and 
of widely differing conductivity. The fluids on the inside and out- 
side surfaces, representing the high and low temperature levels, 
respectively, are considered as having different boundary con- 
ductances. In this study the wall materials are considered 
homogeneous and of constant conductivity, i.e., independent of 
temperature. Joint resistance between adjacent layers is dis- 
regarded, and the boundary conductance for each fluid is con- 
sidered to be uniform over the surface in question. 

The cross section of the corner as studied is shown in Fig. 1. 
As such this represents a two-dimensional heat-transfer problem, 
with assumed thermal conductivities of 1.00 and 4.00 Btu/ (ft?) 
(hr)(F/in.) for the inner and outer layers, respectively. The 
inner layer is uniformly 2 in. thick, and the outer layer 2 in. 
thick on one side and 3 in. thick on the other. The section stud- 
ied runs 10 in. in each direction, as measured from the outside 
corner. A surface conductance, ha = 5 Btu/(ft®)(hr)(F) has been 
assumed for the inside-surface conditions, and ha = 2 for the 
outside, as representative of conditions due to air, for example. 
The heat flow is presumed to be in steady state from the inner 
fluid to the outer fluid, on the basis of the prevailing temperature 
difference. The composite structure is one such as may be 
found, for example, in refrigeration ‘practice. 

Under the circumstances, the isotherms throughout the solid 
section may be expected to be distorted in complex fashion. The 
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problem therefore is one of establishing just how these are posi- 
tioned within the section. With the temperature pattern of the 
structure established, particularly along its surface, the heat- 
transfer characteristics of the system may be set up. 


At the outset it must be emphasized that the results of the pres- 
ent analysis by the different ensuing methods must be recog- 
nized as being based solely on the assumed basic data, i.e., ther- 
mal conductivities and boundary conductances. It is of course 
further understood that the values assumed for the analysis have 
been selected arbitrarily. 


This paper reports the comparative results for this two-dimen- 


-sional steady-state problem by several comparative methods. 


The philosophy underlying these is that of the so-called resistance 
concept of heat transfer. Herein specifically the flow of heat in 
thermal circuits is regarded as behaving in parallel fashion to 
the flow of current in electrical circuits, as expressed by Ohm’s 
law. Accordingly, the characteristics of the-heat flow are estab- 
lished by analogy through the study of an equivalent electrical 
system. Determination therefore of the isopotential lines 
through the electrical study permits translation into equivalent 
isothermal lines, and thereby permits establishment of the tem- 
perature distribution in accordance with the impressed over-all 
temperature difference. 

Herein use is to be made of the potential-difference ratio c, 
defined 


c= Ae, 


where 


Ae, = potential difference between lower (base) potential level 
? and a given point x within the flow field 
Ae = electrical potential difference between lower and upper 
potential level 


From the electrical studies which establish the value of ¢, 
equivalent temperatures throughout the thermal structure may 
be established as representative of actual conditions 


where 
‘, = temperature at given point x, deg F 
‘; = uniform temperature of fluid at lower temperature level 
At = temperature difference, deg F, between fluid at lower 
temperature level and fluid at higher temperature level 
The 


following heat-transfer resistance-concept relationships 
are also of interest 
Tes 


f 
Ye 
where 
R, = equivalent thermal resistance at fluid boundary, as, for 
example, for air, F/{Btu/(ft?)(hr)] 
h, = fluid boundary-surface conductance, Btu/(ft*)(hr)(F) ede = 
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Fic. 1 Cross Section oF CorRNER SHOWING Two-LayER CONSTRUCTION tril 
ite 
"The resistance R,, of wall material of uniform composition sistance elements, proportioned so that the assembly represen DT 
the heat-transfer-structure conditions. The network, as ind 
Ry = Lu/ky -- [4] cated, is multibranched, and for this a special computationa 
where technique has been developed, leading to a numerical solutio 
L,, = thickness of wall material, in. for the potential values at the different locations within th 
k,, = thermal conductivity of wall material, Btu/(ft*)(hr) network, 
(F/in.). (Shown on the inch basis, as commonly Results have been obtained showing the value of ¢ (reported in 
specified; preferred practice for future is foot basis.) per cent) for different points within the corner structure. The 
program of investigations covers four separate series of studies 
As noted, for a given value of h,, there is a corresponding value — Serjes I and II represent the Analogger and the network-analog) 
of resistance R,. Hence for a given conductivity of wall mate- studies, respectively. Herein merely the fluid temperatures 
rial, there is some equivalent thickness L, of wall material that — j.¢, potential values, have been defined and impressed upon the 
would give the same resistance R, to heat transfer as the fluid — system. Series III, however, represents the resistance-network 
boundary results with end-zone potential distribution specified at both ends, 
based upon potential values, i.e., temperatures, that would re- 
ee sult from one-dimensional flow through the wall sections. Series 
Hence Vr IV represents, for direct comparison, solution by computation Fie 
technique of the network under the identical boundary cond Eves 
DL, = im... [6] tions of Series III, i.e., including the one-dimensional end-zon 


As is to be noted later, this value of L, is employed in the con- 
struction of the ‘“Analogger’’ model. Furthermore, in the 
construction of the different electrical arrangements, the electri- 
cal-resistance values are to be considered the counterpart of 
the thermal-resistance values, standing in the same relationship 
to one another for the different circuits. 

Two different experimental electrical-analogy methods have 
been employed in this study. One deals with the ‘‘geometrical” 
type employing conductive flat sheet, and provides the Ana- 
logger method, previously reported on fully so that it need not 
be detailed extensively here (1, 2).2_ The second method in- 

volves an electrical-resistance network or grid of component re- 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


values. 

The following summarizes the arrangement of the series for 
we inf 
(a) Fluid-boundary valueg (only) specified: 

SeriesI Geometrical Analogger. 
Series II Resistance network. 


Fluid-boundary values and end-zone values specified: 


Series III 


Series IV 
SoLUTION BY GEOMETRICAL ELECTRICAL ANALOGGER 


(b) 
Resistance network. 
Computational technique. 
Sertes 
An Analogger model, geometrically equivalent to the cross sec- 


tion of the corner in question, was constructed to scale, using 
. . . . 
the higher-conductivity material—that of the outer section (4 
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4.00) as the reference basis for the construction, The model was Oe 
constructed of electrically conductive flat sheet to present an elec- 
trical-resistance path as the counterpart of the heat-flow path 
represented by the corner cross section, Fig. 1. Across the [ ', | 
sheet, current could flow from one electrode system to the other, C por eeeeer oe | 
representative of the heat flow from the fluid at one temperature = . a | | 
level to the fluid at the lower temperature level. Under these : L FB 
circumstances potentials throughout the sheet representing the Ll | : 
corner structure could be considered the counterpart of the Ve T 
To have the model represent the less conductive inner layer, t | C— | 
the electrical properties of the sheet material were modified ap- {| fF ~-~~~———-—-—-——~——.. aa 
propriately by cutting the sheet into a mesh pattern, in the Y owen / | 
manner described by the author in an earlier paper (1). The ef- ‘ te 
fect of the boundary conductance at the surfaces, in turn, was Cet 4 
established by offsetting the electrode system by a distance | 
L,., in seale, representative of the boundary-conductance effect ee | 
(see Equation [6]). This section of the sheet was slit at regular fae oe oe 
intervals, perpendicular to the electrodes, to prevent lateral Fie. 2 EXxperRtmMenTAL ARRANGEMENT FOR ANALOGGER STuDY 


flow in the “boundary” region. The Analogger setup is illus- 
trated in Fig. 2. 

The experimental results, as values of c (per cent) at different 
points within.the corner, are shown in Table 1. The differ- 
ent points indicated in the table correspond to junction positions 
identified in the subsequently shown network system of Fig. 4 
ELECTRICAL-RESISTANCE NETWORK 


Serres II] By 


Use of the perforated mesh pattern in the Analogger model, 
shown in Fig. 2, obviously suggests the employment here of an 
celectrical-resistance network for determination of the potential 
distribution. Asin the Analogger study, from the potential-dis- 
tribution results, equivalent values of temperature may be 
inferred for the heat-transfer as provided by 
Iquation [2]. 


circumstances, 


The corner cross section is thought to be divided into a regular 
pattern of squares, shown in Fig. 3(a), each square being regarded 
as of equal thickness. (If three-dimensional analysis were in 
question, the material of the corner would be thought of as 
divided into cubes.) The effect of each square is then considered 
as concentrated at the center point. In accordance with the 
electrical-resistance concept, the resistance of the square of mate- 
rial may be set up appropriately as indicated in Fig. 3(6). Here 
the resistance in the X-X-direction is shown as r,, and in the 
Y-Y-direction, as r,. The composite resistance effect is like- 
wise shown, with separate half elements r,/2 and r,/2 represent- 
ing the X and Y-directions respectively, and totaling r, and 
r, for the entire square. 

Based on the material conductivities, k,, = 4 for the outer ma- 


Fic. 3 (a) REPRESENTATION OF CORNER BY SQUARE 
ELEMENTS; (b) oF SQUARE ELEMENTS BY RESISTANCE e e 
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R, ='1/h, 
material with k,, 


the total R = 


i 


= | for the inner material, 
= 5 for the inner surface, and h, = 
face, an equivalent electrical-resistance network was calculated 
and set up. This is shown, with appropriate relative resistance, 
in Fig. 4. Electrical connections, similar to those shown in Fig. 
2 for the Analogger, were used. 

For each square foot of wall surface, 
the vertical section of the wall are as follows: 
= 1/2 = 


for the horizontal section, the total R = 
1-in. ope of uniform thickness, the relative resistances of 
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TABLE 1 RESULTS OF COMPARATIVE STUDIES 
6 ? 8 9 
0 (16.8 $24.1 (45.9 100 
0 119.5 (4700 (7860 
0 119-5 |47.0 (76.0 
0 16.8 24.0 (45.3 100 
0 "186.6 (26.2 [45.8 '77.5 |100 
0 18.6 126.3 ‘45.9 177.5 |100 
0 (16.0 (23.0 [44.5 76.3 100 
426.5. 52329. 4326 (76.2. | 100 
0 (17.5 | 100 
0 (16.1 722.8 "42.0 74.5 1100 
(19.6 (38.3 68.4 100 1100 1100 1100 
28 12000 6845 4200. {200.200 1100. 1200. 
0 120.5 '37.6 68.8 |100 100 100 
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air-boundary conduet- 
2 for the outer sur- 


thermal resistances for 
Outer air boundary, 


0.50; for the 2-in. layer of outer structural 
=4,R, = 
layer of insulating material with k,, 
the inner air boundary with h, 
0.50 + 0.50 + 2.00 + 0.20 = 


L,,/k, = 2/4 = 0.50; for the 2-in. 
= 1, R, = 2/1 = 2; and for 
= 5, Ra = 1/5 = 0.20. Thus 


3.20. Similarly, 


3.45. On the basis of 


each element of the heat-flow path are 0.50 and 0.20 for the out 
and inner air boundaries, respectively, and 0.25 and 1.00 for ea 
inch of outer and inner material path, respectively. 

The results for the potential distribution in this Series II stud 
are likewise shown in Table 1, values of ¢ (per cent) being shov 
for the regularly spaced junction points of the Fig. 4 networ 
It will be noted that the results are in satisfactory agreeme 
with those of Series I, the Analogger study. It will, however, 
recognized that the Analogger represents the wall material as 
continuum for a large share of the model, using in effect | 
lumping technique, via meshing, for only a relatively small pat 
The network study of course employs the lumping techniqu 
throughout the entire simulation setup. It is believed that t 
small discrepancies which appear between the results of Series | 
and IT may in part be tated to aime factor. 
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Both Series | and Series II results are based on specification of 
fluid-boundary potentials only, and as such are directly com- 


parable. 


SOLUTION BY NetworK ENb-ZONE VALUES 
SPECIFIED 


Series II] 


It will be noted that for both of the previous experimental 
studies, the potential values at the end-zone junction points were 
undefined, and as such they were free to vary in an unrestrained 
manner. The fluid ‘‘temperatures’”’ were at 100 and 0, respec- 
tively, for the inner and outer locations, by virtue of impressed 
electrode potential difference. The values in the end-zone loca- 
tions were free to establish themselves, presumably in accordance 
with what could be expected with one-dimensional flow, or as 
Study of the end-zone results in Table 
l reveals that the one-dimensional values were not achieved. This 
may be observed by inspection of the results in row a, representing 
the vertical end zone, and of column 11, for the horizontal end zone. 

In Series III, therefore, for comparative purposes, the poten- 
tial values at the end-zone junctions were adjusted to correspond 
with the The results shown in Table 1 
indicate that under these ‘circumstances there are marked devi- 
ations from the values of the previous comparable set, 
the values for the Series I and II studies. 


indicated through Fig. 6. 


values given in Fig. 6. 


namely, 


Series IV By CompuTATIONAL TECHNIQUE, ENb- 
ZONE VALUES SPECIFIED 
The numerical solution of the Fig. 4 resistance network, with- 


out recourse to the experimental electrical determination, is 
of specific interest, particularly in view ef the many network 
branches which are involved. The values for the different in- 
ternal junctions are thus to be determined as for an electric-cir- 
cuit analysis. 

A method for the solution of this type of network has been re- 
ported previously by the author (3) and is described here in fur- 
ther detail, it being particularly noted that it requjres no experi- 
mental setup. 

At any junction point, under steady-state electrical-flow con- 
ditions, the sum of the currents flowing in must be zero, i.e. there 
can be no accumulation. Accordingly, considering Fig. 5(a), the 
point O is surrounded by points M, V, P, and Q. The resistance 
of the four corresponding branches are ry, ry, Tp, and rg. Their 
relative values may be designated by m, n, p, and q. 

The currents in the four different branches, as dependent upon 
the difference in potential e between the outlying points and the 
center junction, are next to be considered. The following rela- 
tionship may be set up 

(eu — + (€g—€o) _ 


lp 


(en — €0) + (ep — €0) + 


’ Thus to satisfy steady-state conditions 


1/ry + 1/ry + 1/rp + 1/re 
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Similarly, using values of relative resistances 


(ea — €o) (ev — 0) (ep — (eg — €0) 


P q 


m n 


To satisfy steady-state conditions 


(1/m)ey + (1/njey + + (1/q)eg (10) 


1/m + 1/n + 1/p + 1/q 


€0 


The reciprocal values of the relative resistances are of course 
the relative conductances. In Fig. 5(b) the counterpart of the 
resistance diagram of Fig. 5(a) is shown, in terms of relative con- 
ductances. 

Starting out with initially assumed values for all of the junc- 
tions in the conductance network, by carrying out the operation 
of Equation [10] systematically for the different points in suc- 
cession, it is possible, after repeated calculation tours, to arrive 
at final values for the different junction points in the network. 
These junction points, it will be recalled, represent the center 
points of the original squares shown in Fig. 3(a)._ The procedure 
of evaluation may be termed a process of arithmetical iteration, 
with its own sphere of usefulness in network evaluation. 

For simplification of the routine computation, since numerous 
equations have to be solved successively for each junction, ob- 
viously it is desirable first to compute constant coefficients for 
each potential point. These follow from the division of the indi- 
vidual branch conductances by the sum of the four branch con- 
ductances surrounding any one junction. Thus setting 


1/m + 1/n + 1/p + 1/q = 8 


Equation [10] then becomes ; 
= (1/ms)ey + (1/ns)ey + (1/ps)ep + (1/gs8)eg.. .[11] 


On the basis of the one-dimensional end-zone values cited - 
under Series III, boundary values of 100 and 0, and estimated Fic. 5 Network Resistance anp Conpuctancr ELEMENTS 
(a, Network resistance elements for a single junction. 6, Network c: 
values for the remaining junctions, the network was calculated ductance elements for a single — 
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by the foregoing process of arithmetical iteration. Fig. 7 shows 
a simplified conductance network as the counterpart of the re- 
sistance network in Fig. 4. Corresponding reciprocal values for 
the relative resistances are indicated for each branch; these are 
conductance values. At each junction the initial estimated 
value is shown, then the first computed value, and then last, the 
subsequent value after several systematic and rotative compu- 
tations. Computations were started at the corner diagonal, 
and were continued outward, first horizontally, and then ver- 
tically. The same sequence was followed on each computing tour. 

The calculating procedure involves a routine sequence for op- 
erating on each junction on repeated tours, using the previously 
calculated value at each point on successive tours of the circuit. 
Computations may be systematized to be carried out expedi- 
tiously in routine by slide rule, by calculating machine, or by auto- 
matic-sequence computing machines of mechanical or electrical 
form. It should not, however, be assumed that the iteration 
technique offers a procedure that may be carried out to an ac- 
ceptable solution rapidly. However, it does offer an approximate 
solution fairly readily, of practical use in the absence of the more 
direct electrical experimental methods. 

Obviously, the accuracy of this method is dependent upon the 
number of elements in the lumping arrangement, and on the ex- 


tent of the repetitive computational tours. The method, how- 
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complex problems of the flow type; it may be pointed out that 
there are other fields which may be so studied. Included here are 
problems of diffusion which directly parallel those of heat trans- 
fer, as well as others in the general field of applied mechanics and 
electromechanics. This of course emphasizes the fact that prob- 
lems of these types are essentially of the same mathematical 
background, and hence susceptible to the same treatment. 
Herein is involved the study of potential distribution for various 
types of circuits—thermal, electrical, diffusional, ete. 

Although not identified as an electrical-analogy procedure, 
particularly to be mentioned here is the heat-flow adaptation of 
the Southwell relaxation method, originally reported by Emmons 
in 1943. This was a specialized numerical procedure applied to a 
single-component case with isothermal boundaries (4). There 
are also numerous studies in other fields of applied mechanics deal- 
ing With the numerical type of approach, and some of these 
should be mentioned briefly as of particular interest and dealing 
with the solution of Laplace’s equation. Among these are the 
work of Shortley and Weller (5), and that of Frocht and Leven 
(6), the former a general mathematical treatment for the numeri- 
cal solution of equations, and the latter a special study in’ the 
field of stress analysis. 

The results of the Series IV computational method are also 
shown in Table 1, and represent the counterpart of the results 


ever, points the way toward calculating-machine operations on obtained in Series III, namely, with end-zone values estab- 
J 
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95 275 H 470 780 , 
1 8 q 
4.00 160 1,00 433 
| 195 275 | 470 780 
7 469 78.1 
\ 186 2634 77.5 
1460 400 1360 1,00 1143 
195, 275 | 470 780° 
| of 19.0 @ 270 467 a77ed 
& : g: 
249) 444 76.6 | 
4.00 | 1.00 1.443 
} 19.5 2754 |420 78.9 | 
18.2 260; 4s? 77.0 | 
| 162 2301 42) 74.6 | 
1460 4.00 100 143 
15.0 250 450 75.0 H 
| 144 205! 376 688 ‘| 
of 1 400 00 00 
| 120 200) 40.0 650 
| 12.3 7.2] 294 49.6 69.4 75.5 77.7 
1460 4.00 _1460 100 100 1,00 100 190 
| 10.0 17.0 | 36.0 40.0 45.0 49.0 50.5 
10.8 6! L 22.1 36.5 0/436 47.8 49.7 
1 “a2 20.5 305 39.5 444 47.1 
op _!fe0 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
| 8.0 13.0 210 24.0 27.0 30.0 320 
1 9&6 9} 193 9} 23.8 Q} Q}31.5 g 
“es bd 15.0 19.2 233 264 28.6 
1y60 4.00 4.00 4.00 400 400 400 400 
™ | 6.0 9.0 (7.0 19.0 21.0 24.0 ‘ 25.0 
4 
g 5.6 9 106 147 g g 23.2 g 
‘ 
Ges 119 14.8 17.6 20.0 21.8 
4.00 4.00 4.00 4,00 400 4.00 4.00 
ints 2.0 6.0 0.9 13.0 14.0 17,0 18.0 
4.1 7.3 103 125 148 16.5 17.3 
“| 47 66 8.5 10.5 i24 140 ‘5.4 


Fie. 


: 

| 

© 

- 
é 

< 


16 


lished ee the sada flow of Fig. 6. Here again it 
is to be noted that the agreement in the comparative figures of 


Series III and Series IV is more than reasonably satisfactory. 
CONCLUSION 


From the data of Series IV, isopotential lines have been 
sketched in on the corner cross section and are shown in Fig. 8 
Discontinuity at the joint between the two layers of material is 
of course evident, as is also the irregular pattern of the lines. 
Based upon Equation [2], translation into temperature values 
is readily feasible, and likewise, heat-transfer calculations may 
be made from their values. 

It is evident from the study of the data that the extent of the 
wall section chosen on each side of the corner has not been suffi- 
cient 1or the achievement of one-dimensional flow in the end 
Thus when the end-zone potentials were not set, as in 


zones. 
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Hat 
Series I and II, their values did not of themselves agree with those 
of one-dimensional flow, indicating that the area affected by a 
corner may be extensive. 

It is of course obvious that if an adjustable network board is 
already available, upon which to set up problems, satisfactory 
answers may be obtained readily. The work of the computa- 
tional method increases greatly with increase in the number of 
points studied. Thus if a relatively coarse network is acceptable, 
calculation time for approximate solution is not apt to be too 
great. For accuracy, the Analogger gives an excellent account of 
itself and has the advantage in providing’ isopotential-pattern 
detail not readily available by other methods. However, 
require the construction of a special model for each type of pro- 
gram, construction which must be carried through rather care- 
fully. 


it does 
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Test Results of High-Performance Heat- — 
‘ ae 
Exchanger Surfaces Used in Aircraft 
Intercoolers and Their Significance for 
Gas-Turbine Regenerator Design 
By A. L. LONDON! C. K. FERGUSON? 
This paper presents transfer and flow-friction = gas viscosity, lb/hr ft 
design data for a plate louvered-fin type of extended sur- = gas density, lb/ft* 
face which may be of use in the gas-turbine-plant regenera- ; = ra area contraction and expansion ratio, A,/frontal area _ 
tor application. Different surfaces are compared on the tT, = Wall friction stress, #/ft? 


basis of a heat-transfer coefficient versus friction-horse- 


power plot, and some of the heat-transfer and flow-fric- 


tion aspects of regenerator design are discussed. 


The lature is used in the paper: 

A = heat transfer and/or friction area, sq ft =) a 
1. = free flow cross-section area, sq ft 
a = heat-transfer area (one side) to volume ratio for a par- 

ticular heat exchange surface, ft?/ft® 

c, = air unit heat capacity, Btu/(lb deg F) 

E = flow-friction horsepower per unit of area A, hp/ft? 
E.. = E for a fluid having the specified “reference properties,” 
hp/sq ft 
f = friction factor defined by Equation [8], dimensionless 

f,. = friction factor evaluated from isothermal flow data 
7 = gas mass velocity, lb/(hr-ft? of flow cross section) ° 
h = thermal convection heat transfer ‘film’ coefficient, 

Btu/(hr deg F ft? of A) 
hee = h for a fluid having the specified “reference properties,” 
Btu/(hr deg F ft? of A) 
K., K, = flow-contraction and expansion coefficients, respec- 
tively, dimensionless 
k = gas unit thermal cénductivity, Btu/(hr ft? deg F/ft) 
| = flat plate over-all flow length from leading to trailing edge 
(corresponding to fin louver spacing), ft 
P = gas static pressure, #/ft? 

AP = gas static pressure drop, #/ft? 
ry = flow tube hydraulic radius, ft 
T = absolute temperature, deg R 

u = velocity vector for flow over a flat plate, see Fig. 9 

vo = undisturbed stream velocity vector for flow over a flat 
plate, see Fig. 9 ar 

v = gas specific volume, ft*/Ib 

V = bulk average,flow stream velocity, fps 

« = flow distance over a flat plate measured from the leading 


edge, ft 
‘Professor of Mechanical Stanford 
Calif. Mem. ASME. 
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Engineering, University, 


University of 


f denotes gas-film conditions 


Dimensionless Groupings: 


Np, = Prandtl number, yc,/k, a fluid-properties modulus 
evaluated for arithmetic-mean bulk air-flaw tempera- 
ture 
R = Reynolds number, 4ryG/u, based on hydraulic diameter 


4r,, and uw at bulk mean flow temperature 
R, = R with viscosity » at an average film temperature 


R, = Reynolds number xG@/u, based on flow distance z, from 
leading edge of flat plate, with » at bulk mean tem- | 
perature 
R, = Reynolds number, /G/u, based on flow distance J, from 
leading to trailing edge of flat plate 
Ns, = Stanton number h/(Gc,), a heat-transfer modulus 
Subscripts: 


1 denotes upstream from core 

2 denotes downstream from core 
‘average’ conditions 

iso denotes isothermal conditions 


avg denotes ‘ 


ref 


Miscellaneous: 


denotes evaluation at reference fluid-properties condition 


= denotes approximate equivalence 


# denotes pounds force in distinction to 
lb denoting pounds mass 


INTRODUCTION 


During the present pioneering development of the gas-turbine 
prime-mover system comparatively little attention has been given 
to the development of lightweight compact heat-exchanger com- 
ponents, primarily the regenerator. 

For a high-efficiency plant with good fuel economy over a wide 
load range, it is necessary to use a regenerator of high effective- 
ness and, consequently, of large specific surface area, of the 
magnitude of 3 to 4.sq ft pershp. This is several times the trans- 
fer-area requirement of the boiler plus condenser of a steam power 
plant. It is therefore evident that for a compact gas-tur- 
bine plant, incorporating a high-effectiveness regenerator, it will be 
necessary to use types of exchanger surfaces having a substan- 
tially larger area-to-volume ratio than conventionally used boiler 
and condenser tube banks. This requirement directs attention 
to the use of either very small cireular tubes, '/, in. diam or 
smaller, or extended surfaces. In the latter case, extended sur- 
face on both air and gas sides probably will be desirable in that 
heat-transfer resistances on both sides are of comparable magni- 
tudes. 
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Of possible use in the regenerator application are some of the 


extended surfaces developed for aircraft intercoolers. However, 
in order to evaluate the possibilities of these and other develop- 
mental types of “‘high-rating” surfaces, it is necessary that basic 
heat-transfer and flow-friction design data be obtained and that 
these data be of accuracy comparable to that available in the 
literature for flow normal to circular tube bundles and for flow 
inside tubes. The lack of these data has tended to channel the cur- 
rent regenerator developments toward the use of the shell-and- 
tube type of surface. 

The U. S. Navy Bureau of Ships started a program aimed at 
this objective in 1945. The Office of Naval Research in con- 
junction with the Bureaus of Ships and Aeronautics is furthering 
this work on research contracts. The basic design data sum- 
marized in this paper were earlier reported in reference (1)* and 
represent the first results of this program. An additional ob- 
jective of this paper is to consider some of the heat-transfer and 
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flow-friction aspects of regenerator design. =~ « 
= 
DESCRIPTION OF APPARATUS AND TrEsTs 


A detailed description and discussion of the test equipment are 
contained in reference (1); consequently, only a brief description 
will be given in this paper. 

The test system was arranged to provide for heat transfer from 
steam condensing within the heat-exchanger core to an air-flow 
stream passing through the core. It consisted of the following 
essentials: 

1 Controllable air-flow duct with a test section of 83/5 & 93/, 
in. cross section designed to accommodate heat-exchanger cores 
of standard dimensions. Such a core is shown in Fig. 1. 

‘Numbers in parentheses refer to the Bibliography at the end 
of the paper. 


Puiate-Fin Type Heat-TRANSFER SuRFACE MOUNTED IN 


Fic. 1 
Test Core Equiprpep With HEATING STEAM AND CONDENSATE 
HEADERS AND FLANGES FoR AiR-FLOw Duct 
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2 Steam-heating system for the exchanger core with provision 
for removing ‘‘fixed gases’’ from the steam side of the heat-trans- 
fer surfaces. A large amount of ‘blow’ steam, from 3 to 20 times 
the condensate rate, was passed through the core to minimize 
condensate flooding of the heat-exchanger surface. 

3 Test instrumentation for the measurement of air-flow rate, 
upstream and downstream air static pressures, temperature and 
velocity distributions, steam-inlet state, blow-steam rate, and 
exit-condensate rate and state. 

The seven surfaces tested and their geometry are described in 
Fig. 2. The plate-fin type of surface incorporated in these test 
cores has had extensive use in aircraft-engine intercoolers. This 
application is somewhat related to that of the regenerator as 
requirements in common are gas-to-gas transfer, low weight, high 


compactness, and low friction power. 
The surfaces are formed completely from sheet metal 0.010 
in. thick for the plates and 0.006 in. thick for the fin material. 
Excellent thermal and mechanical joints for the fin and plate 
junctions are insured by the furnace-brazing method of fabrica- 
tion. While all surfaces tested were of aluminum construction, 
the use of high-temperature materials for the gas-turbine-regener- 
ator application can be visualized. ’ 
All of the seven test surfaces of identical plate spacing (0.25 8 
in.) and fin spacing (11.1 fins per in.) had a varying louver spacing 
“‘plain-fin’’ sur- 


on the air side ranging from °/\ to '/2 in. and one 
All cores had a plain-fin surface on the steam side. 
The test data allowed the following calculations: 


face 


1 An energy-balance comparison of energy gain by the air 
stream to energy loss by the condensed steam and blow steam 
The discrepancy in this comparison averaged less than 3 per cent 
for all the cores tested. -055 

2 Evaluation of the average unit conductance for thermal con- 7 
vection on the air side. This calculation assumed a relatively 
negligible steam-side resistance. Straight fin theory was used ~ 
for the prediction of the temperature effectiveness of the extended 
surface (8). For the aluminum cores used, the temperature ef- 
fectiveness of the air-side extended surface was generally in ex- 
cess of 95 per cent. 

3 Evaluation of flow friction factors for essentially isothermal 
flow conditions (cold-core runs). 

4 Evaluation of flow friction factors for flow through the | 
core With air heating (hot-core runs). ; 
5 Evaluation of the air-flow Reynolds number based on the 3 
hydraulic radius of the flow cross-section space between the fins. ' 

Two Reynolds numbers were evaluated: one for a bulk averag 
temperature (arithmetic mean of inlet and outlet-air bulk tem- 
peratures), R, and the other for a mean film temperature (aver- 

age of bulk average and wall temperature) Ry. 


The R range for these tests was from 400 to 10,000, correspond- 
ing to mass velocities G of about 2000 to 40,000 Ib/(hr ft? 


flow cross section). 
Summary or Test Resutts 


The test data and calculated results are tabulated in reference ; 
(1). Basie heat-transfer and flow-friction design data applic 
to the surfaces tested are summarized in Figs. 4 and 3 in din 


p,?/3 versus R 


fiso versus R 


sionless form as 


The points for these faired curves, Table 15 of reference (1), at" 
given here in Table 1. 

Fig. 5 is included to demonstrate the essential consistency o! 
the experimental data. The data points for both fj,. and sr 
N p,?/3 versus R are plotted relative to the faired curves. 
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ze 
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Pressure-drop data taken in conjunction with the heat- 
transfer runs, according to the previous calculation of 
reference (1), yielded an f versus R characteristic which 
ell 3 to 6 per cent higher than the isothermal f results. 
The greatest difference existed for low R. This discrepancy 
resulted from a poor idealization for average air density (or 
specific volume) with respect to flow length, namely, an 
arithmetic-average density. New calculations using a loga- 
rithmic-average specific volume yielded hot-core friction 
factors in substantial agreement with the f for the isother- 
mal runs, providing a correlation with R, is employed. 
This is demonstrated in Fig. 6 for surface G. Here the 
hot-core friction factors versus Ry are compared to the iso- 
thermal curve from Fig. 3. Reasons for employing the loga- 
rithmic average specific volume are given in the Appendix. 

Fig. 7 is presented for the purpose of comparing the 
heat-transfer versus friction-power characteristics of the dif- 
ferent surfaces. The dimensionless correlations of N s,N p,?/* 
and f versus R are rearranged after the method of Colburn 
(6) to vield a dimensional plot of heat-transfer coefficient 
het, Versus flow-friction horsepower per square foot of trans- 
fer surface, Ey. These coefficients are plotted for the ref- 
frence gas state (corresponding to air at 500 F), described 
in the caption of Fig. 7. To predict h and E for operation 
with any fluid at other than refe rence properties, the follow- 
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Fig. 7 Heat-TRANSFER COEFFICIENT VERSUS FRICTION-HoRSE- 
POWER REQUIREMENT AT REFERENCE CONDITIONS FOR SURFACES 
A, B, C, E, anp G 
(Reference conditions are preg = 0.0413 lb/ft*, = 0.0678 lb/hr ft, cprep = 
0.2477 Btu/ (lb deg F), NPr ree = 0.671, corresponding to air at 500 F and 
atmospheric pressure. Surface D and surface J characteristics are omitted 
for clarity. The D characteristic is close to that of the C surface, and the J 
characteristic is close to that of the G surface. Reynolds number mag- 
nitudes on this plot are approximate only.) 
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Probable accuracies of the basic data are as follows: 


R, R, 


+1.5 per cent 


+6 per cent for high R » 
fiso core A 

+3 per cent for low R 
+4 per cent for high R ‘a 

her cores 
pinnmedeaias +2 per cent for low R 
Ns, = (h/Ge,) accurate to 5 per cent with a tendency to be mt 
smaller than actual 


Np, = (u ¢,/k) +5 per cent 


Thermal properties for air were taken from reference (9). 

The principal error in f arises from uncertainty of the actual 
exit and entrance (flow expansion and contraction) loss coeffi- 
cients used to extract the friction factor from core over-all pres- 
sure-drop measurements (see Appendix). There is some pos- 
sibility that exit and entrance coefficients for ‘‘multiple tubes 
in parallel’ differ significantly from the conventionally used 
“single” contraction and expansion coefficients available in the 
literature. 

The major error in the Ng, determination evolves from the 
assumption of a negligible steam-side resistance. Therefore the 
presented Ng, magnitudes tend to be lower than actual. 

Uncertainty in N p, is mainly the result of lack of accurate data 
for air thermal conductivity (9). . 

Discussion OF RESULTS 


Reference to Fig. 2 will indicate the complexity of the flow 
path of the air over and between the louvered-fin surfaces. The 
flow boundary layer is periodically interrupted by the cutout 
louvers on the fins. The curvature of the fins results in flow ac- 
celerations with tendencies toward boundary-layer separation 
and eddy formations. Wake effects at the trailing edges and flow 
impingement on the leading edges result in additional turbulence. 
In the region of contact between the fins and the plate the flow 
geometry is even more complicated due to the presence of the 
plate wall and the junction of louver and fin. 

As a result of these influences, with the exception of the A sur- 
face, the flow is probably characterized by a very high degree of 
turbulence especially after the first inch or so of the 4.875-in. flow 
length. In spite of this, however, it is evident from Fig. 4 that 
there is a tendency toward a viscous-flow characteristic for R < 
1000, as revealed by the change of slope and the inflection point 
of the Ng, N p,?/* versus R plot in the region 1000 < R < 3000 for 
all seven surfaces tested. Note that this transition is more 
marked for the less louvered surfaces. 

The theory of boundary-layer formation in flow over a flat 
plate yields useful qualitative results, Fig. 8. In this considera- 
tion, however, it is necessary to make a clear distinction between 
the laminar sublayer and the Prandtl boundary layer (the “re- 
gion of influence” of the plate on the main stream flow). The 
Prandtl boundary layer may be defined arbitrarily as the region 
contained within the u/u = 0.99 velocity contour as indicated in 
Fig. 8. In contrast, the laminar sublayer will be defined by the 
u/uo = 0.7 velocity contour. The laminar sublayer is a few 
thousandths of an inch thick in average dimensions. It is in this 
layer that the major resistance to heat transfer resides. Conse- 
quently, by reducing its average thickness the heat-transfer con- 
ductance for thermal convection h can be increased. The func- 
tion of the louvers is to provide this effect by periodic inter- 
ruption and resultant new formation of the laminar sublayer. 


Accompanying this increase in h will be a corresponding increase 
in the velocity gradients at the wall and the attendant  in- 
crease in “skin friction.”’ A further increase in over-all flow fric- 
tion, characterized by the coefficient f, results from impingement 
on the leading edges of the louvers, wake formation at the trail- 


ing edges, and flow curvature imposed by the fin shape. These 
>... 
PRANDTL BOUNDARY LAYER 
> _ 2 
Us 
EDDYING 
\ . - . 2 
L LAMINAR SUBLAYE 
fe) x 
Fig. 8 ScHEMATIC REPRESENTATION OF FORMATION OF ‘‘PRANDTL 


BounpARY AND Eppy Types—anp ‘‘LAMINAR 
SuBLAYER”’ FOR FLow Over A Fiat PLATE 


extraneous friction components may be at least partially effective 
in increasing the heat-transfer coefficient since they tend to pro- 
mote a decreased laminar sublayer thickness. 

Rouse (3) gives the following expressions for average ski! 
friction factor (or drag coefficient) for the idealized flow over a 
smooth flat plate as shown in Fig. 8 


f = 1.328/(2G/y)'? = 


0.074/(2G/u)""* = 


Equation [3] applies to the classical Blasius solution, which is 
based on the idealization of purely viscous flow extending from 
the plate surface into the main flow stream (2, 3). Equation 
[4] is based upon the empiricism that wall shear varies inversely 
as the Prandtl boundary-layer thickness raised to an exponent 
n = '/,, (3). It is to be noted that f is an average friction factor 
for the flow length x measured from the leading-edge position 
For the purpose of this discussion, Equation [3] may be considered 
as representative of conditions for R, <5 X 105 when a low de- 
gree of turbulence exists in the approach flow; whereas Equa- 
tion [4] represents conditions for R, > 10° for ‘low turbu- 
lence’ approach flow, or for all values of R, when a “high tur- 
bulence’’ approach flow exists (2). 

If, for the flat plate system with air flow, it is postulated that 
the temperature and velocity distributions in the boundary 
layer are identical. it may be shown that 


Then Equations [8] and [4] may be used to evaluate f/% 
NN p, versus R,. This relation is plotted in Fig. 9. The 
refined analogies between heat transfer and flow friction will 
sensibly the same result, since N p, for air is close to unity. 

Also plotted, Fig. 9, are the experimental values of f/2 and 
N,N p, versus R; for cores C, G, and A. Data for the other 
cores are omitted to avoid confusion. In this Reynolds number 
the length dimension 1, ranging from '/, in. for core C to 2.44 
in. for core A, is taken as the spacing of the louvers on the fins 
While the A surface is listed as a plain-fin surface, the fins 
fabricated from two corrugated plates 2.44 in. wide; cons 
quently, since perfect matching of the junction did not exist, 
set of “louvers” or “boundary-layer interrupters” existed 2.44 
in. from the entering section. 

The comparison revealed by Fig. 9 indicates remarkably close 
agreement, within 40 per cent for all surfaces tested, between the 
flat-plate friction data, extrapolated in accordance with Equa 
tion [5] to yield Ng,N p,, and the test heat-transfer data. H 
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by the formed louvers of surfaces B to J. As a result of 
this “more ideal’ flow geometry it is expected that the 
Norris and Spofford results should yield about the same 
heat-transfer characteristic, Ns, p, versus R,, with a some- 
what lower friction characteristic. On a plot such as Fig. 9 
this conclusion is confirmed as the data for their surface No. 
10 (1 = !/gin. and '/s in. fin spacing) agrees substantially with 

the surface C heat-transfer characteristic; and with respect __ 
to friction falls some 20 to 30 per cent below that for the C | 
surface. 

Conclusions which can be drawn from the foregoing com- 
parisons are as follows: 

1 Confirming the conclusion of Norris and Spofford (5), 
flat-plate data can be used to predict the heat-transfer char- 
acteristic for plate-fin surfaces within 30 per cent provid- 
ing the type of Prandtl boundary layer can be specified. 

2 Since the friction characteristic for the plate-fin 


002 REYNOLDS 
5x10” | 10° 
Fig. 9 Heat-TRANSFER AND FRICTION CHARACTERISTICS FOR 


Surraces A, C, anp G, COMPARED TO FLAT-PLATE CHARACTERISTICS 
Derivep From Drac MeAsuREMENTS, Equations [3], [4], [5] 


ver, it is also evident that R; does not specify properly the transi- 
on from the Prandtl-laminar to the Prandtl-eddy or turbulent 
boundary layer as exemplified by Equations [3] and [4], and 
hown schematically in Fig. 8. Fig. 9 indicates a flow transition 
wr the A surface (plain fins) for R; at about 2 K 104 to 5 * 104 
and at about one tenth of this magnitude for the C surface ('/.- 
1). louvers). Reference to Fig. 4 reveals that these transitions 
or all surfaces occur in the range of R = 4r,, G/u of 1000 to 3000. 
This better correlation for the flow-transition range indicates 
that the latter Reynolds number, R, is more descriptive of the 
verage character of the boundary-layer flow than R,; = 1G ‘x. 
However, this must be considered as a tentative conclusion in 
iew of the fact that surfaces tested were of only one hydraulic 
radius magnitude and that test viscosity was fairly constant. 

Considering the comparison of friction factors, the ratio of test 
f 2 to flat plate f/2 is of the order of 2 to 3 to 1. The same order 
f magnitude exists for the comparison of test f/2 to test Vis,N p,. 
This difference may be construed as indicating that some 50 to 
70 per cent of the friction effect is not ‘‘useful” in producing a ° 
hin laminar sublayer. Since the thickness of the plate material 
0.006 in.) is somewhat greater than that of the laminar sublayer, 
the “‘loss” or “‘nonuseful’’ friction may originate in leading and 
trailing-edge eddy generation and shock effects, as well as the 
ffective flow restriction introduced by the wall-fin and fin-louver 
unctions. 

Information on the heat transfer from flat plates is reviewed 


Jakob and Dow and compared to their test results (4). The 
lata for the case of “‘no starting section” can be expressed 
siN p, = 0.590 R,-°-5 | 6) 


or the Prandtl-laminar and Prandtl-eddy layer types of flow, 
respectively. These results are 13 and 32 per cent lower, respec- 
tively, than given by Equations [3], [4], [5] and are in substantial 
agreement with the heat-transfer data for surfaces A to J when 
plotted as in Fig. 9. 

Norris and Spofford (5) report both flow-friction and heat- 
transfer data for interrupted plate-fin surfaces of the same general 
geometry as the surfaces reported here. Their test sample con- 
sisted of a single pair of plates with fins normal to the plate sur- 
faces providing a relatively rectangular flow-tube cross 
Section, Further, this construction provided a ‘boundary-layer 
interrupter” extending the full plate spacing in contrast to the 
§pproximatelv 70 or 80 per cent utilization of the plate spacing 


“clean” 


surface depends markedly upon the parasitic shock and 
eddy-formation losses, in addition to the purely skin-fric- 
tion effects associated with the laminar sublayer, the f ver- 
sus R characteristic falls substantially higher than that for 
flat-plate flow, and depends upon the details of construction 
of the surface. Aerodvnamically design may result 


“cleaner” 
in a substantial reduction of flow friction. 


APPLICATIONS TO REGENERATOR DESIGN 


The primary considerations influencing the design of a regen- 
erator may be summarized as follows: 


1 Manufacturing limitations. 
2 Cost limitations. 

3 Maintenance and cleaning requirements. 
+ Mechanical design problems. 

5 Weight, space, and shape limitations. 

6 Limitations on flow-friction power expenditure. 
7 Desired exchanger heat-transfer effectiveness. 


Because of space restrictions the following brief discussion will a 
be limited to the heat-transfer and flow-friction aspects as they 7 
relate to items 5, 6, and 7. 

The usual design procedure consists of a ‘“‘cut-and-try”’ method 
of successive approximations requiring as a preliminary step the 
specification of the type of surface to be used. The resulting _ 
design will not be unique but will depend on the designer’s judg- 
ment in relation to permissible compromises and ‘optimum de-— 
sign” criteria with respect to allowable shape of the heat-transfer 
core, distribution of total friction-power expenditure—gas oo 
air sides—and performance at part load. 

Critical judgment is required in the selection of the type of 
surface to be used and the proportioning of flow areas. In this 
respect, graphical representation of the heat-transfer coefficient 
versus the friction-power requirement characteristic is useful for 
comparing different types of surfaces and for estimating approxi- 
mate surface-area requirements versus flow-friction expenditure. 

Considering the comparison revealed in Fig. 7, it is evident that 
for the same area requirement (as defined by the h magnitude) 
the C surface ("/,-in. louvers) will require only one fifth of the 
friction-power expenditure of the A surface (plain fins). For | 
the same friction expenditure the C surface-area requirement. will 
be only 60 per cent of the A surface-area requirement. The con- 
clusion is that the C surface will result in the smallest volume 
and lightest regenerator. However, a caution to be observed in 
this respect is that volume requirement is only one aspect of the 
“compactness of the regenerator,” and that the shape of the final 
design is exceedingly important. As a consequence, the surface — 
resulting in the smallest heat-exchanger-surface volume may not 
result in the best regenerator for a particular machinery arrange- 
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ment. It may be that the final regenerator design will incorpo- 
rate two types of surfaces, as, for instance, surface C for the air 
' side and surface A for the gas side with possibly different fin 
and plate spacings. 

Fig. 10 employs the h,.¢ versus plane to compare surface 
C (*/,4-in. louvers) with the following: 

1 Turbulent round tubes of '!/,in. diam. : 
: 2 Flat plates, '/; in. long, with sharp leading edges (corre- 
sponding to C surface ne er spacing), for two conditions: 
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From the point of view of the compactness of the final desigr 
it is well to emphasize again that the volume of the heat-transfe 
surfaces, as characterized by the heat transfer-friction characte: 
istic, is only one consideration and that the shape of the exchang: 
core is also of primary importance. 


~] 


Several other points of interest can be inferred from Fig. 
10 and from Equations [1] and [2] relating h,,., and F,., to h 
F at other than reference properties 


Since reference propé 


are taken as corresponding to air at 500 F and 1 atm pressure, / 


and £,,~ correspond approximately to hot gas-side con 
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tions of the regenerator for an open-cycle plant. 
also approximates A on the air side, the 


= prot Pair)? differs markedly from 


ble friction-power expenditure, A on the air side may be 2 
3 times A on the gas side if the same surface is emplo 
Moreover, due to shape requirements, it may be neces 
to use different surfaces for the air and gas sides, as, for 
stance, plain fins (A surface) for the gas and !/,-in. louve 
fins (C surface) for the air. Then h air side may be 4 
times that of the gas side, and the gas-side conduct 
tends to control the over-all resistance to heat transfer 
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Fic. 10 CoMPARISON FOR DIFFERENT SURFACES OF HEAT-TRANSFER 
CoEFFICIENT VERSUS FRICTION-HORSEPOWER CHARACTERISTIC 


(See Fig. 7 caption for reference conditions. Represented are surface C, 

flow inside !/s-in. tubes, flow along a flat plate '//4 in. long with a sharp 

leading edge, flow normal to a cylinder bank, 0.04-in-diam cylinders, in-line 
7 arrangement, with 2D transverse pitch and 1.5D longitudinal pitch.) 


(a) Prandtl-laminar boundary layer formed at the leading 
edge and existing over the !/;-in. flow length, Equations [3], [5]. 

(b) Prandtl-eddy type or turbulent boundary layer formed 
at the leading edge and existing over the flow length, Equations 
[4], [5]. (Note that a laminar sublayer exists adjacent to the 
plate, Fig. 8.) 

3 Turbulent flow normal to a bank of in-line cylinders, D = 
0.04 in., with a 2D transverse pitch and a 1.5D longitudinal pitch 
using the Grimison correlation (7). 


This last surface might be considered as a plate pin-fin surface 
of the type tested by Norris and Spofford (5), although the 
Grimison correlation (7), considerably extrapolated, was em- 
ployed in preference to the data of (5). 


The following points may be noted from this comparison: 


1 Flow inside of tubes has a poor heat transfer-friction power 
characteristic. 

2 The flat-plate flow with a laminar-type Prandtl boundary. 
layer has a better characteristic than the flow with an eddy-type 
boundary layer. 

3 If the '/,-in. flat-plate characteristic may be considered as 
a limit that can be approached by the !/,-in. louvered-fin surface 
a substantial improvement of friction performance is possible. 
This may result from a design which will afford an ‘‘aerodynamic- 
ally cleaner” flow between and over the fins. How this can be 
accomplished for a surface designed for commercial fabrication is 
a moot point. 

4 The pin-fin type of surface appears to have an excellent — 
heat transfer-friction characteristic. However, the problems of | 
commercial fabrication of such a surface (with 0.04-in. pins) 
may preclude its use. 
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The friction factors for the surfaces tested were calculated 


over-all core pressure-drop data. This calculation 
upon the following equation for core pressure drop 


AP = 29 v; + ] +2(% 1) 


by H. L. Dr 
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[7] 


The terms associated with the flow contraction on entrance into 


“skin” 


friction 


core exit effect 


the core, the flow acceleration within the core, the friction with- 
in the core, and the pressure recovery on flow expansion at the exit 
re all indicated in Equation [7]. 
lealization that the density changes at entrance and exit from 
the core are negligibly small. 

The terms for flow acceleration and friction within the core are 
lerived from a dynamical equation (Bernoulli’s equation) in 
lifferential form incorporating a friction-head-loss term in which 
the friction factor f is defined in relation to the wall friction stress 

by 4 


This equation includes the 


Te = foV?/2g.. . [8] 


ie ratio, friction area to flow area, A/A,, is equal to the ratio, 
w length to hydraulic radius. 

The integration of the dynamical equation for pressure drop 
thin the core results, for the friction term, in an average spe- 
ic volume, ?,.,, defined by 


lat IS, Ugyg iS an average specific volume with respect to flow 
igth or friction area, A. 


For the hot-core test runs, the major variation of specific vol- 
ime results from the change of temperature rather than pressure. 
mnsequently, since the wall temperature is sensibly constant at 
turation steam pressure, and assuming perfect gas behavior for 
e air flow, it follows that Equation [9] may be written in the 
proximate form 


@ 
Pave 
ere isan arithmetic-average pressure and > 


\T’,,., being identical to the conventional logarithmic-average 
mperature difference for heat transfer. 

Hot-core friction factors agree substantially with the isothermal 
friction factors when evaluated on the foregoing basis, Fig. 6. 


Discussion 


C.F. Bontiia.* The use of the proper temperature in comput- 
g “hot-core’’ friction factor and the correlation against R, are 
articularly useful and represent significant advances in the cor- 
elation of test results on cores. 

Undoubtedly both R (based on hydraulic radius) and R, affect 
he pressure drop and heat transfer in extended surface with 
ouvers, but it is reasonable and interesting that data on a series 
f cores with the same hydraulic radius should correlate better 
wainst R, than against R. In this case, however, it does not 
hen seem reasonable that the inflection or ‘critical’ region should 
orelate better against R than R,. This conclusion should be 
‘sted with cores of similar construction but different fin spacing. 

Some suitable data for this purpose are becoming available 
through subsequent work at the U.S.N. Engineering Experiment 


* Professor of Chemical Engineering, The Johns Hopkins Uni- 
‘ersity, Baltimore, Md.; and Consultant, Gas Turbine Project, 
US.N. Engineering Experiment Station, Annapolis, Md. 
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Station on cores by the same manufacturer with 8.7 and 6.06 fins 
perin. Careful scrutiny of the plots of f and j against R, however, 
fails to indicate any appreciable inflection, particularly for 6.06 
fins per in. (*/. and '/2-in. louver spacings), that have curves of j 
versus R which are uniformly convex upward over the full range 
of R of 600 to 10,000. It is thus strongly indicated that no par- 
ticular significance can be attached to these points of inflection, 
considering in particular that besides R and R,, additional di- 
mensionless ratios involving the thickness and ‘‘roughness”’ of the 
leading edges of the louvers as well as any deviation from scale 
of the shape of the louvers must affect the boundary layer and 
thus f and 7. 

In considering cores with “standard” louvers, that is, those 
which are so formed as to tend to push the fluid over toward one 
side of the core, two questions suggest themselves, which would 
not come up in “reversed”’ type louvers. Is there possibility of a 
variation in the pressure drop and heat-transfer characteristics 
of the core if the ratio of the length of the fluid path to the 
width were to be changed from that in the test cores? The 
possibility exists that a shorter standard core (shorter fluid 
path) would show up relatively better, and vice versa; also that a 
standard core would show some advantage near a bend in the 
fluid line (over one tested in a straight duct), which is the way 
most of them are probably to be installed. 

With standard louvers all aiming to the same side, might the 
mean temperature difference be appreciably different from that 
of the reversed louvers when two fluid streams are being handled? 

An effort to throw some light on the first question will be made 
if possible by measuring the temperature and velocity distribu- 
tion of the air at the outlet plane of a standard core, rather than 
a distance downstream. The second consideration did not come 
up in these tests with steam on the other side of the core. How- 
ever, in case it is an appreciable factor, or if a core is to be tested 
at a bend in a duet, it would seem desirable to specify to the 
manufacturer the direction in which the louvers on each side 
should point. The louvers in adjacent sections of the fluid path 


in the cores herein tested were subsequently found on inspection — 


to aim either to one side or to the cther in a random manner. 


H. B. Norrace.® It seems desirable to emphasize the authors’ 
statement concerning the way in which the friction factors were 
calculated by subtracting assumed entrance and exit losses from 
over-all measurements. As the result of unpublished experience 
with aircraft installations, and especially under conditions of high 
passage Mach number, it may be stated that entrance and exit 
losses for multiple passages differ from those conventionally as- 
sumed for single passages. Hence it seems important that the 
magnitudes of K, and K, for Equation [7] be given with this pa- 
per rather than in the less accessible reference (1). Persons using 
the friction data should be advised to employ these same magni- 
tudes of K, and K, and not to perform unwarranted extrapola- 
tions beyond the test conditions. 

It is understood from the authors that continuing research is 
providing data on K, and K, directly. It would be interesting to 
have an advance indication regarding the nature of these results, 
for it is believed that both the flow rate and the flow-system ge- 
ometry will influence appreciably these loss coefficients. 

As a further caution, in flows with high Mach number, it may 
no longer be acceptable to postulate constant density for the en- 
trance contraction and the exit expansion. Experience and analy- 
sis indicate that at a Mach number of roughly 0.25, and from there 
on up, density changes exert a more and more appreciable influ- 
ence. 

The logarithmic-mean density may be,useful where the approxi- 


5 American Society of Heating and Ventilating Engineers, Research 
Laboratory, Cleveland, Ohio. Jun. ASME. 
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mation is justified, but this, too, needs to be judged in relation 
to the Mach number, and the actual rate of heat transfer along 
the flow-passage length. Gas-turbine regenerators do not com- 
monly employ a condensing fluid with the consequent approxi- 
mate uniformity of exchanger-surface temperature, 
oF 

Professor Bonilla comments that R, should provide a better 
correlation for the transition flow region than R. 
recently obtained U.S.N. Engineering Experiment Station data to 
indicate that when ry was varied, by changing fin spacing, the 
transition effect disappeared and the Nxg,N p,’/* versus Reynolds 
number characteristic was uniformly convex up over the range of 
R = 600-10,000. The data quoted,® was for nonsimilar louver 


AUTHOR'S CLOSURE 


He quotes some 


shapes, however, and later data taken at both EES and Stanford 7 


University, on cores of varying fin spacing and the same louver 
design, do continue to show a transition in the range R = 1000 to — 
3000 for the heat-transfer results. These data (Stanford Uni- 
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0.00299 ft, 0.00365 ft, for the 11.1, 8.7, and 6.06 fins/in. 
surfaces, respectively.) 


(3/8 in. louver spacing, 0.055 in. louver gap, and rh = 0.00253 ft. 


versity results), shown in Fig. 11 of this closure, reveal even a 
more marked transition effect for the larger ry magnitudes. 

The comments regarding the effect of louver design on divert- 
ing the flow are of interest. Downstream velocity traverses on 
the E core show no marked trend 1n this respect for this surface. 
For other surfaces this condition may not obtain, however, and 
downstream-velocity-traverse data on each surface tested is highly 
desirable. 

Mr. Nottage discusses the importance of K, and K, data for the 


6 “Basic Heat Transfer and Flow Friction Data for Gas Turbine 
Regenerator Surfaces,”’ by J. J. Dinan, U.S.N. Engineering Experi- 
ment Station Report No. C- 2171- D, Aug. 26, 1947. 
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Work at Stanford? indi- 
cates both theoretically and experimentally that for essentially 


friction-factor analysis of test yesults, 


incompressible flow A, increases with decreasing R below 5000 
10,000 and A, decreases. At high R, the conventionally used 
coefficients for single-tube flow provide a good first approxima- 
tion for multitube flow, and, since the low Reynolds number K, 
effect mentioned tends to cancel the K, effect, the net result on the 


f data reported in this paper is minor. 


Mr. Nottage 
density to be employed in estimating pressure drops for high- 
velocity flow with heat transfer. Recent work at the NACA 
provides a partial answer to this question. 


raises the point of what is the correct average 


Also Equations [ 
and the following reduced form of Equation [7] for pressure drop 
within the tube 


G v : f Avave 


may be used, employing a method of successive approximations 
as follows: 


1 The gas temperature as a function of transfer area must be 
known from A = Oto A = A totai. 

2 Assume as a first approximation a linear variation of P with 
A, 

3 With steps (1) and (2) use Equation [9] (numerical or 
graphical integration) to get vayg from 0 to A as a function of A. 
Also get v as a function of A. 

4 Substitute back into Equation [7a] to get P as a function 
of A from A = Oto A = Atotar. This will serve as a second ap- 
proximation for P and steps (3) and (4) can be repeated. Gen- 
erally, for Mach number less than 0.15, it is sufficiently accurate 
for step (4) to substitute into Equation [7a] on an over-all basis 
for the over-all evaluation of AP, as further approximation for 
P asa function of A will not change the answer appreciably. 


With.respect to Mr. Nottage’s final comments regarding the 
use of the log-mean density: Equation [9] defines the correct 
“specific volume”’ to be employed. 
sure change is small, i.e., less than 10 per cent, with good approxi- 


mation Equation [9] reduces to 
‘yy 
A 


“with respect to transfer area’’ is required 


Where the percentage pres- 


That is, an average 7’ 
For the gas-turbine regenerator, because of sensibly equal flow- 
stream-capacity rates (mass-flow 
temperature is sensibly linear with transfer area, and an arith- 
metic average of the terminal temperatures, in degrees R, equals 
the bracketed correct average temperature of Equation [9a] 


rate times specific heat), the 


7**An Investigation of Losses of Flow Stream Mechanical [Energy 
at Abrupt Changes in Flow Cross-Section,’’ by W. M. Kays, Techn 
cal Report No. 1, Navy Contract n-ONR-251, Task VI (N R-035-104), 
Sept. 15, 1948. 

8 “Generalized Charts for Determination of Pressure Drop of 4 
High Speed Compressible Fluid in Heat-Exchanger Passages,” 
M. F. Valerino; paper presented at the Institute on Heat Transier 
Los Angeles, Calif., June 21-23, 1948. 
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By G. A. OMOHUNDRO,? O. P. 

A co-operative program is in progress for the study of 
fluid friction and heat transfer in idealized models and in 
commercial tubular heat exchangers over a wide range of 
variables and under standardized conditions of equipment 
and technique. Suitable equipment for rapid and accu- 
rate testing of the models is described. Heat-transfer co- 
efficients during cooling, and pressure-drop data during 
both isothermal and cooling runs are reported for low 
velocities chiefly in the region of viscous flow over an un- 
5 baffled tube bank. The data are plotted in ways previously 
used in the literature with fair agreement in most cases. 
It is expected, however, that when data for widely different 
conditions have been obtained, other methods of corre- 
lation may prove more suitable. 


h 
NOMENCLATURE 
The following nomenclature is used in the paper: 
“ A = surface area, sq ft 
» = longitudinal pitch, distance between center lines of ad- 
joining transverse rows 
c = heat capacity, Btu/(Ib) (deg F) 
_4 X free volume 
or D, = equivalent diameter = 
exposed area of tubes’ 
D,, = outside tube diameter, ft 
f _ gAppD, 
f = friction factor defined by = = , dimensionless 
Ap dD, 0.14 
Xl- f' = friction factor defined = ) 
3 


S- Sr 


f” A n 
f" = friction factor defined by — = — \ : ) , dimen- 
2 Ms 


ed sionless 
= Weight velocity through minimum cross section, lb /(hr) 
(sq ft) 
9. = conversion factor, 4.18 108 (mass Ib) (ft) /(force Ib) 
(hr)? 


h = surface coefficient of heat transfer based on outside 
surface area of tubes, Btu/(hr) (sq ft) (deg F) 


_ 


'This is the first contribution from the ASME sponsored Heat 
fa Exchanger Research Project which is being conducted by the Uni- 
by versity of Delaware if co-operation with manufacturers and users of 
afer heat exchangers. 

* Research Fellow in Chemical Engineering, University of Dela- 
ware, Newark, Del. Present address, The Koppers Company, Pitts- 
burgh, Pa. 

‘Associate Professor 

laware. 

_‘ Assistant to the wees we and Professor of Chemical Engineering, 
University of Delaware. Mem. ASME. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, Atlantic City, N. J., December 1-5, 1947, of THE 
AMERICAN SocrETY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
ofthe Society. Paper No. 47——A-102. 
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Viscous Flow Across Banks of Tubes 
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h 
heat-transfer factor, 7 = (Nps , dimen- 
cu 


sionless 


k = thermal conductivity, Btu/(hr) (sqft) (deg F/ft) | 
p = pressure, psf ae 
q = rate of heat transfer, Btu per hr a 
L = length of flow, L = Nb, ft =a, 
N = number of rows of tubes in direction of flow eel 
Np, = Prandtl number, dimensionless 
Nre = Reynolds number, —, dimensionless _ 
n = aconstant 
S, = longitudinal pitch, center-to-center distance from tube 
in one row to nearest tube in adjoining transverse row, 


ft 
= transverse pitch, 
tubes in a transverse row, ft 
t= ae deg F 
= tm —0.32 At, 
t, = pe ‘tic average of inlet and outlet bulk temperatures _ 
deg F 
U = over-all coefficient of heat transfer based on outside sur- | 
face of tubes, Btu/(hr) (sq ft) (deg F) 
Vinax = velocity through minimum cross section, fps 
Alam = arithmetic mean of terminal temperature differences 7 
between water stream and oil stream 
At,, = logarithmic-mean temperature difference between oil 
stream and outer tube surface, as defined by Chilton 
and Genereaux (2) ,5 deg F 
u = absolute viscosity of fluid at average-bulk temperature, — rag 
Ib/(hr) (ft) 
u, = absolute viscosity at tube-surface temperature, lb/(hr) 


(ft) 
uy = absohite viscosity at oil-film temperature, Ib/(hr) (ft) 
Subscripts: 
f = refers to film 
refers to outer surface of tubes 
= refers to water 


center-to-center distance between 


p = Density, lb per cu ft a ae 
o = refers to oil 


INTRODUCTION 


Notwithstanding the widespread use of heat exchangers of the 
shell-and-tube type, the status of the information on heat-transfer 
coefficients and pressure drops on the shell side is such that con- 
siderable uncertainties exist both in design and in the utilization = 
of existing equipment for new services. The available data _ iw 
are either the results for flow across single banks of tubes + : 
by many investigators in different types of apparatus in a rela- a 
tively narrow region of Reynolds number so that systematic 
trends are difficult or impossible to evaluate, or are spot results | 
on complete heat exchangers but without enough information on = 
all the dimensions and clearances to permit the determination of - 


5 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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leakage and the effects of nonuniform velocities. A two-front 
attack on this problem appeared to be called for: (a) an extensive 
study of “‘ideal’’ models under comparable conditions of uniform 
flow and no leakage; (6) a program of testing full-scale heat ex- 
changers, where all critical dimensions are available, so that 
eventually it would be possible to correlate the ‘‘ideal’’ flow re- 
sults with those from the commercial units. The initial step in 
this program has been under way for some time and the first re- 
sults are now being reported; the next step, that of testing full- 
scale heat exchangers, is in course of development. 

The present study of ideal models was undertaken with the 
plan of investigating as wide a range of variables as possible at 
one location, using the same techniques and in so far as possible 
the same auxiliary equipment and operating personnel, so that 
The 
general program calls for variation of Reynolds numbers from 1 
to values greater than 100,000, for variation in fluid viscosity 
from that of air to that of a heavy oil, and for a wide variation of 
tube arrangements and spacings in both straight flow and baffled 
tube banks. The present paper provides a description of the 
apparatus being used and presents data for one oil flowing across 
a typical tube bank. A rather viscous oil was chosen so as to 
include the region of viscous flow, for which few data are available. 


all the data would be on a common basis for comparison. 


EQUIPMENT AND PROCEDURES 


The test equipment consists of the heat-exchanger model, an 
oil-cireulating system, a water-circulating system, temperature- 


measuring equipment, and pressure-measuring equipment. A ° 


schematic diagram of the flow system is shown in Fig. 1, and the 
insulated test exchanger with connecting headers is shown in 
Fig. 2. 

Heat-Exchanger Model. The model is shown in Fig. 3, with 
the essential dimensions given in Table 1. It consists of a rec- 
tangular steel shell containing seventy */s-in-OD copper tubes 
rolled into two fixed forged-steel tube sheets. The rectangular 
tube bundle is arranged in a staggered equilateral pattern on a 
pitch of '5/3. in. (1.25 tube diameters). The tube sheets and the 
walls of the shell adjoining the tube bundle are lined with sheets 
of '/:in. laminated phenolite plastic to serve as thermal insula- 
tion. The outer row of tubes on each side of the tube bundle is 
half embedded in the plastic. Bronze core rods placed inside 
the tubes permit high linear velocities without using extremely 
large quantities of water. These are held in place by '/j6-in. 
bronze pins extending across the ends of the tubes and are cen- 
tered by pins soldered to the rods about 1 in. from eachend. The 
exchanger is installed with the tubes vertical so that water can 
be passed upward through the tubes and oil can be passed hori- 
zontally across the tube bank. 

Circulation Systems. These systems were designed to keep the 
amount of fluid small, so that equilibrium would be reached 
quickly after a change of test conditions. The water-circulation 
system is made of 1'/2-in. brass pipe, insulated with magnesia 
lagging. Connections to the test exchanger are made through 
rectangular brass headers. The water is circulated by means of 
a centrifugal pump. The rate of flow is manually controlled with 
a ‘‘flocontrol”’ valve and measured with a 3-in. guided-float rotame- 
ter. For calibration of the rotameter a storage tank is con- 
nected to-the suction side of the pump, and an auxiliary weigh 
tank and scales are used. During cooling runs the temperature 
of the water system is regulated by the addition of cold water to 
the suction side of the pump from a constant-head tank connected 
to the city water mains. The addition of cold make-up water 
is controlled by a needle valve and a small rotameter. Water 
forced out of the system by the make-up water is removed through 
a small surge tank located at the highest point in the system, and 
this also serves to remove entrained air. 
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The oil-circulation system is made of standard 2-in. iron pipe, 
insulated with magnesia pipe lagging. The headers and the 
test exchanger are covered with | in. of corrugated asbestos board 
and then wrapped with 2-in. blankets of glass wool, as shown in 
Fig. 2. The oil passes from the storage tank through a basket 
strainer and then to a suction manifold for three gear pumps 
having capacities of 2, 15, and 48 gpm, respectively. For each 
test run a pump of approximately the desired capacity iS used in 
The oil then 
passes through a steam-jacketed preheater, after which the flow 
rate of the heated oil is measured by one of four “ultra-stable- 
‘sapacities of 0.2-1.0, 0.8-5.0, 4.0 
21.0, and 20-66 gpm, respectively. The rotameters were cali- 
brated in position using the test oil at four temperatures ranging 
from 80 to 210 F. Cheek calibration runs were made until re- 
producibility within +1 per cent was obtained. 

The rate of oil flow is controlled manually with ‘flocontrol” 
valves located between the rotameters, and the inlet header to 


order to minimize by-passing and improve control. 


vis’”’ type rotameters with 


the test exchanger and a by-pass line between the pump suction 
and discharge manifolds. The oil-inlet header is 42 in. long and 
has the same cross section as the tube bundle in the exchanger. 
The entrance end of the header is packed with copper tubes ey- 
tending for 26 in. to act as velocity diffusers and flow straighten- 
ers. Following the test exchanger is a reducing header and an 
oil mixer which is used for oil rates up to 20 gpm. The mixer 
consists of a 1-ft section of 2-in. pipe containing four disks about 
2 in. apart. 
disks are placed with the holes in a staggered arrangement to 


There are six '/,-in. holes in each disk, and the 


give the oil stream a twisting motion as it passes through the 
mixer. 

Temperature Measurements. These are made with copper- 
constantan thermocouples placed at the control points indicated 
in Fig. 1. These couples are connected through a selector switch 
to a direct-reading electronic-type potentiometer, and also to a 
ten-point temperature recorder. The potentiometers are checked 


‘against a standard potentiometer each week. The thermocouples 


are calibrated at the melting and boiling points of water. 

The temperature changes across the exchanger are measured 
with five-junction series-connected thermocouples made fron 
24-BWG copper and constartan wires. These multiple-junctio 
couples are located in each stream on either side of the test ¢ 
changer, and the ten couples for each stream are connected dif- 
ferentially. The leads are brought out through a double selector 
switch ‘to an electronic-type potentiometer which has a specia 
scale of 500 divisions for a 5-mv range. Based upon an instru- 
ment sensitivity of '/; scale division and a precision of *' ; scal 
division, the multiple-junction couples are capable of a sens 
and precision of +0.03 deg F. 
of couples is checked by placing both sets of junctions in 
stant-temperature bath to obtain the zero point. Then on 
junctions is placed in another bath at a higher tempe 
The lower4temperature bath is held at constant value, a! 
higher-temperature bath is raised about 4 deg F, as measured 
by a Beckman thermometer, to determine the change in potet- 
tial with change in temperature. This procedure is repeated 
at three temperature levels in the working range of 100-200 F 

In every case the calibration of the multiple couples has bee! 
the same as the value calculated from the four-decima! 
calibration data obtained from the manufacturer. The 
ential couples are arranged to obtain an average value i 
there are variations in temperature within the stream. 1 
multiple couple for the entering oil is mounted in a grid 
the 3-in. X 6-in. entrance header and is located 3 in. beyond t 
end of the straightening Vanes and 15 in. from the front 
tube bank. Calibrated mercury thermometers are installed 
near the thermocouple grids to provide a check on the diffe 
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TABLE 1 
Model number 
utside tube diameter 
hside tube diameter 
ube ment 
Tube pitch, 


Clearance between tubes 
Exposed tube length. .... 
Number exposed tubes per row. 

Number tube rows............... 
Total exposed tubes. 

Total tubes. ; 

Tube material. 
Minimum shell-side area for flow... 
Shell-side heat-transfer surface area 
Shell-side equivalent hydraulic di- 

ameter 

Tube-wall thickness(18 | BWG) 
Tube-core 
Annulus clearance. 

Annulus ratio. 

otal annulus for flow ........... 

Ngitudinal distance between rows 
of tubes. . 
hermal conductivity of plastic liner 


0. 
0. 


0. 


0. 
6.0 


3. 


460 


0. 
0.049 in. 
0. 

0.0448 in. 


to 


INSULATED HEADER AND UN 
TEST-EXCHANGER CONSTANTS 


375 in. 
277 in. 


46875 in. 


09375 in. 
in. 


66 sq in. 
sq in. 
27 in. 


1875 in. 


275 sq in. 
.406 in. 


FLrow DiaGRAM FoR Heat-EXcHANGER 


I 

0.0313 ft 

0.0231 ft 
Equilateral triangle 

1 ft 


‘ 00781 ft 
0.5 ft 


6.5 
= 
70 
Copper 
0.0254 sq ft 


.19 sq ft 


3 
0.0225 ft 
0.00408 ft 
0.01562 ft 
0.00373 ft 
1.48 

0 


sq ft 


0.17 Btu/(hr.) (sq 
ft) (deg F/ft) 


Tests 


Fic. 3 Test 
couples. 
over a range of 25 deg C. 

Pressure Drop. 


FLUID FRICTION ACROSS TUBES 


The thermometers are graduated in units of 0.1 deg C 


The shell-side pressure drop of the exchanger 
is measured with an inverted differential air-over-oil manometer, 


using oil from the system as the indicating fluid. Pressure taps, 
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‘a GOS 


A) dae 


| 
: 


OT 
1/, in. diam, are located in the top of the headers 6 in. upstream 
from the first row of tubes and 7!/2 in. downstream from the last 
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row of tubes. An air separator is located over each tap, from 
which the leads are carried horizontally to the manometer board. 
The leads are not insulated and are soldered together for a dis- 
tance of 12 in. so that the oil in both leads will be at room tem- 
perature at the manometer. For large pressure drops, an oil- 
over-mercury manometer is used with the same pressure taps. 

Materials. A highly refined turbine oil, Gulferest “E’’, 
being used for these tests. Accelerated oxidation tests performed 
by maintaining a sample of oil at 200 F and bubbling air through 
it for 30 days showed no change in the physical properties of the 
oil. The viscosity of the oil was determined by means of a Say- 
bolt viscosimeter at temperatures over the test range. The values 
of the viscosity corresponded exactly with those given by the 
supplier. The density of the oil was determined with standard 
hydrometers at temperatures over the test range. The physical 
properties of this oil over the temperature range of interest are 
given in Table 2 

Water from the city mains is used as a cooling medium. Pre- 
vious tests in this laboratory have shown the physical proper- 
ties of the city water to be the same as those of distilled water 
in so far as heat-transfer experiments are concerned. A small 
amount of Calgon and copper sulphate is added to the water 
system during the periods when the equipment is standing idle 
to retard scale and algae growths. . 

Operation. For the isothermal pressure-drop tests, the water 
system is drained completely and valves in the lines are closed to 
prevent air circulation. The oil is circulated until all piping 
and insulation have reached thermal equilibrium with the oil 
temperature at or near 150 F. Some difficulties were encountered 
in maintaining equilibrium at oil velocities less than 0.1 fps. 
About 11/2 hr at any given oil flow rate are sufficient to complete 
atest run. The oil rate is varied over the entire operating range 
of pump capacity to obtain maximum variation of pressure-drop 
data. Isothermal tests were made to determine heat losses from 
the test exchanger, and no measurable temperature change in 
either the oil or water streams was found at the working tem- 
peratures. 

For cooling tests, water is circulated at 45 gpm and at about 
100 F for all runs, while the oil is circulated at varying velocities 
and at an average bulk temperature of 150 + 10 deg F. Equilib- 
rium is considered established at each oil-flow rate when three 
successive readings at 15-min intervals show little or no change 
in conditions, and when a heat balance is obtained with less than 
5 per cent error. 

The exchanger was thoroughly cleaned at the start of the tests 
and the entire water system was cleaned with a dilute solution 
of hydrochloric acid. Inspection at the beginning of the tests 


is 


TRANSACTIONS OF THE 


> JANUARY, 1949 
revealed no scale or dirt on either side of the exchanger, and all 
experiments were made within 3 weeks after this inspection. At 
the end of the tests one of the first points was rerun, yielding a 
check value slightly higher but within 3 per cent of the original 
value. 


ASME 


EXPERIMENTAL AND CALCULATED RESULTS 


The experimental results are presented in Table 3, and cal- 
culated heat-transfer and friction values are given in Tables 4 and 
5. During these tests the temperature change across the ex- 
changer was much larger for the oil than for the water; therefore, 
for greater accuracy, all possible calculations are based on the 
heat load calculated from the temperature change of the oil stream. 
The entering-oil and water temperatures, together with the 
changes in temperature as measured by the multiple-junction 
thermocouples, are used to calculate the arithmetic-mean tem- 
An average error in heat balances of 2.46 
per cent was found in the cooling runs. All of the data seem to 
be consistent, except the isothermal pressure drop for run number 
E;1-26 which therefore is not considered in the discussion. 

The water-film coefficient of heat transfer is calculated by treat- 
ing the cored tubes as annuli and using the data of Carpenter, et 
al (1). The water-film coefficient, which was practically con- 
stant at about 1480 for all runs, is 6.2 times the maximum oi! 
coefficient and 38.4 times the minimum oil coefficient. The oil- 
film coefficients of heat transfer are calculated by subtracting the 
resistance of the water film from the over-all values, the resistance 
of the metal wall being negligible (Ametas = 46,700). The ex- 
changer is considered clean in this series of experiments so no 
allowance is made for dirt or scale. 

While the heat-transfer coefficients are all computed using the 
arithmetic-mean temperature difference, even though some of 
the runs were in the early turbulent region, the temperature 
changes are so small for these latter runs that the arithmetic 
and logarithmic means are essentially equal. The correction 
factor for temperature difference for crossflow was found to be 
negligible in all runs. 


perature differences. 


DiscussION OF RESULTS 


In Fig. 4 the experimental pressure-drop data are plotted ver- 
sus the linear velocity through the minimum cross-sectional area 
for flow. The marked increases in the slope of the pressure-drop 
curves at a velocity of about 1 fps may be attributed to turbulent 
forces becoming predominant above this point. The displacement 
of the cooling curve from the isothermal curve is thought to be 
due to increased frictional resistance caused by the cold surface 
of the tubes. The considerable divergence of the cooling line up- 
ward from the isothermal line at velocities below about 0.2 fps is 
noteworthy. There is reason to believe that it may be attributed 


TABLE 2 PHYSICAL PROPERTIES OF GULFCREST “E” OIL 
ke 
t cp tu/(Ib) (sq ft) Cu pb lb 
degF (deg F) (tt) (deg F/ft) k per cu ft 
0.473 0.0753 1110 107 
0.484 106 0.0748 685 77.5 
often 170 0.507 46 0.0739 46.0 
ae 190 0.518 32 0.0734 326 37.0 
rho 210 0.530 23 0.0730 167 30.2 
ar ey @ Calculated using equation of Watson and Nelson (8) 
0.6811 — 0.308s + t(0.000815 — 0.000306s) (0.055 K + 0.35) 
where s = gravity at 60 F 
¢ Calculated using equation of C. 8. Cragoe (9) 
= 0818 [1 — 0.0003 (t —32)] 
8 = specific gravity at eg ) 
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he 


Run Btu  Atam Oil Gmax Ib/ te Oil DpGmax 
number per hr per hr qo deg F U hw he Vmax fps (hr)(sq ft) deg F-_ tm deg F j ub 
“1-16 4980 5045 —1.30% 42.0 37.3 1460 38.0 0.047 8850 99.6 140.4 1.16 0.677 3.33 
“1-15 6420 6100 +4.98 44.0 45.8 1470 47.3 0.070 13350 102.0 144.5 1.16 0.524 5.48 
1-14 75 7830 —4.40 47.8 49.2 1490 51.0 0.101 19200 103 .6 149.7 1.18 0.371 8.81 
1-13 85 8520 —0.24 49.1 54.2 1480 56.4 0.147 27850 102.2 149.5 1.18 0.284 12.8 
“1-12 9480 9670 —2.01 48.3 61.5 1480 64.3 0.213 40500 102.6 148.8 1.18 0.223 18.3 
1-11 10720 10370 +3.26 47.3 71.0 1500 74.5 0.313 59500 104.4 150.3 ake 0.169 27.7 
1-10 12300 11990 +2.52 49.0 78.7 1480 83.3 0.464 88100 103 .7 150.0 1.17 0.131 40.4 
1-7 14780 15200 —2.85 56.2 82.5 1480 87.5 0.585 111000 103.3 156.3 1.20 0.102 57.7 
~1-6 17050 7900 —5.00 55.5 96.1 1520 103 0.929 75800 108.7 160.4 1.18 0.0706 99.6 
-1-8 19400 19100 +1.55 58.3 104.3 1480 112 1.26 238500 104.8 158.8 1.20 0.0585 130 
“1-36 21350 22150 3.75 49.6 135 1480 149 2.53 484000 105.4 150.3 1.16 0.0419 222 
“1-38 26300 26300 0.00 50.0 165 1480 186 3.85 731000 106.5 150.7 1.16 0.0347 341 
“1-35 33100 33850 —2.27 50.8 204 1470 238 5.43 1032000 106.7 150.6 1.16 0.0314 474 
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TABLE 3 EXPERIMENTAL RESULTS 


4 Oil Ap Water Water Water Water 
Run Oil rate Oil temp Oiltemp °* lb per Oil temp rate, temp, temp, temp, 
number lb per hr in, deg P out, deg F sq ft drop, deg F* Ib per hr in, deg F out, deg F rise, deg F" 
Coouine Data 
k-1-16 225 162.9 117.8 2.47 45.1 23050 98.3 98.4 0.22 
K-1-15 340 162.9 126.0 3.15 38.4 23050 99.6 99.8 0.26 
K-1-14 488 165 134.4 * 3.80. 31.0 23050 101.5 101.7 0.34 
E-1-13 709 161.6 137.4 5.20 24.2 23050 100.2 100.5 0.37 
E-1-12 1030 158.0 139.6 7.22 18.6 23050 100.2 100.7 0.42 
K-1-11 1515 156.8 143.8 9.90 14.3 23050 102.1 102.5 0.45 
E-1-10 2240 155.7 144.2 14.6 Ha 23050 100.9 101.1 0.52 
E-1-7 2820 162.3 150.3 16.3 ; 10.5 23050 100.5 101.1 0.66 
E-1-6 4470 164.2 156.7 24.9 7.60 23050 104.5 105.0 0.78 
E-1-8 6070 162.4 155.2 36.6 6.40 23050 100.5 101.1 0.83 
K-1-36 12300 152.0 148.6 98.8 3.50 23050 100.2 101.1 0.96 
E-1-38 18600 152.0 149.4 173. 2.85 23050 * 100.0 101.1 1.14 
E-1-35 26250 151.8 149.5 287 2.54 23050 99.0 100.2 1.47 
E-1-26 204 147.4 
E-1-50 270 148.9 
E-1-25 346 149.0 
E-1-24 463 150.2 
K-1-22 710 149.3 
E-1-21 1040 149.2 
K-1-23 1510 149.3 
-1-20 2290 150.9 
E-1-19 2930 151.3 
E-1-18 4370 150.4 
K-1-17 6180 151.2 
K-1-49 9275 149.2 
14050 149.2 
19500 150.0 
E-1-48 26300 150.1 


Measured with differential thermocouples. 


TABLE 4 CALCULATED 


TABLE 5 CALCULATED PRESSURE-DROP RESULTS 
1 

Run Oiltm Gmaxib/ Oil Vmax f DeGmax ) 2 2 DeGwax 
umber deg F degF  (hr)(sq ft) fps 2 uf bs (n = 0.14) (n = 0.25) 
bl-16 140.4 128.8 8850 0.047 1t.7 1.81 0.349 0.863 0.768 - 0 10.05 8.94 2.40 
b-l-15 144.5 131.8 13350 0.070 6.52 2.92 0.338 0.859 0.762 27.8 5.57 4.94 3.96 
b-l-14 149.7 134.4 19200 0.101 3.78 4.60 0.318 0.852 0.751 15.9 3.20 2.81 6.35 
E-1-13 149.5 133.6 27850 0.147 2.46 6.40 0.303 0.846 0.741 10.3 2.07 1.81 9.22 
E-1-12 148.8 134.0 40500 0.213 1.62 9.30 0.316 0.851 0.750 6.82 1.37 1.20 13.2 
lel] 150.3 136.0 59500 0.313 1.03 14.3 0.323 0.854 0.754 4.34 0.871 0.772 20.0 
E-1-10 150.0 , 135.2 88100 0.464 0.690 21.1 0.318 0.852 0.751 2.91 0.585 0.517 29.2 
E-1-7 156.3 139.4 111000 0.585 0.497 29.4 0.279 0.836 0.726 2.06 0.414 0.360 41.6 
$4 160.4 143.7 175800 0.929 0.294 52.1 0.303 0.846 0.741 1.24 0.248 0.218 71.9 
+95 158.8 141.8 238500 1.26 0.236 65.5 0.281 0.837 0.727 1.00 0.202 0.175 92.7 
— 150.3 136.2 484000 2.53 0.155 120. 0.341 0.860 0.764 0.660 0.132 0.118 160. 
E-1-38 150.7 136.4 731000 3.85 0.119 181. 0.336 0.858 0.761 0.505 0.102 0.0899 246 
Bl-35 150.6 136.6 1032000 5.43 0.099 256. 0.347 0.862 0.767 0.423 0.085 0.0757 347 
11-50 05 19.6 3.94 3.94 3.52 
£1.25 149.0 ie 13600 0.0717 3.39 16.9 3.39 3.39 es 
150.2 18200 0.0960 2.54 12.7 2.54 2.54 6.07 
149.3 28000 0.147 1.61 8.03 1.61 1.61 
40900 -0..216 1.13 5.61 1.13 1.13 13.3 
149.3 59300 0.313 0.773 3.85 0.773 0.773 19.4 
150.90 90100 0.474 0.505 2.52 0.505 0.505 30.2 
Hee 151.3 a 115000 0.607 0.388 1.94 0.388 0.388 38.7 
150.4 172000 0.905 0.286 1.42 0.286 0.286 57.7 
sre 151.2 A a 243000 1,28 0.205 1.02 0.205 0.205 81.6 
cin 149.2 tte 365000 1.92 0.164 0.816 0.164 0.164 119. 
te 149.2 553000 2.92 0.123 0.612 0.123 0.123 180 
fe 150.00 767000 4.03 0.102 0.508 0.102 0.102 254 

~48 0.1 1035000 5.45 0.0895 0.446 0.0895 0.0895 344 
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(Flow normal to */s-in-OD tubes, 4/s in. equilateral pitch. Bulk-oil tem- 
perature range, 140-160 F; surface- -temperature range 100-110 F. Gulf- 
crest ““E”’ oil, 525 SSU at 100 deg F, 98 centipoises. ) 


to the uneven distribution of flow which tends to oecyr dur- 
ing cooling of viscous liquids. This condition often results when 
cooling viscous streams in parallel because of the instability aris- 
ing when greater cooling of one stream causes higher viscosity, 
and therefore lower velocity, at » given over-all pressure drop. 
This in turn means a greater temperature decrease of the slow 
stream, etc. Because of mixing between streams, this effect 
might not be appreciable during flow across banks of staggered 
tubes. Additional data in the low-velocity range, together with 
velocity and temperature traverses across the tube bundle, are 
needed to obtain a better understanding of this effect. 

The friction data for isothermal and cooling tests, calculated 
as friction factors, are presented in Fig. 6 by the Chilton and 
Genereaux (2) method of correlation. This correlation uses both 
the isothermal and nonisothermal data of Sieder and Scott (3), to 
obtain a relation between the friction factor and Reynolds num- 
ber, with the physical properties based on a film temperature, 
and the equivalent hydraulic diameter used in calculating the 

teynolds number. The curve of Chilton and Genereaux falls 
parallel to and about 12 per cent below a straight line through the 
present isothermal data over the range of Reynolds numbers 
from 5 to 40. .Above a Reynolds number of 40, the isothermal 
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(Flow normal to 4/s-in-OD tubes, in. equilateral pitch. Bulk-oil tem- 
perature range for cooling runs, 140-160 F; surface-temperature range for 
isothermal runs, 100-110 F; bulk-oil temperature range for isothermal runs 
147-152 F. Gulferest ““E” oil, 525 SSU at 100 deg F, 98 centipoises 
Predicted curve f/2 = 13.25 NRe7?; & = tm 0.32 Atm.) 


This tendency was also true 
of the data of Sieder and Scott as reported by Chilton and 
Genereaux and indicates the beginning of turbulence. The cool- 
ing data practically coincide with the isothermal data through- 
out the region of partial turbulence and into viscous flow down to 
a Reynolds number of 10. Below this point the friction factor 
increases rapidly and the film-temperature correction is no longer 
adequate to bring the cooling data in line with the isothermal 
points, again showing the possibility of nonuniform distributior 
of flow at low velocities. 

In Fig. 7 the friction data are plotted according to the method 
of Gunter and Shaw (4), in which f’/2 is plotted against Ve wit! 
the average bulk temperature used in evaluating all physical prop- 
erties. 


data depart from a straight line. 


By this method the cooling data fall close to the proposed 
curve down toa VR of about t0, but at lower values they deviat« 
in the same manner as in the Chilton and Genereaux method o! 
correlation. The Gunter and Shaw curve falls parallel to th 
isothermal data but about 17 per cent above them for Rey: 
numbers from 5 to 50. Both the isothermal and cooling dats 
fall on or near the curve of Gunter and Shaw above a Rey 
number of 100. 

It must be kept in mirid that both of the procedures ment! 
for correlation in the region of viscous flow were based upo 
Sieder and Scott’s investigation which covered® only one tub 
size, one tube arrangement, and two tube spacings. As pointed 
out by Boucher and apple (5) these data are exceedingly limited 
in scope to serve as the basis for a general correlation. Moreover, 
since the tube size and pitch of the present unit are one hal! 
those used by Sieder and Scott, further data are necessar) 
determine the quantitative effects of these variables. 

Fig. 8 shows the effect of applying the Sieder and Tate vis 
correction to the data on pressure drop during cooling in an e! 
fort to correlate them with the isothermal data. The viscosity 
ratio u/u. is shown raised to the 0.25 power as recommended fof 
viscous flow by Sieder and Tate (6), and the 0.14 power as recon 
mended by Gunter and Shaw. From Fig. 8 it is evident that 4 
single viscosity-ratio correction is not adequate for the correl 
tion of these data and that the u/u, ratio should be some functi®! 
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Flow normal to #/s-in-OD tubes, %/s in. equilateral pitch. Bulk-oil 
‘mperature range for ceoling runs, 140-160 F; surface temperature range 
tor cooling runs, 100-110 F; bulk-oil temperature range for isothermal runs, 
47-152 F. Gulferest ‘‘E” oil, 525 SSU at 100 deg F, 98 centipoises.) 


ofthe rate of flow. When additional data have been obtained a 
‘relation will be attempted upon this basis. 

The heat-transfer data have been calculated as j-factors and 
plotted on Fig. 9 versus the Reynolds number based on tube 
diameter. The j-factor here utilizes the Sieder and Tate viscos- 
‘y-tatio correction. While the curve through the experimental 
dita has a steeper slope than that predicted by Colburn (7) 
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ature range for cooling runs, 140-160 F; surface-temperature range for cool- 

ing runs, 100-110 F. Gulferest ‘‘E”’ oil, 525 SSU at 100 deg F, 98 centi- 7 
poises. ) 


was made at a time when no data on tube banks were available. 
Although the simple group of variables included in the j-factor 
is at best a rough approximation for the exact factors of impor- 
tance, further data for other conditions are necessary before a gen- 
eral correlation can be attempted. ; 

At the lowest velocities, free convection may have had some | 
effect; this was probably very small because of the high viscosity — 
and clo.e tube spacing. This factor will be explored in future 
work, 


CONCLUSIONS 

1 The equipment and technique are satisfactory as shown © 
by the uniformity of the friction and heat-transfer data, and the = 
agreement of the friction data with average values of previous 
investigators. 

2 Neither the proposed correlation of Chilton and Genereaux, 
which is approximately 12 per cent low, nor that of Gunter and 
Shaw, which is approximately 17 per cent high, adequately cor- 
relate the isothermal friction data, indicating a possible effect of 
tube size or pitch not exactly covered by those correlations. 

3 A viscosity correction which is a function of the flow rate 7 
seems to be indicated for the correlation of cooling data with iso- — 
thermal friction data. 

4 The heat-transfer data appear to fall near the curve 
previously drawn parallel to data obtained with single cylin- 


ders. 
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Discussion 


The data reported in this paper constitute a de- 
These carefully 


T. T.NKER.® 
finite contribution to heat-transfer literature. 
run data disclose certain peculiarities in fluid flow and heat 
transfer in the Ne regions which should be investigated further 
for a variety of tube sizes and arrangements. 

The downward divergence of the heat-transfer characteristic 
from the theoretical at low flow rates attributed to uneven dis- 
tribution of flow is similar to that observed and reported by the 
writer for commercial heat exchangers. In commercial 
heat exchangers, these effects are much more drastic because in 


most 


addition to the flow routes through the tube nest, there are other 
parallel flow routes of low hydraulic resistance through the ex- 
changer. 

The authors suggest that the 
should possibly be some function of the rate of flow in order to 


viscosity-ratio correction 


bring friction factors for oil-cooling in line with the isothermal 
data. It may be possible that part of the irregularity in the low- 
velocity region may be due to uneven distribution of flow and 
only partly due to an improper exponent applied to the viscosity 
ratio. Should this be the case, the portion of the irregularity due 
to uneven flow distribution might be quite different for a bank of 
tubes 6 rows wide from that of a bank 15 rows wide or for banks of 
different tube lengths. In consideration of this possibility it 
might be advisable to investigate the variations in flow distribu- 
tion for tube banks of different proportions before assigning a 
specific function to the viscosity ratio correction. 


6 Chief Engineer, Ross Heater & Manufacturing Company, Inc., 
Buffalo, N. Y. 
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The Gas 


To date more than a score of stationary gas turbines, 
aggregating well over 100,000 kw, have been built or are 
under construction. About three quarters of these might 
properly be classed as commercial units. All the plants 
in this category operate at modest inlet temperatures 
and utilize alloy materials on which extensive experience 
has been obtained. This indicates definite places in the 
stationary power field for gas turbines such as can be built 
today under essentially commercial conditions. It seems 
evident that if the gas turbine is to move ahead as fast as 
its proponents desire, engineering effort and ingenuity 
comparable to that now going into technical development 
must be expanded on defining and evaluating the gas 
turbine’s economic possibilities so they may be fully ex- 
ploited. This paper presents some preliminary thinking 
along these lines. For the case where power generation is 
the sole requirement, the authors analyze several specific 
situations. It must be clearly understood that such 
analyses are instructive only if their limitations are recog- 
nized; nothing is more dangerous than economic gener&ali- 
zation. 


N. ROWLEY ' anp B. G. | 


For cases where process heat as well as power must 
be supplied, the economic problem is even more complex. 
The authors have, of necessity, approached this question 
from a qualitative viewpoint, and merely indicate the 
general position of the gas turbine in this field and some 
of the modifications that might enhance its usefulness. 


Gas-TURBINE CHARACTERISTICS 


HE performance and physical characteristics of gas turbines 

have been thoroughly discussed in many papers. It would 

be well, however, to review briefly those characteristics 
that have a bearing on economic decisions. 

Present commercial capacity range for gas turbines operating 
at 1100 F varies from 1000 to 25,000 kw. When inlet tempera- 
tures can be raised, the range will increase. Gas turbines now 
burn fuel oil and gas. In the light of present aggressive research 
programs it is likely they will be able to burn coal in the not- 
too-distant future. 

Gas-turbine plants require only small building volumes, on the 
order of one third that needed by steam plants of equal capacity. 
This feature, coupled with the relatively few plant components, 
means that operating labor can be reduced considerably. Fur- 
thermore, gas turbines can be started from cold in 6 to 10 min, 
iminating banking* losses and minimizing starting losses. On 
the basis of necessarily limited experience, reliability and maia- 
tenance cost seem closely comparable to steam-turbine figures. 

Small physical size and low weight are advantageous in reducing 

‘Managing Editor, Power, McGraw-Hill Publishing Company, 
In. Mem, ASME. 

‘Associate Editor, Power, 
Ine, Mem. ASME. 
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foundation requirements and hence investment For 
plants of 6000-kw capacity and less, no water is needed, which 
means the plant can be located anywhere. Plants above 6000- 
kw capacity have proved more economical when compression is — 
divided into two or more stages and intercooling utilized. This | 
reduces compressor dimensions and raises over-all cycle efficiency — 
and capacity. Water for intercooling is only a small fraction of | 
tnat used by a steam plant of equal size. Again, this gives 
greater latitude of plant location for the gas turbine. 

Typical performances at full load with 1100-F inlet gas for 
10,000-kw gas turbines are as follows: Simple cycle, no inter- 
cooling, 19,000 Btu per kwhr; simple cycle with one intercooler, 
16,000 Btu per kwhr; 2-turbine arrangement with inter- 
cooler, 15,000 Btu per kwhr; regenerative cycle with intercool- 
ing and reheating, 13,000 Btu per kwhr. 


costs. 


meats produce a more efficient plant. For example, plants built 
for 30 per cent thermal efficiency cost about 50 per cent more — 
than plants to operate at 20 per cent thermal efficiency. Any 
plant built for intermediate efficiency would be roughly prorated 
in investment cost between these limits. 


ISOLATED-PLANT COMPARISON 


Having seen how the gas turbine shapes up in general terms, let 
us attempt to make some economic comparisons in situations 
where the gas turbine might be considered as a possible prime 
mover. For the first case, assume that an isolated plant, solely - 
for power generation, is to be built. 

Economic conditions being extremely variable, depending on — 
geographical situation and local conditions, it becomes pointless 
to assume just one set of costs and expect to draw any conclusions 
of general value. However, original investment and unit fuel 
costs are the primary determinants for evaluating the economic. 
desirability of alternate schemes, and Figs. 2 to 5 indicate how a 
gas-turbine plant of definite heat-rate characteristic compares — 
with alternate steam and Diesel installations as these two prin-— 
cipal costs are varied. The heat-rate characteristics for the — 
three plants are given ia Fig. 1. Other pertinent data for this — 
elementary economic comparison are given in Table 1. 


TABLE 1 COMPARATIVE DATA FOR POWER SYSTEMS 
Steam Diesel Gas 
Plant turbine engine turbine 
2 Operating crew, men...........ee0. 12 7 7 
4 Average cost of maintenance, repairs, 
supplies, lubricating oil, miscellane- 
ous, mills per kwhr.............-- 1.0 1.8 0.8 
5 Annual investment—charge rate, per 
12 12 12 


Fig. 2 shows the justifiable investment in a gas turbine (in per 
cent of steam-turbine investment) for various combinations of 
original cost, unit fuel cost and plant capacity factors of 30, 
50, and 70 per cent. For any steam-plant investment and capac- 
ity factor, the justifiatle gas-turbine investment increases with 
lower unit fuel costs. Unit fuel costs are assumed equal for 
gas-turbine and steam-turbine plants. At one value of unit fuel 


Because gas turbines are flexible in design, increasing il 
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cost, the gas-turbine justifiable investment equals steam-plant 
investment. 

To draw conclusions from these curves, relative costs of gas- 
turbine and steam-turbine plants must be known. As yet, we 
have no experience in this country, but a clue to this relation 
may be taken from Swiss experience which reports that, for 
equal capacities, a gas-turbine plant costs about 85 per cent of a 
steam-turbine plant. Using this value as a criterion, we can 
then conclude that at, say, 50 per cent capacity factor, the gas- 
turbine plant economically equals the steam-turbine plant at 
investments for the latter of $58 per kw with 30 cents per million 
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between steam and gas turbines. 
our example, that gas-turbine-plant investments are 75 per cent of 
Diesel-plant investments and that fuel costs are equal, some of the 
break-even points in terms of Diesel investments for 50 per tent 
capacity factor are $54 per kw with 30 cent fuel; $119 per kw 
with 40-cent fuel: $189 per kw with 50-cent fuel. 


EXTENDING AN EXISTING SYSTEM 


A somewhat different problem is involved when we consider 
an addition to an existing system, since it will be seen that the 


Btu fuel, $121 per kw with 40 cent fuel, or $184 per kw with 140 
50-cent fuel. If actual fuel costs are less than these at the given 
investments then the gas-turbine plant is economically superior | 
The families of curves for the three capacity factors show that \ Pol | 
gas-turbine desirability increases w ith greater utilization at given | 
There may be cases where the steam plant can burn coal and 
the gas turbine must burn relatively expensive oil. To show the ¥0 3 jaz “fal los | 
effect of this condition, Fig. 3 indicates the shift in the curves for jot nd * x | 
a 10 per cent increase in unit fuel cost for the gas turbine. Such #110 b> q - a ; 
a condition of course adds an economic burden on the gas- 4 CCT to  -+a 
turbine plant. 3 — 
Similar relations are established between the gas turbine and con 2100 
+ 
Diesel engine in Fig. 4, for 30, 50, and 70 per cent capacity factor. Bhinore ax) ° cyel_ costs © j 
. Cc = 
Since the gas turbine may burn cheaper oil than the Diesel, - 
Fig. 5 shows the effect of gas-turbine unit fuel cost being 90 per 
cent of Diesel unit fuel cost. 
According to reported Swiss experience, the differential capital 3 ee 
between Diesels and gas turbines is much greater than that 
140 
120 > 5 30 
irbine . 
5 
60 Diesel investment, $ per kw 
a fe) | | 3 
at 024 6 8 10 024 6 8 0 140 ~ 
Lood,1000 kw Load, 1000 kw \ 
Copacity factor 5 Ration costurbine fuel cos 0.9 
30% | Steam- plant fuel cost 
7 2 7 > 
& 70 , % 80 4 714 
60 60 Av. 70 L471 W712 
- 50 100 150 200 Bats 50 100 150 200 50 100 150 200 
8 Steam-plant investment, $ per kw sie ft Steam-piant investment, $ per kw Diesel investment, 5 per kw 
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state of efficiency development of the system exercises a sub- 
stantial influence on the results. Assume that 10,000-kw capac- 
ity is to be added to a system with a 100,000-kw peak load and a 
load-duration curve as in Fig. 6. The existing system has 100,- 
000-kw capacity and the new unit is needed to re-establish a one- 
unit reserve. 

To illustrate the influence of system development, assume that 
three systems A, B, and C, are involved, each having a different 
heat-rate and incremental-rate curve, as shown in Fig. 7. To 
bring the problem within reasonable limits, and to simulate condi- 
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Next considered is the installation of a simple cycle 1100 F 
gas-turbine plant to act purely as a peak-load and stand-by plant. 
This requires only a few hours’ operation a year during the peak 
when it will generate 1752 megawatt-hours. The existing system 
drops an equivalent amount of generation at a high incremental 
heat rate, obtained from the system increment-rate curve, Fig. 7, 
corresponding to the averages for the 90 and 100-mw loads. 
Annual operating costs will then decrease as shown in item 17. 
These will be replaced by the aew operating costs incurred by 
operating the gas-turbine peak load plant. The difference of 


2 | System A System B System | | 
L! 1 50} acramenrs 50 50 
° 
0 20 406080100 02040608000 020406080100 
| Time, 1000 hours Load, 1000 kw Load, 1000 kw Load, 1000 kw 


tions encountered in an actual case, fuel cost and investment are 
not handled as variables, as in the isolated-plant case, but are 
assumed. For further simplification, other operating costs are 
taken as a percentage of fuel cost. While ordinarily no definite 
physical relationship exists between these two cost groups, ex- 
perience indicates that under limited conditions such as main- 
tain here there tends to be a correlation for plants of equal 
capacity. 

It should be clearly understood that the necessity for making 
assumptions as outlined definitely limits the conclusions drawn 
from this case to situations where the assumed figures are roughly 
applicable. The results of the comparison do show, however, 
certain relationships which are interesting and that will appear, 
altered in magnitude, in other generally similar comparisons. 

In studying the addition of a base-load steam plant, the first 
objective is to determine the reduction in operating cost of the 
existing system caused by the new unit taking over its share of the 
load. Here the new unit is assumed to be fully loaded and availa- 
ble and on the line 90 per cent of the time, thus fixing its annual 
output in item 1, Table 2. The system average decrement rate 
comes from (1) integrating the load-duration curve, Fig. 6, 
with the system heat-rate curve, Fig. 7, and (2) subtracting from 
this the integration of the load curve minus 10,000 kw at all loads 
with the same heat-rate curves. Dividing the difference of 
these two integrations by 8760 hr X 10,000 kw gives the values 
in item 2. 

Decrement fuel cost is the product of items 1 and 2. Decre- 
ment operating costs of item 3 are taken as 30 per cent of the 
decrement fuel instead of 50 per cent since experience shows 
that incremental values are usually less than the ratio of total 
values on a system consisting of several units. Total reduction 
on costs of operating existing units appears as item 5. Total 
generating cost of the new base-load steam plant (including 
carrying charges) is then subtracted from the existing system 
decrement costs to find the savings resulting from installation of 
the new unit. For system A the considerable saving indicates 
the obsolescence of the existing equipment and shows that the 
hew unit should be installed to improve over-all operating econ- 
omy even if the additional capacity were not needed. For sys- 
tems B and C the negative savings indicate the cost of providing 
= reserve capacity by means of adding an efficient base-load 
plant. 


these costs, item 21, is the annual savings realized, excluding the 
gas-turbine carrying charges. Then, comparing the peak-load 
plant to the base-load steam plant, the difference of their annual 
savings, item 21 — item 11, gives the amount of money available 
for carrying charges on the peak-load gas-turbine plant. 

For system A this works out to give —$50 per kw justifiable in- 
vestment for the gas turbine. This means that besides being 
given the gas-turbine plant, the system would also have to be 
given $50 per kw of capacity to end up in the initial financial 
position. 

System B, however, could afford to pay $73 per kw for the 
gas turbine or about 56 per cent of the steam-plant cost, which 
rules out the gas-turbine peak-load application. In system C, 
which is highly developed with very efficient generating units, 
$140 per kw can be paid for the gas-turbine plant compared to 
$130 for the steam plant. In this system the gas-turbine peak- 
load plant is much better than a base-load steam plant. This 
brings out the point that peak-load plants can be applied profi- 
tably only to systems already operatiag at high levels of ef- 
ficiency. 

Finally, in Table 2, the application of a regenerative gas 
turbine is studied as a base-load plant. This is essentially the 
same problem as that worked out for the isolated plant, except 
here the plant is operated mostly at full capacity. In other 
words, the steam plant and gas turbine are directly compared to 
produce the same annual output. This comparison holds re- 
gardless of the remaining system characteristics, that is, whether 
they are applied to systems A, B, or C. An additional influence 
is studied here by assuming different levels of operating cost. 
These are computed with total gas-turbine operating cost equal- 
ing 1.4 and 1.3 times the fuel cost. 

These two ratios make the gas-turbine labor, repair, and sup- 
plies cost 90 and 68 per cent, respectively, of the comparable 
figures for the steam plant. Again, both of these ratios are 
conservative reductions in favor of the gas turbine. The com- 
parable justified gas-turbine investments are then $119 and $135 
per kw, or 92 and 103 per cent of the steam-plant investment. 
Compared with 85 per cent from Swiss experience, the gas turbine 
seems favorable compared with steam in these conditions. 
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TABLE 2.) INSTALLATION OF 


ADDITIONAL 10,000-Kw UNIT ON EXISTING SYSTEM 


Comparison of peak-load and base-load gas turbine with base-load steam plant, system annual load factors = 


System A System C 


1. New base-load unit, annual output mwhr 

2. Existing system average decrement heat rate 

3. Decrement annual fuel cost at 20¢ per 10° Btu 

4. Decrement repairs, labor, supplies at 30% of 


5. Total annual decrement cost 


New 800-psi 950-F Steam Plant, Base Loaded 
6. New station average heat rate, Btu per kwhr. .. 
7. New station annual fuel cost at 20¢ per 10° Btu 
8. New station repairs, labor, supplies at 50% of fuel. 
9. Annual investment charges at 12%. 


10. Total new-station annual generating cost... 
11. Net annual over-all savings. ............. 


New 1100-F Peak-Load Gas-Turbine Plant 

12. New station average heat rate, Btu per kwhr 

13. Existing system decrement heat rate, Btu per kwhr 

14. New unit annual output, mwhr 

15. Decrement annual fuel cost at 20¢-per 10° Btu 

16. Decrement repairs, labor, supplies at 30% of fuel... 


17. Total annual decrement cost 
18. New station annual fuel cost at 20¢ per 10° Btu 
19. New station repairs, labor, supplies at 30% of fuel 


20. New station annual operating cost 


21. Net annual savings, excluding new investment charges... .. 


22. Money available for gas-turbine investment charges, referred to steam plent 
(Item 21)—{Item 11) 

23. Justifiable gas-turbine investment compared to base-load steam plant at 
12%, per kw capacity . 


New 1100-F Regenerative Gas-Turbine Plant, Base Loaded 
24. New station average heat rate, Btu per kwhr 

25. New station annual fuel cost at 20¢ per 10° Btu 

26. New station repairs, labor, supplies at 40% of fuel 


27. Total new plant operating cost (1.4 X fuel cost) 
28. Total new plant operating cost (1.3 X fuel cost) 


29. Money available for gas-turbine investment charges referred to steam plant! 
(Item 10)—{Iitem 27) 

30. Money available for gas-turbine invest 
(Item 10)—{Item 28) 

31. Justifiable investment based on (29), per kw capacity 

32. Justifiable investment based on (30) per kw capacity 


t charges ref 


78,840 

24,800 
$391,000 
117,000 


78,840 

12,670 
$200,000 
60,000 


$260,000 


$430,000 
— $170,000 


$ 8,700 
$18,300 


— $59,700 $172,300 


$287,000 
$268,000 


$143,000 
$162,000 


local load centers at the present time can be fed only through 
long transmission lines because of lack of local water. Gas 
turbines serve such a situation admirably since they can do with- 
out water and are quick-starting. Generating capacity at the 
end of the lines aids in bettering voltage regulation and cana serve 
as back-up capacity during transmission-line failure. Such 
capacity will also be available to the remainder of the system 
if it suffers a forced outage at some other time than when the 
local peak load occurs. 

Table 3 gives a quick idea of the financial advantages of in- 
stalling a 10,000-kw transmission line, plus a local peak-load 
10,000-kw gas-turbine plant to serve a 20,000-kw peak-load de- 
mand having a 50 per cent load factor, as compared to pro- 
viding a 20,000-kw transmission line. The more costly the 
transmission line the greater the advantage that accrues to the 
gas-turbine scheme. Here 30 to 45 per cent more can be spent 
for a gas turbine than a steam plant whereas gas turbines proba- 
bly will cost less. 


Admittedly, the assis Rahs are given in Tables 2 and 3 are 


speculative and rough, but they are of an order that is practical. 
Many related questions which must be answered for any actual 
system have not been touched. However, power-system de- 
signers should give serious consideration to gas turbines. If they 
do not, many good bets to achieve minimum-cost power will be 
overlooked. 


INDUSTRIAL APPLICATIONS 


In industrial-power gpplications, the plant must usually supply 
process heat as well as mechanical or electrical energy. In select- 
ing the plant the usual economic factors apply, but the effect 
of the relationship between the two kinds of loads—heat and 
power—overrides to the extent that it largely determines the 
nature of the plant selected. 

Any comparison of plants for industrial-power supply usually 
resolves into an examination of their ability to meet a variety 
of heat and power conditions. This test can be summed up it 
the answers to three questions: (1) Can the plant’s ratio of heat 
to power be altered readily by design, and to what extent? 


TRANSACTIONS OF THE ASME 1949 


50 per cent ere j 


up t 
app! 
back 
obta 
for r 
in th 
cond 
turb: 
powe 
powe 

Th 
but i 
to a 
recoy 
recoy 
“Onst 
more 
‘emp 
abou 


tycle 


q 78,840 
$268,000 
d 80,000 
— 
11,600 = 
$183,000 
156,000 
$78,000 88,000 
19,000 19,000 on 19,000 
60,000 32,000 24,000 
q 1,752 1,752 1,752 
$21,000 $11,000 $8,400 
| 6,000 3,000 2,600 
$27,000 $14,000 $11,000 
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$50 $73 $144 
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TABLE 3 


COMPARISON OF 20-Mw TIE-LINE SUPPLY WITH 10-Mw TIE-LINE SUPPLE 
MENTED BY 10-Mw-PEAK-LOAD GAS TURBINE AT LOCAL LOAD CENTER 


3. Transmission-line energy losses, percent 


4. Transmission-line investment, dollars per kw 
5. Allocated plant capacity, kw. . 

6. Allocated plant investment at $130 per kw 
7. Tieline investment.... 


8. Total investment... 
9. Allocated heat rate, Btu per kwhr 
10. Annual fuel cost at 20¢ per 10° Btu* 
11. Annual total operating cost at 1.5 X fuel cost 
12. Total investment carrying charg 


13. Total generation cost including transmission. ... 


14. Allocated steam-plant capacity, kw 


. Tieline investment 


. Total investment excluding gas-turbine plant 
. Supply from tieline, kwhr 
. Supply from gas-turbine peak plant, kwhr 


. Gas-turbine plant heat-rate, Btu per kwhr 


Annual total operating costs: 

24. Steam plant at 1.5 X fuel cost 
25. Gas turbine at 1.4 X fuel cost 
26 


29. Justified gas-turbine investment, dollars per kw 


1. Local annual energy requirements, 50% load factor, kwhr.... 
2. Local annual peak load, kw... 


Supply From Central-Station High-Pressure Steam Over 20-Mw Tieline 


Supply From 10-Mw Tieline Supplemented by 10-Mw Gas-Turbine Peak Plant 


15. Allocated steam-plant investment at $130 per kw 


. Allocated steam-plant heat rate, Btu per kwhr..... Hitvtiedmaaceewas 


. Annual steam-plent fuel cost at 20¢ per 10° Btu* 
. Annual gas-turbdine plant fuel cost at 20¢ per 10° Btu 


27, Generation cost excluding gas-turbine carrying charges 
28. Money available for gas-turbine carrying charges............... ones 


* Includes additional generation for 10 % tieline energy loss 


* 


11,000 


$1,430,000 
$ 400,000 


$1,430,000 
$600,000 


$2,030,000 


74,600,000 
13,000,000 
12,800 
19,000 


$210,000 
$ 50,000 


$315,000 
$ 70,000 
$244,000 


$629,000 
$227,000 
189 


$203,000 


(2) In an operating plant can the heat-power ratio be regulated 
readily to meet load fluctuations? (3) At what temperature 
level or levels is process heat available? 

Let us see how two currently popular types of plants measure 
up to these questions and how the answers have influenced their 
application. By appropriate combinations of extraction and 
back-pressure turbines a wide range of heat-power ratios can be 
obtained with steam plants, and suitable controls are available 
for readily adjusting the balance between heat and power. Heat 
in the form of steam can be provided at any level up to boiler 
conditions of, say, about 1000 F as an upper limit. The steam- 
turbine plant represents about the maximum in industrial- 
power versatility, but shows up best where the ratio of heat to 
power is high. 

The Diesel plant produces shaft power at the highest efficiency, 
but its heat-producing possibilities are limited. Of the fuel input 
to a conventional engine, not more than 50 to 60 per cent is 
recoverable as heat even in theory, while ia practice the maximum 
recovery is much less. The heat-power ratio is more or less 
Constant and cannot be altered readily in operation. Further- 
More, heat is available at relatively low levels. Jacket-water 
temperatures rarely exceed 180 F; exhaust temperature runs 
about 400 to 550 F for 2-cycle engines and 650 to 800 F for 4- 
*yele engines. Hence Diesel plants find widest use where power 


requirements are high in relation to heat requirements; in other 
words, where heat-power ratio is low. 

Comparatively little has been done to explore the possibilities 
of the gas turbine for industrial-power applications, but it seems 
likely to occupy a place somewhat between the steam-turbine and 
the Diesel-engine plant. Let us see in a qualitative way why this 


Exnaust-Heat RECOVERY 

The arrangement commonly visualized for industrial power 
has a waste-heat boiler in place of the regenerator or in parallel 
with it. A series arrargement has also been suggested. Taking 
the simpler hookup first, Fig. 8, it can be seen that with a single- 
shaft plant, output control will be by temperature variation, with 
gas-flow rate essentially constant. As temperature varies with 
lead, heat available in the exhaust will also vary with load. To 
this extent the situation closely parallels that encountered in 
Diesel plants, but with the exception that gas flow per kilowatt- 
hour is much higher, about 100 lb per kwhr for gas turbines 
against about 13 lb for Diesels. According to Pfenninger of 
Brown Boveri, about 12 lb of steam per kwhr can be produced by 
an arrangement similar to Fig. 8. 

The ratio of heat to power of this hookup cannot be altered to 
any appreciable extent by design, nor is it possible to meet 
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demand variations readily in operation. When power loads are 


high and steam loads low, the boiler can be by-passed, but little __ 


can be done to meet the reverse condition. It might be thought 
that the turbine could be by-passed or gas extracted from it after 
partial expansion, as in steam-turbine plants. But the high 
cost of compression work done on the gas before heating makes 
this undesirable. The only other solution, equally applicable 
in Diesel plants, lies in fitting the boiler with auxiliary oil burners 
to operate when power loads are light and steam loads heavy. 
Since gas turbines employ very high excess-air ratios, sufficient 
oxygen will be available in the exhaust to,support combustion. 

If the waste-heat boiler is in parallel with a regeaerator, opera- 
tion at high power loads and low steam loads is more efficient, 
Fig. 9. A suitable valve setup divides gas flow between boiler 
and regenerator in accordance with steam-load variations so the 
plant always operates under the most favorable conditions. 
Choice between this hookup and Fig. 8 would depend on the 
value of the added efficiency at low heat-power ratios compared 
with the cost of the added equipment. 

Exhoust gas 
Regenerator 


LAS 


To improve part-load efficiency on small gas-turbine plants 
and to permit building plants of large total output without ex- 
ceeding economical and mechanical] limitations in size of rotating 
parts, 2-shaft designs are used, Fig. 10. This practice allows 
control by gas-flow variation, with the temperature held essen- 
tially constant over a substantial part of the load range. For 
waste-heat recovery this plant offers the advantage that gas 
temperature at the waste-heat boiler is at a high level over a great 
part of the load range. Although not shown, the hookup using a 
regenerator in parallel applies equally well to 2-shaft designs. 

Industrial suitability of gas-turbine plants fitted for exhaust- 
heat recovery may be summarized as follows: (1) They are less 
flexible in design and operation than steam-turbine plants and 
not so well-suited for high heat-power ratios. (2) They are 
somewhat more flexible than the Diesel plant on both counts. 
In fact, they seem best suited for intermediate heat-power ratios. 
According to an analysis by Pfenninger, Brown Boveri, a gas- 
turbine plant with waste-heat boiler compares with a back- 
pressure steam-turbine plant producing steam at 85 psig, as shown 
in Table 4. 
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TABLE 4 COMPARISON OF GAS-TURBINE AND STEAM-TURBINE 
PERFORMANCE 
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HiGu-PRESSURE STEAM 


Most thinking about industrial-power gas turbines has dealt 
with heat recovery at the low end of the cycle. What are perhaps 
more interesting possibilities lie at the high end. Fig. 11 shows 
production of high-pressure steam at the combustion chamber. 
With forced-circulation “series’’ design, superheated steam at 
virtually any pressure and temperature could be generated 
It then becomes possible to obtain any desired heat-power ratio 
from almost all power and no heat (the conventional gas-turbine 
plant) to all heat and little or no power (the Velox boiler). 
Absorption of heat at the combustion chamber reduces gas 
temperature at the turbine inlet, an operation normally done by 
excess air. To protect heat-transfer surfaces, steam generation 
could not be allowed to drop below a certain minimum flow. 

The principal problem in this arrangement lies in controlling 
steam output to meet variations in demand for power and steam. 
While it is possible to visualize by-pass arrangements that would 
either alter the effective heating surface or the gas flow aver « 


= 


Fic. 10 


Fic. 


fixed amount of surface, such schemes appear unnecessa! 
complex. For simplicity, it might be better to generate steam 
in accordance with whatever gas flow is required for shaft powe! 
and find some way to utilize excess steam in the cycle itself. 

In Fig. 12 part of the steam produced is diverted back into th 
gas circuit and the turbine becomes a combired gas-vapo! 
machine. With normal expansion ratios this should involve no 
moisture problem at the exhaust; the added working fluid in- 
creases the shaft output. If steam is generated at a pressure 
above turbine throttle pressure, as is likely, an arrangement like 
that in Fig. 13 could be used. Here the excess steam expands 
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Steam consumption for heating, Ib per kwhr 


a. Gas turbine with waste-heat boiler 
b. Backpressure steam-turbine plant 
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first through a steam turbine, say, an impulse wheel, which ex- 
hausts to the gas-vapor turbine at its normal inlet pressure. 
Governing should be no more complex thaa that of the extraction- 
condensing and back-pressure steam turbines now widely used. 
Generation of steam at the high end of the cycle might well be 
combined with recovery of heat at the low end, leading to hookups 
like that in Fig. 14 in which an economizer heats feedwater for 
the steam-generating surface at the combustion chamber. 


‘OMBINED AIR-STHAN ANT 
COMBINED AIR-S 1 PLANT 


Another interesting steam- and gis-turbine combination has 
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been suggested by W, Karrer, Oerlikon Works, Zurich. He 
points out that steam boiler plants designed for exclusive supply 
of heat can be converted to highly economical plants for heat and 
power by raising boiler pressure and temperature, and expanding 
the steam in a back-pressure turbine. He then shows that the 
shaft power can be about doubled by addition of an air turbine 
and its compressor, and that tire increased fuel input required is 
favorably utilized. 

As shown ia Fig. 15, a fuel-fired boiler supplies steam to a 
back-pressure turbine. Flue gas from the boiler first heats air 
for the turbine and then feedwater for the boiler. The air- 
turbine circuit starts with a compressor taking in freshair. After 
air pressure has been raised, air flows through a regenerator, 
picking up heat from the turbine exhaust, and then flows through 
the flue-gas air heater. Heated pressure air then expands through 


the turbine, and flows through the regenerator to the boiler 
where it serves as combustion air. 


Turbine output is sufficient 


heating or 


seems entirely justified. 


mover ever succeeds in fully supplanting others. 
find its special place ia a world that finds ever larger and more 
far-reaching needs for stationary and propulsive power. 


to drive the compressor and produce electrical energy to add to 
that generated by the back-pressure turbine. 
It is realized that these various gas-turbine industrial-plant 


hookups have been put forward without the exhaustive analysis 
required to establish fully their practical and economic feasibility. 


It is believed, however, that they indicate worth-while possibilities 
for the gas turbine in this field, and that they should be the sub- 
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ject of further study by gas-turbine engineers and power-plant 
designers. 


SpectaL APPLICATIONS 

No discussion of the use of gas turbines in industry can afford 
to overlook a number of specialized applications such as the 
Houdry process and blast-furnace blowing. These have been 
well-covered in the literature, however, and it would be super- 
fluous to consider them in any detail here. In view of the tend- 
ency to speed reaction time of chemical processes by devices 
such as supercharging, it is likely that many other attractive 
possibilities for the gas turbine as a compressor will develop. 


CONCLUSION 


The foregoing makes it clear that in the gas turbine we have a 
prime mover of outstanding versatility that is already demon- 
strated by applications in virtualiy all fields, but not yet fully ex- 
plored in many. It seems reasonable to conclude that within 
the field of stationary power there are many applications to which 
the gas turbine is inherently suited if its many interesting charac- 
teristics are fully exploited. Furthermore, many of these possi- 
bilities can be realized with gas turbines of such conservative 
design that their production today on a fully commercial basis 
As technological advances remove 
present limitatioas on efficiency and fuel range, the field of ap- 
plication will widen. 

We should remember, however, that, historically, no prime 
Each tends to 
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Transmission Systems for Marine Propulsion 


The author discusses various transmission systems now 
available which might be used in connecting a gas-turbine 
power plant to the propeller of a merchant ship. The 
major problems to be met by any transmission system are 
those relating to reversibility and maneuverability. It 
is concluded that alternating-curtent electric drive, me- 
chanical reversing gears, and mechanical reduction gear 
with the controllable and reversible pitch propeller offer 
acceptable solutions to the problems. 


INCE the characteristics of turbine-type machinery provide 
optimum efficiency at high rotative speeds while the charac- 
teristics of marine propellers require low rotative speeds for 

optimum efficiency, it is necessary to utilize a transmission system 
which permits both objectives to be realized for a successful 
marine application. Various types of transmission systems have 
been developed in connection with the application of the steam 
turbine to marine propulsion that are now commonplace. These 
systems have experienced long periods of development and have 
encountered many difficulties in attaining their present position. 

In the case of the gas-turbine power plant it would appear de- 
sirable to review the present state of the art before outlining 
possible solutions to the particular problems introduced by the 
gas turbine. The gas-turbine power plant today is in an analo- 
gous position to the steam turbine before the start of the first 
world war. The particular problem to be faced in applying this 
prime mover to a ship lies with reversibility and maneuvera- 
bility. The path followed in the solution of this problem for the 
steam turbine is well known. Therefore it is well to consider now 
the various possibilities that are available as a general solution to 
the problem. In considering this question, it is essential that the 
ultimate benefit be evaluated in selecting a course of action rather 
than an immediate advantage. For the real advantages accruing 
from the introduction of the gas-turbine power plant can be com- 
pletely canceled by an unfortunate choice of transmission sys- 
tem. 

It is the purpose of this paper to discuss briefly the various 
transmission systems available today in order to determine which 
might offer the most attractive prospects in connecting the gas 
turbine to: the marine propeller for merchant vessels. It is not 
intended that a solution be established for every gas-turbine 
power-plant application but rather that a general solution be 
sought which has the widest application. It is recognized that 
certain special applications will involve special circumstances 
thus establishing a new evaluation problem. It is believed that 
these cases can be handled only on an individual basis. 


REQUIREMENTS OF A MARINE TRANSMISSION SYSTEM 


A marine transmission system must be capable of reducing the 
revolutions from those required by the prime mover to those re- 
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quired by the propeller. It must be reliable and simple in opera- 
tion within the capabilities of the crews that are available. The 
transmission losses should be a minimum. The first cost and 
maintenance cost should be commensurate with those of the 
prime mover so that the advantages of the prime mover will not 
be nullified by the transmission system. The weight and space 
required should also be commensurate with that required of the 
prime movers for the reason just given. If the torque character- 
istics of the prime mover do not coincide with the requirements 
of the propeller for all conditions of operation, then the trans- 
mission system must be capable of adjustment to meet these re- 
quirements. If the prime mover is not reversible, then the trans- 
mission must provide this feature. Should it be possible accident- 
ally to disconnect the propeller from the prime mover while under 
load, it must be possible to re-establish the connection immedi- 
ately. If this cannot be accomplished, the consequences can be 
extremely serious and result in totally wrecked machinery. It is 
preferable that the transmission system selected for merchant 
ships have a wide application to reduce development cost, sim- 
plify manning problems, and reduce maintenance. 

There are available today many arrangements of marine trans- 
mission systems in successful operation with steam turbines 
which may be applied to the gas turbine. However, there is one 
important difference in the two prime movers, i.e., the steam 
turbine as it is known today is reversible and the gas turbine is 
not. True, many suggestions and proposals have been made to 
provide areversible gas turbine, but to date such a machine has not 
been developed. In evaluating this factor, it should be apparent 
from the development of the reversible steam turbine that a num- 
ber of difficult problems must be solved and that possibly many 
of these will not be foreseen adequately. 

In any event, the following transmission systems at present 
available might be considered as possible solutions to the problem: 


1 Electric drive, direct current. 
2 Electric drive, alternating current. 

3 Mechanical geared drive with controllable-pitch propeller. 
4 Mechanical geared drive containing reversing features. 

5 Mechanical geared drive with reversing gas turbine. 


The foregoing list is not intended to be all-inclusive. 

It would be well to consider the various aspects of each trans- 
mission system as they are now known in order to evaluate the 
possibilities of each for use with the gas-turbine power plant. 


Evectric Drive—D1rEect CURRENT 


The direct-current drive consists of one or more direct-cur- 
rent generators connected through control gear to a direct-current 
motor. The generator is generally of the separately excited type 
to provide variable-voltage control of the motor from standstill to 
rated speed. The motor commonly is of the compound type to 
provide high torque for stopping and reversing the vessel. The 
control gear consists of a lever for operating the forward, reverse, 
and dynamic braking contactors and to operate the field Applica- 
tion and generator excitation; another lever is provided to oper- 
ate the prime-mover governor; and a third lever for emergency 
stop. The control for the direct-current drive provides two means 
of propeller-speed control: (a) generator excitation providing 
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variable voltage to the propulsion motor when the prime mover is 
operating without speed change; and (b) governor control of the 
prime mover which controls the system voltage by speed without 
a change of generator excitation. Another means of speed con- 
trol may also be provided by motor field weakening. The control 
also provides an indication of motor horsepower, voltage, cur- 
rent, and motor and generator speed and temperature, Fig. 1. 
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Fic. 1 Brock MacHINERY ARRANGEMENT OF ENGINE SPACE AND 

Moror Spacek FOR A GEARED DrreEctT-CURRENT SysSTEM TO APPROXI- 
MATE ScaLeE FOR MIpsHIP INSTALLATION IN A VESSEL SIMILAR TO A 

C2, Victory, or LIBERTY SHIP 


. a This particular transmission system is in successful use in moder- 
ate numbers at the present time. It has been utilized prin- 
cipally with Diesel engines to provide rapid reversals (approxi- 
mately 15 sec from full ahead revolutions to ?/; rated revolutions 
astern) and also to permit adjustments in propeller speed so that 
the torque requirements are within the capabilities of the engine. 

The application of this drive to the gas-turbine power plant 
does not introduce any new problems of a serious nature provided 
the turbine is geared to the generator. If this is not done then 
either the turbine speed must be reduced or else development 
must be undertaken to permit direct-current generatton to oper- 
ate at 4000 rpm. While there may be some engineers who are 
optimistic about the possibilities of so designing a generator, 
there are some serious problems connected with this develop- 
ment. In any event, there is scant background at present on 
which to base a decision in favor of this development. 

In regard to power range, the present design of this equipment 
is adequate for the range in shaft horsepower presently being con- 
sidered for the gas-turbine power plant. However, there appears 
to be some reason to question the application of this transmission 
system to large horsepowers for single units. Since a single unit 
is restricted to low-voltage design owing to commutation difficul- 
ties, its application to large powers results in large costly equip- 
ment. 

This system is extremely flexible and will lend itself to either 
series or parallel connection of multiple units so that relatively 
large horsepowers might be accommodated by existing gas-tur- 
bine designs. However, the series connection is preferable, since 
it permits relatively high voltage to be used and avoids the com- 
plication of para‘leling. Furthermore, it will function equally as 
well with any of the gas-turbine arrangements whether a separate 
power turbine is used or-not since the torque requirement of the 
propeller may be adjusted to be within that of the prime mover. 

In regard to the installation of this transmission system, it will 
be noted from Table 1 that it does not compare very favorably 
with other systems in regard to weight and space, and, in fact, it 
reduces the advantages of the gas turbine with respect to these 
items. Further, the efficiency of this drive is about the lowest 0 


all systems considered, as will be noted from Table 1. ce 
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The first cost of this system is considerably higher than that of 
other drives which, coupled with its low efficiency, further handi- 
caps the gains to be realized from the gas turbine. In addition, 
the maintenance of direct-current machinery will exceed that for 
the mechanical drives or the alternating-current systems. 

The operational features of this transmission system are accepta- 
ble in that the controls are relatively simple and reversing is 
direct and positive. While there is always the possibility of dis- 
connecting the driven unit from the prime mover, it is not serious 
since contact may be re-established readily if done immediate], 
Infinite speed control is readily obtained, and it is possible to ad- 
just the torque requirements of the propeller to remain within the 
capabilities of the prime mover. Further, this svstem can be used 
with pilothouse control if desired. 

Evecrric DrivE—ALTERNATING CURRENT 

Inasmuch as the induction alternating-current drive has been 
supplanted by synchronous alternating-current drive, the dis- 
cussion will be limited to this latter type. 

The synchronous electric drive is essentially a constant-ratio 
speed-reducing transmission as the output speed for continuous 
operation is always a constant ratio of the input speed. Conse- 
quently, the synchronous electric drive. in itself does not provide 
speed or power control and is dependent upon the speed contro! 
of the prime mover to vary the speed of the propeller. The syn- 
chronous electric drive does provide means of coupling, reversing, 
and vibration isolation independent of the direction of rotation 
of the prime mover. An additional feature of the synchronous 
drive is its ability to provide electric power for auxiliary and port 
applications. 

The synchronous electric drive consists of one or more syn- 
chronous alternating-current generators connected through con- 
trol gear to a synchronous alternating-current motor. The gener- 
ator is provided with special field coils and exciter to permit 
field forcing of the generator at subnormal frequency during in- 
duction operation of the synchronous motor while starting and 
reversing the propeller. The salient-pole-type synchronous 
motor is provided with heavy copper squirrel-cage windings in 
the pole faces to permit short-time operation as an induction 
motor during propeller-shaft starting, stopping, and reversing. 
The control gear consists of a starting lever, governor-control 
lever, and emergency-stop lever. The starting lever operates the 
forw rd and reverse electrical phase contactors, the generator 
field-forcing contacts, and dynamic braking when provided. The 
governor control lever controls the speed of the propeller through 
the governor in the prime mover and operates the generator and 
motor field rheostat for power-factor control. The emergency- 
stop lever operates to reduce quickly the speed of the prime 
mover. Supplementary control equipment to indicate motor 
horsepower, speed, frequency, current, voltage, and to determine 
the temperature of the generator and motor is provided, Fig. 2. 

This transmission system has experienced wide service in the 
marine field. Many merchant and naval vessels at present in 
service are so equipped. Disregarding applications made during 
the war for production reasons, this transmission is generally 
applied for the purpose of obtaining high economy at low power 
operation and/or for application in which it is desired to utilize 
the main machinery for an auxiliary purpose such as operating 
pumps on a tanker or dredge. 

The application of this type of transmission to the gas-turbine 
power plant should not prove difficult for those gas-turbine ar- 
rangements whose torque characteristics approximate the steam 
turbine. However, for some arrangements of gas-turbine powel 
plants, the range of torque with revolutions is rather narrow and 
as a result, some difficulty might be experienced in matching the 
two characteristics. Accordingly, the application of this trans 
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BLocK-MACHINERY ARRANGEMENT OF A DirEcT-CONNECTED 
ALTERNATING-CURRENT SysTEM 


(This system has the generator direct-connected to the prime mover and the 
propulsion motor direct-connected to the propeller.) 


Fig. 2 


mission must depend upon the type of gas-turbine power plant 
under consideration. 

Regarding the power range of this equipment, nothing need be 
feared, since the present practice includes units well in excess of 
any size likely to be considered for the gas-turbine power plant. 
Furthermore, this transmission adequately lends itself to the use 
of multidrive units. In other words, several small units may be 
coupled electrically to a given motor in order to achieve the de- 
sired output. However, it must be remembered that multidrive 
units require parallel operation, which adds to control complica- 
tions. In this respect it is not as simple 
multidrive direct-current system. The alternating-current sys- 
tem, when used with multiple generators, does not permit the full 
power of the connected generators to be used when one or more 
generators are taken off the line. 

There may be a limitation in the use of this transmission system 
with some arrangements of gas-turbine power plants. In particu- 
lar, for those arrangements not containing a separate turbine 
for power output, it is practically impossible to meet the mini- 
mum speed and torque requirement (approximately 150 per cent 
torque at 25 per cent speed) for maneuvering, and difficulty may 
be experienced further in meeting the torque requirements of the 
propeller, particularly under foul bottom conditions with high 
inlet temperatures, Fig. 3. 

In so far as arrangement is concerned, this transmission does 
not impose any special difficulties. However, the control equip- 
ment required is generally rather large and occupies considerable 
space. The weight of this transmission is appreciably less than 
direct-current equipmeht and compares favorably with the 
mechanical drives, Table 1. 

Considering efficiency, this transmission system has an ad- 
vantage over the direct-current system, but it is still below that 
obtained with mechanical drive, Table 1. This loss of efficiency 
in the transmission system obviously reduces the advantages of 
the gas-turbine application. 

The first cost of this system is lower than the mechanical drive 
with a controllable-pitch propeller, but, when coupled with a lower 
operating efficiency, its operating cost, including fixed charges, 
is about the same as the mechanical drive. 

The operational features of the alternating-current transmis- 
sion system involving synchronous motors need to be considered 
carefully. This type is rather slow in maneuvering (60 to 90 sec 
from full ahead revolutions to ?/; rated astern revolutions), and 
particular care must be taken in determining the torque charac- 
teristics of the propeller for the particular ship under considera- 
tion. Figs. 4 and 5 indicate the variation between the predicted 
value and the measured value of the torque required to reverse 
two particular vessels. Comparison of these curves also gives 
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put Versus PropeLLER REQUIREMENTS 
some idea of the variation in characteristics between vessels 
Further, speed control below 2 
Another consideration which must be evalua- 
ted is the possibility of accidentally disconnecting the motor from 
the generator while under load. Of course the governor should 
provide for this eventuality but experience has demonstrated that 
such things do happen in spite of the automatic safeguards. It is 


with this system. 


then impossible to reconnect the motor to the line under these 
circumstances so that the power plant would be destroyed. This 
condition occurred a number of times during the recent war, and 
while the source of the difficulties was located, it is too serious a 
Another factor which must be evalua- 
ted in considering this system is the maintenance of the control. 


possibility to be ignored. 


It is extremely difficult to obtain ship crews which are qualified in 
the operation and maintenange of this equipment so that rather 
high control maintenance may be expected. 
MecHanicaL GEARS A CoNnTROLLABLE AND REVERSIBLE 
Pirch PROPELLER 


This transmission system consists of the usual marine mechani- 
cal reduction gear, at present used with steam turbines, coupled 
with a controllable and reversible pitch propeller. The primary 
function of the propeller is to reverse the vessel although the con- 
trollable-pitch feature will also provide infinite speed variation 
from zero to maximum revolutions ahead and astern. This per- 
mits adjustment of the torque requirements of the propeller to 
match the characteristic provided by the machinery for any and 
all conditions that are encountered in service. 

One type of controllable and reversible pitch propeller rotates 
the blades through a crank arrangement in the hub. The cranks 
are operated througha piston rodand crosshead by a servomotorlo- 
cated in the line shaft. Pressure is supplied to the servomotor 
through a distributor valve by a pressure tank which is charged’ 
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HAMMOND—TRANSMISSION SYSTEMS FOR MARINE PROPULSION GAS-TURBINE PLANTS 
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The pumps are capable of 
operating the system if the pressure tank is empty. Fig. 6 shows 
an installation on the motorship Single Hitch. 

This system is operated by a combination of pneumatic, hy- 
draulic, and direct acting forces. From the engine room the con- 
trol lever operates an oil control valve by means of compressed 


by pumps automatically controlled. 


air. This valve determines the position of a servomotor piston 
located within a section of hollow line shafting by directing low- 
pressure oil to one or the other of its sides. The piston is con- 
nected to the propeller blades, so that‘any movement of the piston 
In this 
way the propeller pitch is regulated quickly and accurately from 


is transmitted to the blades, changing their pitch angle. 


Fic. 6 
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the control station in the engine room The pneumatic control 
system is operated by compressed air of 100 psi furnished by the 
ship’s service compressor. If a breakdown should occur, the 
servomotor piston can be actuated by using a manual control 
valve. 

The hydraulic operating mechanism is entirely in the shaft 
alley. The aft section of line shafting is hollow, and includes a 
servomotor built into its forward end. It is coupled to a hollow 
tail shaft, which is connected to the propeller hub. Within these 
hollow shafts, and extending the whole length, is a piston rod 
which is free to move longitudinally. The rod is connected at the 
forward end to the servomotor piston, and at the aft end to a 
crosshead in the propeller hub. 
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homeueninns oil is supplied by a system consisting of a pressure 
tank and two motor-driven oil pumps. Oil from the tank is piped 
to a distributor fitted around the hollow line shaft. From there 
it passes through passages in the shaft to either side of the servo- 
motor piston. Oil pressure in the tank is maintained between 300 
to 330 psi by automatic loading valves. This insures sufficient 
pressure available at the servomotor to meet all demands of the 
propeller. If failure should develop in the hydraulic pressure 
system, the servomotor piston can be moved by a hand pump, 
and then mechanically locked into position. 

The propeller consists of three detachable blades keyed to 
cranks which are linked to the crosshead in the hub. Sealing 
rings are used to: prevent in-leakage of sea water. To further 
insure water from entering the hub, and to provide lubrication 
for the blade spindle bearings, the hub is kept full of lubricating 
oil. The oil is led from a gravity tank to the oil distributor, 
through ports in the shaft to the space between the shaft bore and 
the piston rod. The oil head is always greater than the water 
head. 

While the controllable and reversible pitch propeller is a com- 
parative newcomer to the marine field in this country, there is 
ample background upon which its performance and reliability 
may be judged. A number of installations have been made in 
Europe of which Escher Wyss has made approximately 35 and 
Kamewa about 70. Further, a large number of Kaplan type 
water turbines, which for all practical purposes duplicate the 
function of the controllable-pitch propeller, have been used both 
in this country and abroad. In fact, 156 units have been installed 

‘here with wheel diameters ranging up to 24 ft 4 in. diam for 
55,000 shp. In addition, there have been 6 large marine propeller 
installations made in this country in addition to about 1100 
landing-boat applications. 

One of the marine installations in this country was made by the 
U.S. Maritime Commission in the motorship Single Hitch. The 
primary purpose of this installation was to obtain firsthand ex- 
perience to guide the application of this propeller to the gas- 
turbine power-plant installations that the Commission was con- 
sidering. The results were very satisfactory and confirmed the 
expectations that the application of this propeller was feasible. 
It might be well to mention*that the motorship Single Hitch is a 
C1-M-AV1 design powered by a 1700-shp Diesel engine operating 
at 180 rpm. The propeller is three-bladed with a diameter of 11 
ft. The pitch is variable from 7.9 ft astern to 8.8 ft ahead with 
normal ahead pitch at 6.75 feet. 

While the largest marine propeller of the controllable and re- 
versible design that has been built to date is 14 ft 9 in. diam and 
3500 hp, there is every reason to believe that in so far as mer- 
chant-ship designs are concerned, the limitation on diameter and 
power will be the same as are experienced with fixed-pitch pro- 
pellers. The basis for this statement lies in the fact that the 
Kaplan turbines have been in successful operation in much larger 
sizes than would be encountered in marine propeller design. In 
addition, Kamewa has a 17-ft-diam controllable and reversible- 
pitch propeller for 7500 shp under construction, and 8. Morgan 
Smith has a 17-ft-diam controllable and reversible-pitch pro- 
peller for 3000 shp also under construction. 

However, there is one precaution that should be observed in 
the application of the controllable and reversible propeller. In 
view of the fact that a major component of the total force acting 
on the blades is centrifugal force, it is important to weigh care- 
fully the revolutions when large diameters are considered. 

Examination of the design and installation of the controllable 
and reversible pitch propeller in the Single Hitch will indicate that 
there were no design problems excepting those immediately as- 
sociated with the propeller and its mechanisms. Further, it will 
be observed that there was considerable design precedent for all 
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aspects of the propeller design. If the shaft gland in the distribu- 
tor which seals against the pressure of the servomotor system be 
considered it will be found that this gland has been used in the 
Kaplan turbine practice for a number of years with satisfactory 
results. The application of this gland to the installation aboard 
the vessel introduces nothing basically different from its applica- 
tion to the Kaplan turbine. 

Consider the servomotor and its supply system. The system 
consists of a pressure tank charged by a continuously running 
pump with the appropriate valves responding to tank pressure to 
direct the pump discharge to the tank or the sump as the occasion 
requires. This system is standard for a number of applications 
used on board ship or ashore. Its application to the controllable 
and reversible pitch propeller did not involve any particular 
problems. All of the foregoing has been demonstrated in the in- 
stallation aboard the Single Hitch. Of course it is expected in 
any initial installation that certain difficulties will be experienced. 
Further, it is almost a certainty that the difficulties encount- 
ered will concern that portion of the design which is considered 
commonplace. In this respect, the motorship Single Hitch 
was no exception, and certain minor difficulties were experienced 
when the system was first put into service. 

The first mishap concerned the setting of the tank pressure 
valve. The valve permitted the tank pressure to reach too low a 
value before recharging. This was easily remedied. The next 
difficulty resulted from a failure of the intercooling coil on the 
ship air compressor (which was not a part of the propeller installa- 
tion). This flooded the pneumatic control system and interfered 
with the propeller response. It also was easily detected and reme- 
died. The final incident that occurred concerned operation 
with the propeller mechanically locked in position. The first 
operator of the vessel ordered the propeller to be locked in a fixed 
position and in so doing did not provide adequate lubrication. 
While this resulted in damage to the distributor packing, no fur- 
ther packing difficulties have been experienced. 

All these mishaps occurred shortly after the vessel was placed 
in service, and all were easily remedied. There have been no 
further difficulties with this installation which has now had 18 
months of service. During a routine dry-docking period the pro- 
peller has been inspected and found to be in excellent condition. 
Furthermore, there is every assurance from the present perform- 
ance that the propeller will give satisfactory service and that 
the maintenance will be minor. It might be well at this point to 
discuss the criticism which is made concerning the unattractive- 
ness of this propeller due to the “complicated mechanism”’ in the 
hub which cannot be inspected or maintained without dry-dock- 
ing the vessel. . 

Actually, the hub mechanism can hardly be classed as com- 
plicated since it consists of nothing more than a crank arrange- 
ment for rotating the blades. Further, the importance of ready 
inspection rests with the necessity for the inspection. To date 
there has not been any cause in the installation of the Single 
Hitch to require inspection of the hub. In fact, early Swedish 
experience indicates that in severe ice conditions when damage 
occurs to the hub gear, the blades, propeller shaft, and hul! were 
also badly deformed. On a more recent Swedish design the pro- 
peller grounded at full speed resulting in serious blade and sha‘t 
damage but with no damage to the hub gear. 

While the use of this transmission system involving mechanical 
gears and a controllable and reversible propeller does not lend 
itself to the use of large numbers of multiple-drive units, it can be 
used with multiple-drive units not exceeding four in number for 
each shaft. Furthermore, this system of transmission is suitable 
for any gas-turbine arrangement proposed so far, i.e., whether 4 
separate power turbine is provided or whether the power turbine 
also furnishes the compressor power. 
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In regard to arrangement, this system is practically identical 
with the mechanical geared system used with the steam turbine. 
The controllable and reversible propeller and its shafting are 
heavier, however, than a fixed-pitch propeller and its shafting so 
that in the bigher horsepower ranges an increase in weight must 
be accepted. 

In considering the efficiency of this system, there is no need to 
review the efficiency of mechanical reduction gears which are well 
established. Therefore the only element about which any con- 
troversy might originate is the controllable and reversible pitch 
propeller. Considerable comment has already been made indicat- 
ing that the controllable and-reversible pitch propeller would have 
an efficiency appreciably below that of a conventional fixed-pitch 
propeller. In fact, some writers have indicated that this reduc- 
tion in efficiency might approach 6 per cent. It is possible that 
those making these claims were considering the open water effi- 
How- 
ever, the propulsive coefficient, which, after all, is the only im- 
portant factor, does not decrease with increases in hub size within 
reasonable limits on single-screw vessels. It cannot yet be de- 
termined whether this will also apply to twin-screw installations. 
However, there is reason to believe that the large hub might re- 
duce the efficiency on twin-screw applications but not to a serious 
Of course it is important that adequate fairing of the 
stern, propeller hub, fairwater, and rudder be provided. A pro- 
peller was designed and tested by the Maritime Commission in 
1942, with two different hubs, one being 3.97 ft (hub ratio 0.183) 
and the other 5.67 ft in diameter (hub ratio 0.261). The propul- 
sive efficiency was ostensibly the same in both cases, although the 
large hub showed slightly greater efficiency (see Fig. 7). Further, 
the controllable and reversible pitch propeller on the Single Hitch 
had a hub diameter of 3 ft (hub ratio 0.273), as compared to a 
diameter 2.17 ft (hub ratio 0.197) ‘for the fixed-pitch propellers 
used in the other vessels of this design. 


ciency only which does decrease with increase in hub size. 


extent. 


Model tests of this vessel 
indicated that the controllable and reversible pitch propeller was 
slightly more efficient at the design condition than the fixed-pitch 
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propeller (see Fig. 7). On trials it will be noted that it was pos- 
sible to make a greater speed for the same shaft horsepower with 
the controllable and reversible-pitch propeller than with the fixed- 
pitch propeller (see Figs. 8 and 9). 

Another question that has been raised concerns the ability of 
the controllable and reversible pitch propeller to stop and reverse 
the The test and trials of the Single Hitch demonstrated 
that this propeller provides the fastest maneuvering time yet to be 
achieved on a marine drive; less than 8 sec from full ahead pitch 
at design revolutions to full astern pitch. This has been substan- 
tiated by the operator of the vessel during the 18 months the 
vessel has been in service. 

It has been claimed that the efficiency of a controllable pitch 
propeller will rapidly fall off as the blade is twisted owing to un- 
favorable pitch distribution. However, results of full-scale trials 
indicate that pitch reductions of 30 per cent below design pitch 
gave efficiencies comparable to calculated efficiencies for fixed- 
pitch propellers. In addition, dead-pull astern tests with the pitch 
reversed showed equal or better pull than with a comparable 
constant-pitch propeller. . 

Furthermore, the controllable pitch propeller permits the 
torque characteristics to be adjusted to meet the capabilities of 
the prime mover for any and all conditions of service operation. 


vessel. 
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become necessary to reduce the operating temperature in service 
(see Fig. 3), or it may be used to compensate for reduction in 
power due to increases in inlet temperature. In this respect, it is 
comparable in flexibility to the direct-current electric-transmis- 
sion system. 

While the first cost of this transmission system is higher than 
that of alternating-current electric drive due to higher propelle: 
cost, its higher efficiency offsets this, so that the operating cost 
per vear is one of the lowest of all drives considered (see Table 2). 
Further, the cost of the controllable and reversible pitch propeller 
is based upon rather limited production and application. There 
is every reason to expect a reduction in the cost of this item 
as its use increases which will further improve its competitive 
position. 

The control offered by this transmission system is probably the 
All maneuvering is con- 
trolled by a single lever operating the pitch of the propeller blades. 
This provides both directional control as well as speed control. 
However, operation at teduced powers for long periods should be 
obtained by changing the prime-mover speed with the propelle: 
at designed pitch for best efficiency. Those installations that can 
benefit by pilot-house control can readily be accomodated by this 
system. 


simplest of all the systems considered. 


\ block arrangement of this.system is shown in Fig. 
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This is particularly advantageous with the gas turbine should it 10. as. 
ore TABLE 2) ECONOMIC EVALUATION FROM VARIOUS MODES, OF TRANSMISSION er 7 
Factors CONSIDERED IN EVALUATION 
Eff. Vol. Wt. wt/HP Total  Cost/HP 
Cuoco Fte Lbs. Lbs. Cost 
AC Drive (mfg A 158,800 6500) $167,100 $55.7 = 
AC Drive (mfg B 89.4 2370 158,700 150,700 5002 
DC Drive (mfg A) 84.6 2600 192,300 6400 208,900 69.8 fr h'pes 
DC Drive (mfg B) 8408 2500 271,300 9006 281,200 9307 d 
Cont. Pitch Prop. (kK = 76) 98 1000 161,000 6307 202,000 6704 _—~ 
Cont. Piteh Prop. (K = 175) 98 700 133,000 4404 169,500 5302 
Reduct. Gear (K = 75) 98 800 115,000 38.4 129,700 4302 
Reversing Gear (K = 175) 96 1000 122,000 40.8 139,700 46.6 


(2) 6000 SHP 


AC Drive (mfg A) a 92. 3360 233,200 38.8 $240,900 $40.2 
AC Drive (mfg B) 9009 3360 226,700 3708 230,400 3804 
DC Drive (mfg A) ts 84.7 $640 320,700 53.5 337,000 56.0 
DC Drive (mfg B) 85.5 3640 448,700 7407 415, 900 6902 
Cont. Pitch Prop. (K = 75) 98 1600 235,000 3902 309,000 61.6 
Cont. Pitch Prop. (K = 175) 98 1100 182,000 241,000 40.2 
Red@uct. Gear (K = 75) 98 1400 184,000 30.8 209,400 34.8 
Reversing Gear (K = 175) 96 1600 135,000 22.° 242,400 40.3 


(3) 9000 SHP 
AC Drive (mfg 4) 94ol 5345 305,000 3308 $314,500 $34.8 
AC Drive (mfg 8) 294,500 S28 298,800 32.6 
DC Drive (ate A 86.0 6180 450,600 6000 470,400 52.2 
DC Drive (mfg B) 85.5 6180 633,500 7006 578,800 6402 
Or Gont. Pitch Prop. (K = 75) 98 2300 320,000 3605 
Gont. Pitch Prop. (K = 175) 98 1900 247,000 274 
2 i Reduct. Gear (K = 75) 98 2100 241,600 26.8 


Reversing Gear (K = 175) 


K factor for reversing reduction gea is 175 in first reduction and 125 in second reduction 
Foundation costs of respective drives have not been considered. 
Fixed charges figured on basis of 4 per cent interest; 6 percent insurance; 5 per cent amortization. 
Gas-turbine fuel rate held constant at 0.45 lb per shp-hr for all power ranges. 
Diesel fuel oil at $3.04 per bbl (New York) used. 
Total yearly cost does not include fixed chagges on turbine, so that difference is due to transmission. 
In computing fuel cost, the vessel was considered to be at sea 60 per cent of the time. 
The costs in the first column include the cost of thrust bearing. 
NOTES: 
(a) The alternating-current drive has direct-connected generator at 3600 rpm and motor at 90 rpm. 
(b) The direct-current drive, manufacturer (A) has geared generators of 750 rpm and 600 volts; 
ler at 90 rpm. System uses series loop and variable-voltage control. 
(c) The direct-current drive, manufacturer (B) has 750 or 900-rpm generators at 600 volts per armature, connected in tandem arrangement. 
are 600-volt direct-connected to propeller; two armatures are in tandem at 600 volts each. 
control. 


the motors are 750 rpm and 600 volts, geared to propel- 


Motors 
System is series loop and can be provided with variable- voltage 
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Fic. 10° Brock ARRANGEMENT USING A DirectT-Con- 
MECHANICAL 2VERSING GEAR: 
ECHANICAL REVERSING GEARS 


This type of transmission was first used on the towboat Bull 
Calf in 1939. It was also used by the U. 8. Navy during the war 
in connection with nonreversing Diesel engines. Approximately 
3000 units were installed ranging from 750 to 1600 shp per unit. 
It is understood that the operation has been very satisfactory and 
no particular difficulties have been encountered. 

This transmission consists of a combination of gears and 
clutches which can effect the transfer of power with rotation in 
either direction to a propeller from a prime mover which is not 
reversible, 


The airflex clutch used in this arrangement can be described 
briefly as comprising two concentric rotating elements, one the 
driven member and the other the driving member. 
radially between the two members is an inflatable element at- 
tached to the driving member which serves functionally to en- 
gage the driven member when inflated. 

Reduction in speed from the turbine to the propeller is accom- 
plished by a double-reduction-gear assembly 


Disposed 


In its simplest 
form the turbine pinion drives one of two first gears arranged and 
meshed to form a gear train wherein the first or driven gear ro- 
tates in one direction and the second rotates in a direction counter 
to that of the first. Each of the first gears is coupled to one of two 
second-pinion gears by means of an airflex coupling. All second 
pinions are in mesh with the periphery of a bull gear direct-con- 
nected to the propeller shaft. It is the provision of couplings 
which makes possible the selection of direction in which the pro- 
peller shall rotate and it is accomplished by inflation of one or the 
other of the couplings (see Fig. 11). 

A specific application of this drive to a power plant delivering 
3000 hp will require a modified form of the system. Because of 
the limitations in power which can be handled by couplings of the 
airflex type, four.should be used, two for forward and two for re- 
verse. Also, instead of two first gears there should be four, and 
also four of the second-pinion gears. To reduce the space re- 
quirements for such a gear assembly the four couplings would 
probably be arranged on one side of the bull gear and the first 
gears on the opposite side. The second-pinion gears would be 
direct-connected to the outer portion of the airflex clutch by 
means of a hollow shaft and the first gears connected to the inner 
member of the clutch by means of'a shaft extending through the 
hollow shaft of the second pinion. With the four first gears in a 
train, the first and third would operate in the same direction, 
Whereas the second and fourth would rotate counter to the first 
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Fic. 11 Brock MacHinery ARRANGEMENT UTILIZING AN 


REVERSING-GEAR SYSTEM 


and third. To propel the ship forward it is necessary to inflate 
the airflex clutches corresponding to first and third gears only, 
and for reverse the clutches for second and fourth gears must be 
inflated, with the other two deflated. 

The present experience with this transmission concerns rela- 
tively low-speed application so that some design modification 
may be necessary to adapt this transmission to the higher speed 
required by a gas-turbine application. The reason for this de- 
velopment lies with the effect of centrifugal force on the airflex- 
gland contact. Previous designs in which a constricting gland 
was used, i.e., the gland gripped the shaft externally, was subject 
to reduced contact pressure due to the centrifugal force at high 
rotative speed. Another arrangement involves the use of an ex- 
panding gland so that centrifugal force will assist the contact; 
however, there are some questions as to the ability of this type to 
declutch without reducing speed. Another method concerns the 
adoption of a radial contact so that the gland contact will not be 
affected by centrifugal force. 

A 3000-hp unit represents the highest horsepower and revolu- 
tions for which this type of transmission has been considered. 
However, the manufacturer advises that several studies have 
been made for possible application at 6000 shp, which indicate 
that no unusual difficulties need be expected. Accordingly, it 
would appear that the upper range of this transmission system 
cannot be established for the present. 

If we accept the maneuverability of the present steam-turbine 
propulsion plants as a minimum standard, then the application 
of this transmission system should be restricted to those gas- 
turbine arrangements in which the compressors are driven in- 
dependently from the power turbine. It will be noted from Fig. 3 
that for those gas-turbine arrangements in which the power tur- 
bines also drive a compressor, the vessel will have a minimum 
speed in excess of 50 per cent of full speed. Further, since the 
torque available with this last turbine arrangement diminishes 
sharply with revolutions, the accelerations ahead and astern will 
be less than is possible with the present steam-turbine drives. 

In so far as the arrangement weight and space requirements 
are concerned, this transmission system is the lightest considered, 
although it is based upon a K factor of 175 for the first reduction 
and 125 for the second reduction. Further, the gear was based 
upon a turbine speed of 4000 rpm. 

Where this transmission system is used with a separate power 
turbine, the characteristics of the drive will be the same as the 
prime mover. The reversing time should be rapid and can prob- 
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ably be made at full revolutions if a suitable interlock is provided 
to reduce the fuel during the interval when one gland is emptying 
and the other gland is filling. With this interlock a single control 
lever may be used for reversing operations. Speed changes. of 
course are made by changing turbine speed. 


REVERSING-GAS-TURBINE PoWER PLANT 


The possibility of achieving a satisfactory reversing-gas-tur- 
bine power plant appears very improbable at this time. Further- 
more, there is considerable doubt that development in this direc- 
tion would be warranted. Normal development of the gas turbine 
for use ashore will be restricted to a unidirectional gas tur- 
bine. Therefore it is apparent that all development on a revers- 
ing gas turbine must be supported by the marine application. 
Consequently, it does not appear sound economically to add fur- 
ther cost to a product which today cannot be economically justi- 
fied. Further, any application of a reversing gas turbine can be 
made only on an arrangement containing a separate power turbine, 
since those arrangements in which the power turbine also drives 
a compressor cannot produce the torque-revolution relationships 
necessary to reverse a ship. This further restricts the application 
of the reversing gas turbine so that the development cost cannot 
be spread over all the possible marine applications. 

In evaluating the possibilities of developing a reversing-gas- 
turbine power plant, there is practically no experience upon which 
to plan other than that of the steam turbine, and several aspects 
of the gas turbine indicate that. this experience would not be of 
major assistance. The fact that the windage losses in the ahead 
sections or elements when going astern are so much higher than 
those experienced in the steam turbine due to a twentyfold in- 
crease in density, will require a new cooling concept. In addition, 
thermal shock of the astern turbine would have to be considered 
carefully in determining the rapidity at which it could be brought 
to power. This last item, coupled with the heating of the astern 
elements when going ahead, would indicate that the astern ele- 
ment would have to be maintained at operating temperature at all 
times either by heating or cooling as the operating conditions re- 
quired. Cooling of the astern element when going ahead could be 
obviated by a declutching arrangement. 

A novel method of reversing the gas-turbine power plant hasbeen 
outlined by R. Tom Sawyer,? Gas Turbine Construction, Pren- 
tice Hall, Inc., 1947. This system consists of a compressor turbine 
and a power turbine. The arrangement provides for the power 
turbine and compressor turbine to be in line and connected by an 
electric coupling which is not energized when going ahead. Fur- 
ther, the rotation of the compressor turbine is the reverse of the 
power turbine. To reverse this machine the power turbine is 
by-passed and the electric coupling is energized, thus permitting 
the compressor turbine to drive the propeller in the reverse direc- 
tion through the power turbine (see Fig. 12). 

This arrangement appears to solve the question of thermal 
shock since the compressor turbine is at operating speed and tem- 
perature. However, careful study will indicate that the excess of 
power developed by the compressor turbine due to the lower back 
pressure will not be sufficient to provide adequate astern power or 
torque, so that it will be necessary to design the compressor tur- 
bine with excess capacity over the compressor load if acceptable 
maneuvering characteristics are to be obtained. Thus in normal 
operation this compressor turbine, operating at partial load, will 
have a lower efficiency, than could normally be obtained. Fur- 
ther, this lower efficiency applies to the largest power component 
of the plant which will affect seriously the normal fuel rate of this 
arrangement. In addition, it will be necessary to raise the operat- 


2 ‘The Modern Gas Turbine,”’ by R. Tom Sawyer, second edition, 
Prentice Hall, Inc., New York, N. Y., 1947. ; ; 
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ing temperature of this turbine suddenly when reversing so that 
thermal shock will still be a consideration. 

Another aspect of this problem lies with the construction of an 
electric coupling suitable for the high rotative speeds required by 
the gas-turbine application. Present experience on these coup-: 
lings has been obtained in Diesel-engine application at low rota- 
tive speeds. To apply this coupling to high rotative speeds will 
require new designs based upon induction-generator practice 
using small diameters and long rotors. This will add materially 
to the cost of the coupling and complicate the arrangement prob- 
lem by lengthening the unit. 

Electric couplings that have been used in marine service to date 
have required that the engine be brought to minimum speed when 
the coupling is excited during reversals and then accelerated at a 
moderate rate. This was necessary in order to avoid damage due 
to coupling heating at high slips. Obviously, such a procedure 
could not be followed in this gas-turbine application since in this 
case the turbine furnishing the power also drives the compressors. 
Accordingly, it would be necessary that the coupling be designed 
to withstand the heat generated and that a variable-voltage sys- 
tem of excitation be used to maintain the heating effects at a 
minimum. This will add further to the cost and complexity of 
this arrangement. 

The use of an electric coupling in this arrangement will add 
appreciably to the complexity of the vibration aspects of the sys- 
tem. Contrary to popular belief, the coupling has a definite 
spring constant so that when it is excited it couples a high inertia 
system to the propulsion arrangement through a comparatively 
weak spring. This increases the possible modes of vibration 
during a period when the propeller exciting force is very large. 


Economic CoNSIDERATIONS 

Having reviewed briefly the essential characteristics of the 
principal transmission system, it is now desired to consider the 
economic aspects of this problem. Some may question economic 
analysis of a component of the gas-turbine system on the grounds 
that the gas turbine to date does not hold an economic position 
in the marine field. However, it is believed to be apparent that 
the situation would be compounded in difficulty only if a com- 
ponent such as the transmission system were not planned on 4 
sound economic basis. 

In considering the economic side of this situation, it is desirable 
to establish a criterion for judging the economic merits of the 
various systems. To date, numerous economic studies have ap- 
peared in which the criterion of “return on capital investment” 
has been used in evaluating relative merits. In this comparison, 
it is preferred to establish the “minimum operating cost per year” 
as the criterion of comparison. The reason for this preference 
lies with the fact that return of capital investment concerns the 
banker’s or investor’s viewpoint and ignores the viewpoint of an 
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operator whose returns accrue not because of investment but 
because he is rendering a service for which those served are willing 
to pay. There he is primarily interested in rendering the best 
service at the lowest possible cost. Further, careful study will 
indicate that the maximum return on investment is associated 
with minimum first cost and depreciates the importance of operat- 
ing cost which is of utmost significance in judging the efficiency 
of operation. It is obvious that the design of a vessel or its com- 
ponents can affect only operating cost. Availability of cargo is 
determined by many circumstances over which the designer has 
no control. Consequefitly, to use a criterion involving revenue in 
judging the merits of a design component is misleading. 

Another consideration entering this discussion concerns the 
ability to render a service competitively. In evaluating the 
merits of a vessel or a component economically, it is apparent that 
the vessel or component which performs the service at the lowest 
operating cost offers the best competitive position and that this is 
particularly significant in a poor market. 

Table 2 is a summary of an economic study recently made and 
based upon current prices. In order to compare the various 
transmissions, the turbine speed was established at 3600 rpm and 
the propeller speed at 90 rpm. This turbine speed was selected 
since it was felt that this machine had the widest application and 
accordingly would be of the most immediate interest in this com- 
parison. However, the only information available on the mechani- 
cal reversing gears is based upon a turbine speed of 4000 rpm, 
with a K factor of 175 on the first and 125 on the second reduction. 

Many miscellaneous items such as foundations, duct work, 
wiring, and piping, have not been included since their inclusion 
would complicate the study appreciably. The fixed charges have 
been based upon 4 per cent interest, 6 per cent insurance, and 5 
per cent amortization. Allowance has been made for reduction 
in interest and insurance due to amortization so that an even 10 
per cent per vear is charged. The fuel rate for the turbine was 
selected at 0.45 Ib per shp-hr for purposes of comparison, and this 
rate was held constant for the power range of the study. A fuel 
price of $3.04 a barrel is used, based upon the current rate for 
Diesel oil in the New York area. It might alsd be mentioned that 
the total yearly cost obviously does not include the gas-turbine 
power-plant fixed charges which were not a factor in this com- 
parison. 

Strictly speaking, annual operating cost should also include 
crews’ wages and subsistence, and equipment maintenance. It is 
felt that the omission of the crews’ wages and subsistence does not 
affect the result appreciably. While the omission of maintenance 
does decrease the value of the study, its inclusion could be under- 
taken only with considerable misgivings. Information regarding 
maintenance is not plentiful and is subject to considerable inter- 
pretation. Accordingly, maintenance is omitted and its addition 
left to the reader in accordance with his own opinion as to its 
magnitude. 

It will be noted that for the 3000-shp condition, the mechanical 
reversing gear possesses the lowest operating cost. However, this 
comparison is not equitable since the mechanical-reversing-gear 
cost is based upon a design utilizing higher K factors than have 
been generally accepted. 

Direct comparison was not possible between these two trans- 
missions since price information was not available for the me- 
chanical reversing gear based upon conventional design practice. 
However, indirect comparison can be obtained by increasing the 
K factor of the mechanical reduction gears, combined with the 
controllable-pitch propeller. It will be noted from Table 2 that 
When this is done the yearly costs of the two drives are very 
close for the 3000-shp condition, and that the mechanical reduc- 
tion gear combined with the controllable-pitch propeller is lower 


The alternating-current drive while higher in annual operating 
cost than the mechanical drives is close-enough to be a real factor 
since this difference in operating costs might in many instances 
be more than offset by other considerations. 

In so far as the direct-current drive is concerned, this evalua- 
tion indicates it would be quite difficult to justify its application 
in the power range considered and particularly for the higher 
powers. 

It is of interest to note the relationship between annual fixed 
charges and annual fuel cost to the total annual operating cost. 
It is significant that the bulk of the cost is for fuel so that the 
study is quite sensitive to fuel price. Lower-price fuels would 
tend to favor the transmission with the lower first cost. However, 
for the present at least, bunker C fuel is not a factor so that the 
evaluation must be made upon the basis of Diesel fuel oil. 

The transmission system, as such, for a reversing gas-turbine 
power plant, if available, is obviously theamost economical. How- 
ever, it is not possible to evaluate such an arrangement properly, 
since many of the factors are dependent upon the type, arrange- 
ment, and cost of the reversing gas-turbine power plant which as 
vet has not been developed and therefore cannot be evaluated. a 


SUMMARY 


Ilaving reviewed the various phases of this problem, it might be 
well to summarize briefly the findings for each system. 

Electric Drive—Direct Current. It is believed apparent that the 
direct-current electric drive has little to offer when considered for 
gas-turbine power-plant application. Its first cost is quite high 
and its efficiency low, resulting in high operating cost. Further, 
the weight and space required are appreciably above those of 
Its one advantage of adjustable propeller 
speed, independent of prime-mover speed, can be obtained in 
another drive without sacrificing efficiency, weight, space, and 
Further, it probably has the highest 
Of course there 
may be special applications where this transmission system may 


other transmissions. 


annual operating cost. 
maintenance cost of all the drives considered. 


be attractive, but in ‘the general application its advantages are 
limited. 

Electric Drive—Alternating Current. . For gas-turbine power- 
plant arrangements using a separate power turbine, this trans- 
mission system appears well-suited. Its economic position is 
among the lowest when conventional designs are considered. 
The space required by this drive is appreciably greater than the 
mechanical drives, which might handicap its use for some applica- 
tions. In regard to weight, it compares favorably with the 
mechanical drives, being surpassed only by mechanical gears 
with unconventional K factors. In regard to maneuvering time, 
it appears deficient for those applications requiring rapid re- 
versals. Further, as presently constituted, it is not the easiest 
plant to maneuver and is more susceptible to overspeeding than 
other transmissions. However, it has experienced long and suc- 
cessful service at sea and is regarded very favorably by certain 
operators. 

Mechanical Gears Combined With Controllable-Pitch Propeller. 
This system is suitable for use with all gas-turbine power-plant 
arrangements. Its flexibility is the equal of direct-current elec- 
tric drive, while its cost, weight, and efficiency are considerably 
superior. It compares favorably with the alternating-current 
drive in regard to annual operating cost and weight, and requires 
less volume. When compared on the same design basis with the 
mechanical reversing gear, it appears that the annual operating 
costs are about equal at 3000 shp but at 6000 shp the control- 
lable-pitch propeller has some advantage. Its maneuvering and 
reversing characteristics are superior to the other drives con- 
sidered and its control quite simple since all operations are per- 
formed by a single lever. It is believed that the existing back- 
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ground on the controllable-pitch propeller and Kaplan turbine 
establishes the reliability* of this transmission system as being 
equal to any of the other types. 

Mechanical Reversing Gear. This system appears to offer at- 
tractive possibilities for application to gas-turbine power-plant 
arrangements having a separate power turbine. Its economic 
position is excellent for powers up to 6000 shp. Its maneuvering 
and reversing characteristics are good, and all operations are 
performed through simple controls. Further, its weight, space, 
and arrangement factors are very suitable. However, its general 
application may be questioned due to the high K factors used in 
the design evaluated herein. It would appear that if designed 
with conventional factors its position might be altered so that 
final judgment as to its merits must be deferred. If the question 
of K factor can be reconciled satisfactorily, then this system 
should provide a very acceptable solution to the problem. 

Reversing Gas-Turbine Power Plant With Mechanical Reduction 
Gears. At the present time this system cannot be evaluated in- 
telligently. While the transmission system proper does not pre- 
sent any problems, the design and development of the reversing 
gas turbine appears quite remote. In fact, it is felt that effort in 
this direction is not warranted since other acceptable solutions 
are available. 


CONCLUSIONS 

In selecting a transmission system most suitable for general 
marine application, it is helpful to compare the two basic gas- 
turbine power-plant arrangements with existing marine-propul- 
sion power plants in regard to their power and torque capabili- 
ties. A reasonably close comparison exists between the Diesel 
engine and the gas turbine, in which the power turbine also drives 
a compressor. Both of these prime movers produce rated power 
at rated revolutions if the brake mean effective pressure for the 
Diesel and the temperature for the gas turbine are maintained 
at designed values. However, the comparison is not so close 
when torque is considered, for, as the revolutions of the gas tur- 
bine, with attached compressors, are reduced, the torque likewise 
is reduced, whereas the Diesel engine under similar circumstances 
maintains constant torque with constant mean effective pres- 
sure. 

A similar comparison may be made between the steam turbine 
and the gas-turbine arrangement which includes a separate 
power turbine. Each of these power plants can produce 
rated power at less than rated revolutions, and each can pro- 
duce approximately 200 per cent torque at standstill. 

Therefore, since the simple gas turbine has a revolution-power 
characteristic equal to the Diesel engine and a revolution- 
torque characteristic inferior to the Diesel engine, we may estab- 
lish that those transmission systems successfully applied to the 
Diesel engine represent a minimum requirement for this gas- 
turbine arrangement. These systems are as follows: 


Direct-reversing Diesel engine. 
Direct-current electric drive. 
Controllable and reversible pitch propeller. 


The reversing gas-turbine power plant should not be con- 
sidered for the reasons previously outlined. The direct-current 
electric drive will function equally as well for the gas turbine as it 
does for the Diesel engine. Due to minimum speed limitations 
and inadequate accelerating forces the mechanical reversing gear 
is not suitable for this type of gas turbine. The controllable and 
reversible propeller offers the same operating advantages as the 
direct-current electric drive. 

By similar reasoning it is equitable to establish the transmis- 
sion systems used with steam turbines as a minimum requirement 
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arrangement, maintenance, reversing time, 
lems, etc., must be evaluated. 
In so far as weight is concerned, neither drive offers any ad- 
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for the gas-turbine power-plant arrangement in which a eapaiek 
power turbine is provided. These systems are 


1 Reversing turbine. 
2 Alternating-current electric drive. 


As in the case of the Diesel analogy, the iol a 
power plant should not be considered. Since this gas-turbine ar- 
rangement has approximately the same torque characteristics 
as the steam turbine, the alternating-current electric drive will bi 
acceptable. 

In addition to the fwo systems mentioned, it is logical, in con- 
junction with the separate power-turbine arrangement, to con- 
sider the other modes of transmission used with Diesels. Whil 
these are not used with steam turbines because the reversing 
turbine provides a more economical solution, the direct-current 
electric and the controllable-pitch propeller apply equally well to 
this arrangement as to the turbine with attached compressor. 
Moreover, due to the better torque-revolutions characterist 
of the separate power turbine, the mechanical reversing gear 
also a practical form of transmission. 

Thus for the power turbine with attached compressor, there ar 
two satisfactory modes of transmission, reduction gear with con- 
trollable-pitch propeller and direct-current-motor drive. — F 
the separate power-turbine arrangement there is, in addition 
the two mentioned, the reversing-gear drive and the alternating 
current-motor drive. 

Now in establishing a general solution to the over-all proble 
the transmission systems having the widest application offer t! 
greatest possibilities and therefore their development is m« 
logical. Assuming equal economic position the mechanical 1 
duction gear with a controllable and reversible propeller and t 
direct-current electric drive should receive first consideratic 
While the choice of the direct-current electric drive appears qu 
logical from existing experience, in that it meets all the requi 
ments for a marine-transmission system, its economic standing 
one of the poorest of the drives considered (see Table 2). Fu 
ther, its weight, space, efficiency, and maintenance factors furt! 
add to its unattractiveness and tend to offset the advantages o 
the gas turbine. Therefore it would appear that the mechanica 
reduction-gear transmission with a controllable and reversibl 
pitch propeller represents the to the problem 
sidering the extent of application, i.e., it is suitable with any g: 
turbine power-plant its economic standing 
simplicity of control, efficiency, maintenance, and reliability ar 
satisfactory. 

For limited application, the alternating-current electric dri 
and the mechanical reversing gears both offer acceptable sol 
tions, in addition to the mechanical reduction gear with contr 
lable-pitch propeller. Considering conventional design practi 
the choice must lie between the electric drive and the controllab 
pitch propeller. Each of these drives possesses certain advantages 
which must be taken into account for the particular applicati 
under consideration. Inasmuch as there is little differen 
economically between them, other factors such as weight, spa: 
and manning pro 


rantage. The space required by the mechanical drive is suffi 
ciently below that of the electric drive to be a factor in favor 
the mechanical drive. Arrangement of the two transmissions 


appears about equal with a possible advantage accruing to th 
electric drive for certain applications. 
maintenance of the electric drive will run higher than the me- 
chanical and that manning of an electric-drive vessel with qualified 
and capable personnel will be more difficult. 


It is believed that t! 


For those applica- 
tions where reversing time is a factor, the mechanical drive offers 
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an advantage. Upon the whole, the choice between these two 
drives can be made only for a specific application. 

If the high design factor offered in the mechanical reversing 
gear be acceptable, then the selection must be made between the 
two mechanical transmissions, i.e., the reversing gear and the 

yntrollable-pitch propeller, since on this basis they both possess 
msiderable economic advantage over the electric drive. 

For the 3000-shp range, these two drives compare favorably on 

| points, although the mechanical reversing gear has a small 
advantage in weight. In the 6000-shp range, the mechanical 
gear with the controllable-pitch propeller shows some economic 
advantage although its weight is almost 30 per cent greater. In 
the 9000-shp range, it appears that the controllable-pitch pro- 
peller is the only choice. 

The evaluation of the gears based on high K factor indicates 
he gains that might be made by departing from conventional 
practice. While it is recognized that some increase in K factor 
may be warranted, it is not considered feasible to increase this 
factor so far beyond present-day practice until more experience 
is obtained at some intermediate value. It is further recognized 
that, while in certain applications, high K factors have been used 
successfully, it does not constitute sufficient background for 
general application. 

In considering the possibilities of gas-turbine power-plant ap- 
plication, it should be remembered that for the power range pres- 

ntly considered, the competition is with the Diesel engine 
aving a thermal efficiency of 34 per cent. The Diesel has long 
stablished its economic supremacy in the low horsepower range. 
Consequently, the gas turbine cannot afford to support economic 
parasites in the form of expensive low-efficiency systems if it is to 
compete with the Diesel engine. 
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Discussion 


M. L. IRELAND.’ The author has presented a thoroughgoing 
economic study of various proposed gas-turbine transmission 
systems and has gone into considerable detail regarding their 
operating features. 

Much of the author’s material on the controllable-pitch pro- 
peller installation on the Single Hitch is presented here for the 
first time and is extremely interesting. The 3500-hp foreign in- 
stallation referred to is of course the Swedish twin-screw motor 
vessel Suecia which was completed early in 1945. Perhaps the 
author has heard sgme reports on the service experience of this 
vessel which would be of interest. 
have some particulars of the other five large marine propeller 
installations in this country mentioned by the author. 

One feature of the application of the controllable-pitch pro- 
peller to gas-turbine drive which appears to deserve careful study 
is the transient condition while reversing. For a brief interval 
the propeller blades operate at negative angles of attack and are 
receiving energy to drivé the shaft. Normally this condition is 
of such short duration ‘that the resulting shaft acceleration is 


It would also be desirable to 


_* Engineering Department, Technical Division, Newport News 
wipbuilding and Dry Dock Company, Newport News, Va. 
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Mem. 


probably negligible. However, one wonders what would happen 
if the pitch control should become jammed in the critical posi- — 
tion. In this connection it would be interesting to know what _ 
position the propeller blades take up when the oil pressure is sud- — 
denly lost. 

With regard to the economic study, the writer agrees that 
minimum operating cost is a satisfactory criterion. However, he 
suggests that caution should be used in the interpretation of such 
results for a single component of the power plant. For instance, 
the author draws attention to the disparity between annual fuel 
costs and fixed charges, but this may be misleading because the 
annual fuel costs are for the entire plant, whereas the fixed 
charges apply only to the transmission component. It is believed 


that a clearer conception is obtained by selecting the design with 
lowest annual cost as a basis and comparing incremental fixed 
charges and fuel costs. When this is done it is found that the 
increased fuel cost is in some cases less than one half the total 
increase. Therefore it would appear that these particular items 
are less sensitive to increases in fuel price than the author’s 
Table 1 would indicate. 


J.S. Newron.* The writer is pleased to see that the control- 
lable reversible pitch propeller rates well economically, for he has 
stated on several occasions that this type of propeller, to furnish 
variable thrust in both directions with reasonable speed varia- 
tion, appeared to provide the solution to the transmission prob- 
lem for a practical marine gas-turbine propulsion system. The 
writer is heartily in accord with the plans for the development of 
this type of propeller, sponsored by the U. S. Maritime Com- 
mission and others. 

It is a safe prediction that all five of the transmission systems 
enumerated and, no doubt, others will be attempted with a gas- 
turbine prime mover. However, as with the steam turbine, 
certain combinations will be found best suited to specific applica- 
tions. For marine service, the reversible gas turbine and the 
large-capacity direct-connected direct-current generator are in 
the same category. Both border on the impossible. Four thou- 
sand revolutions per minute is a low speed for a gas turbine, but 
an impractical, if not impossible, speed for a direct-current gen- 
erator of more than a few hundred kilowatts’ rating. Similarly, 
while a reversing turbine is a possible solution for backing 
power, the complications encountered in making one practical 
are in large measure responsible for the interest evidenced in 
other means of accomplishing the desired result. 

The writer cannot agree with the author’s statement that “all 
development on a reversing gas turbine must be supported by the 
marine application.’”’ The need for reverse power in land-trans- 
portation work is well known and, except for the fact that the 
direct-current transmission is better adapted economically and 
has a favorable torque characteristic for locomotive applications, 
the necessity for reverse turbine marine and locomotive drives is 
comparable. For gas-turbine locomotives, substitution of gear- 
type transmissions for the costly electric-transmission equipment 
does appear possible. From future development work in this as 
well as in the marine field, a reversing gas turbine may evolve. 
Thermal shock to the astern turbine may not be as serious as 
expected. Our 2000-hp experimental gas turbine has been sub- 
jected to several thousand temperature shocks (700 to 1350 F) 
without apparent damage or distortion. At this time there is no 
evidence to indicate that, because of thermal shock, there is a 
limiting rate of increase of temperature for gas turbines. Future 
use of course may disclose limits, which the tests made thus far 
have not shown. 


‘ Assistant Manager of Engineering, Steam Division, Westing- 
house Electric Corporation, South Philadelphia Works, Philadelphia, 
Pa. Mem. ASME. 
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With respect to fuel cost, it is noted that a price of 7.25 cents 
per gal and a basic fuel rate of 0.45 lb per hp-hr have been used in 
making the economic analysis. These are favorable choices. 
While bunker C is now cheaper, it appears that in the future there 
will be a smaller differential in price between residual and refined 
fuels. Also, a fuel rate as good as 0.45 lb per hphr may not be 
economic for the gas turbine itself. These would indicate that 
higher percentage cost for the transmission, shafting, and pro- 
peller may be economically justifiable. 


R. E. B. SHarp.5 With the permission of the Maritime Com- 
mission, the writer would like to show (Fig. 13 of this discussion), 
the results of the open water test of the model of the controllable- 


Fig. 13 Open Water Tests: 2869 S. MorGan SMITH 

CoNTROLLABLE-PitcH PROPELLER SUBMITTED BY U. S. MARITIME 

CoMMISSION AND TESTED aT D. W. Taytor Mopet Basin 29— 
31 anp AuaustT 1, 1946 


pitch ‘propeller which will be installed in the Liberty collier 
EC2-G-A-W2. The prototype propeller will be driven by a 
3000-hp gas turbine at a speed of 90 rpm. It has four blades 
with a tip diameter of 17 ft 6 in., and was designed under the 
direction of Dr. J. Kreitner. The efficiency of 74 per cent is of 
interest in view of the ratio of hub to tip diameter being 0.286. 
Under this open water test, as the author points out, a propeller 
with large hub ratio is at a disadvantage. Unfortunately, no 
self-propelled test date and therefore no value of the propulsive 
coefficient is available. The latter value of course reflects the 
effect of the hull and sudden fairing on the propeller perform- 
ance. 

In connection with the flexible torque characteristics with 
controllable-pitch propellers, as mentioned by the author, relative 
tests made on two Navy tugs showed an increase in dead pull of 
30 per cent with a controllable pitch propeller for the same engine 
torque over that obtained with fixed pitch. With gas-turbine 
drive, this will permit more effective utilization at zero and low 
ship speeds of the power available by operation at a higher rpm 
than would otherwise be possible. Reference is made to the 
author’s Fig. 3. 


WILHELM SpANNHAKE.® This discussion reminds me of about 
40 years ago when the introduction of the steam turbine for mar- 
ine propulsion brought up the same problem as is faced today 
with gas turbines. At that time Dr. Foettinger, the inventor of 
the hydrodynamic torque converter, proposed its use between 
the turbine and the propeller. The Vulcan Werke of Hamburg 
and Stettin undertook the design and manufacture of the con- 
verter and, after satisfactory performance of several units in- 
stalled in merchant ships, obtained an order from the German 


5 Consulting Engineer, 8. Morgan Smith Company, York, Pa. 
Mem. ASME. 

* Technische Hochschule Karlsruhe, Baden, American Zone. Con- 
tractee U.S. Navy. 
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Navy to install two units of 20,000 hp each in the light cruis 
Wiesbaden. The two steam turbines operated at 1200 rpm and 
the propellers at 350 rpm. Reversing was effected by arrangi 
within the same casing two flow circuits, one for ahead and t 
other for astern. The efficiency of the converter itself was 
per cent, but by recovering the heat generated by warming the 
boiler feedwater, the over-all efficiency was increased to 91.5 per 
cent. As a result of this success the German Navy ordered 12 
converters of 30,000 hp each to be installed in three bat 
cruisers, but when they were ready for shop test, World Wa 
ended and so nothing more was done. 

There appears to be no reasonable limit to the power trar 
mitted per unit because of the similarity to hydraulic turbin 
which may be readily designed for 100,000 hp in a single runn 
Although hydraulic torque converters are limited to a transm 
sion ratio of not greater than 1 : 5, they can be successfully com- 
bined with mechanical gear transmission, such as would custom- 
arily be installed on a steam turbine. The mechanical gear « 
thus be greatly reduced in size and cost. The ship’s speed ¢ 
best be controlled by varying the speed of the gas turbine sir 
torque converters for variable ratios are rather complicat: 
even though it is possible to design them with good averas 
efficiency. There are, however, other means of obtaining hig 
efficiency at low speeds. Small turbines for cruising speed can | 
arranged so that the power can be transmitted to the main p 
peller shafts by means of the Foettinger hydrodynamic clut 
and a mechanical gear. 

Hydrodynamic transmission has, in the writer’s opinion, gr 
advantages for ship propulsion. It is very reliable and there is 
wear on the blades of the converter. Cavitation may easily 
avoided. The maneuvering characteristics are excellent. In 
much as it is impossible to have an astern gas turbine, the reve 
ing of the propeller must be accomplished by the torque cx 
verter. On the Wiesbaden the propeller shaft could be started 
the reverse direction 6 sec after the order “full speed astern.”’ 

In regard to space and weight the hydrodynamic transmissi 
is generally more advantageous than any other system ev 
though for larger ratios it may be necessary to use mechanical 
geared transmission as well. 

Consequently, it is obvious that as with steam turbines th 
hydrodynamic transmission should be considered in connecti 
with gas turbines as well. 


H. J. Cuase.?’ Mr. Hammond’s paper covers this interesti 
subject so fully that it is a great temptation to discuss the seve 
possibilities at great length. 

A few notes on some features of the a-c transmission may be | 
order as supplementing the author’s statements, particularly 
the maneuvering characteristics of these systems. The statement 
that 60 to 90 see are requited to go from full ahead rpm to 
rated rpm astern is quite true for some classes of vessels and a de- 
sign specification that does not require extreme rapidity for this 
maneuver. 

Some data are available which cast doubt on the advantage 
quickly attaining high-astern propeller speed for the purpose 
stopping a ship during a full-speed crashback. However, w! 
this is a matter of design specification, the a-c transmission can 
given characteristics that will substantially reduce the 60 to 
see quoted. 

As far as normal dockside maneuvering is concerned, the : 
transmission is not handicapped at all in producing rapid ma 
neuvering in response to signals. 

The problem of maneuvering, both as-to reversing and spé 
control, may be attacked in another way which produces an &- 
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system that may allow the gas-turbine characteristic to be ex- 
ploited more fully. Reference is made to the possible use of igni- 
tron-type rectifiers. As presently designed for commercial use, 
these are not wholly seaworthy, but there appear good prospects 
that tubes can be designed and built which can be used at sea. 
With such tubes developed, the a-c transmission then permits 
selection of generator speed to suit the gas turbine and the use of 
an a-c propulsion motor with very flexible speed control and re- 
versing characteristics. 
The author mentions the difficulty of obtaining crews qualified 
r operation and maintenance of a-c equipment, particularly 
ym the standpoint of a-c control maintenance. The present 
pe of propulsion control is very similar to the a-c distribution 
und generation equipment control for ship’s service which, in gen- 
eral, has a good reputation and is widely used on shipboard. Per- 
haps the difficulty has been in obtaining trained crews during 
It would seem that more difficulty would 
arise in obtaining experienced operating and maintenance crews 
for the gas-turbine plant itself. 


wartime conditions. 


AUTHOR'S CLOSURE 


The author would like to express his appreciation to the 
various discussers for the interest they have shown in participat- 
ing in the presentation of this paper, and for the additions they 
have made. 

In connection with Mr. Ireland’s request for particulars con- 
erning the other five large marine propeller installations in this 
country, it is regretted that the author is not in a position to 
supply the propeller particulars. However, the names of these 

ther vessels are as follows: Steamship Albatross I/I; motor 
vessel Commercial Clipper; U.S. 8. Dahlgren® U. 8.8. Apoholar; 
U.S.S. Chononaga. 

With regard to Mr. Ireland’s query concerning the possibility 
of negative angle of attack adversely affecting the operation of 
he propeller, it might be said that to date no adverse experience 

as been obtained from the aspect. It is known that the crash 
est of the Navy tug Apohola indicated that the momentary 
torque drop reached a minimum of 20 per cent of the free-running 
torque for an instant and then increased rapidly. The change 
nrpm during this 2-sec interval was from 100 to 102. Theoretical 
analysis of this question indicates that the torque will never 
reach zero, even if all blade sections were to reach their worst 
position simultaneously. In fact, there is considerable doubt 
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whether this condition could ever be reached, since generally the 
negative angle is approached at each blade section at a different 
time. 

As to the position which the propeller blade will assume with 
loss of oil pressure, it is not possible to generalize this factor, since 
it depends upon the algebraic sum of all the moments acting upon 
the blades. These moments of course will vary from design to 
design, and a certain amount of control can be exercised so that 
the blade will assume a selected position in the event of oil failure. 
In the case of the Single Hitch, the forces were such as always to 
cause the propeller blades to assume maximum negative pitch in 
the event of a failure. 

Analyzing the economic factors of Table 1, Mr. Ireland’s point 
is well taken. However, in interpreting this table, it is intended 
that the total yearly cost for the various transmission systems 
be compared to the base “reduction gears only.’’ This then gives 
a comparison of the increases which must be assessed to each of 
the various systems. 

Mr. Newton’s assurance regarding thermal shocking of the gas 
turbines is welcomed, and it is gratifying to learn that shocks of 
the magnitude indicated can be applied to the equipment without 
apparent damage or distortion. . 

In connection with the possibilities of land-transportation 
groups supporting the development of a reversing gas turbine, it is 
felt that this is quite remote in view of the wide acceptance of the 
transmission characteristics obtained from the Diesel-electric 
drive. Since these characteristics are apparently so well-suited to 
the requirements of railway locomotives, the development of a re- 
versing gas turbine would have to be of a type which could offer a 
similar characteristic before very much interest could be aroused. 

Mr. R.E.B. Sharp’s addition of the open-water characteristics 
for the control-pitch propeller to be installed in the Liberty 
Collier EC-2A-W2 is welcomed. The addition by Mr. Wilhelm 
Spannhake of the information concerning Dr. Foettinger’s 
hydrodynamic torque converter is appreciated. 

Mr. H. J. Chase’s comments regarding electric-drive charac- 
teristics are interesting. Of course to evaluate the electric-trans- 
mission system with improved reversing characteristics would re- 
quire that cost data be available. The possibility of using igni- 
tron-type rectifiers with the alternating-current transmission sys- 
tem is quite interesting. Future development of this system may 
prove that it is a valuable adjunct to the existing transmission 
systems. 
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With Low 


This paper presents a discussion of the economics and 
general design requirements of gas-turbine power plants 
to be operated with low-cost fuel, such as natural gas and 
crude oil in the oil fields, refinery by-products, and by- 
product gases from industrial processes. It is pointed out 
that factors affecting first cost become relatively more im- 
portant than those affecting efficiency as fuel cost de- 
creases. When fuel cost is very low, water injection may 
well be considered if a suitable supply of water is availa- 
ble. Brief mention is made of the flow-type turbine 
power plant with preheated gas, which is a special case 
of the combustion-gas-turbine power plant. Approxi- 


mate costs of these flow-type turbine power plants are given. 
atec these po plants are COMBUSTION CHAMBER 


INTRODUCTION 


N planning a gas-turbine power plant for operation with low- 
cost fuel, the basic considerations will be low first cost, re- 
liability, convenience of operation, and, when the power 
plant may be moved from one site to another, compactness and 
weight. Fuel economy in itself will be of lesser importance. It is 

e purpose of this paper to present the results to date of certain 
studies which are being made to determine how a stationary gas- 
turbine power plant of moderate size can best be designed to meet | 
these requirements. 

The term “low cost” is of course relative, since a low cost for — 
uel in one region might be relatively high in another. This 
paper has been prepared with such fuels as natural gas and com- 

ustible by-product gas particularly in mind. However, some of 
the data given will permit economic comparisons over a wide 
range of fuel costs. Natural gas has been reported as available in 
large quantities in certain oil-field regions at a price of approxi- 
mately 7 cents a thousand standard cubie feet for 1000-Btu gas, 

t7 cents per million Btu gross heating value. For calculations 
volving the properties of the fuel, natural gas with an assumed 
mmposition of 65 per cent methane and 35 per cent propane by 
eight has been used. 

The paper has been prepared with the requirements’ for power 
plants of 2000 kw and less particularly in mind. 

Devices for interstage cooling of compressors, interstage heat- 
ing of turbines, and preheating of combustion air by the turbine- 
exhaust gas can contribute greatly to power-plant efficiency, but 
the cost of such a device per unit of rating tends to increase with 

lecrease in plant rating, while the fuel saving from a given in- 
tease in plant efficiency is a constant percentage regardless of 
tating. For this reason it will be more difficult to justify the use 
of such devices for the smaller ratings when the fuel price is low. 
As fuel price increases, the advantage of higher thermal efficiency 
fereases until a point is reached where a heat exchanger is justi- 
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-Cost Fuel 


By JOHN GOLDSBURY,! LYNN, MASS. 


fied by the reduced over-all fuel cost. Because of the heat ex- 
changers involved, it seems unlikely, also, that closed-cycle plants 

will be economical for use with low-cost fuels, except possibly m 7 

very large ratings. In this paper, therefore, only the simple open- 
cycle power plant, consisting of a compressor, one or more com- — 
bustion chambers, a turbine, a generator, or other machine to ab- - 
sorb the useful output, and the necessary accessories will be con- 
sidered. The accessories will include a starter, and if a generator - a 
is to absorb the load, an exciter. They may also include one or © 
more gears to permit each rotating element to run at optimum a2 
speed if the effects on first cost are favorable. Such a simple open- 

cycle gas-turbine power plant is shown diagrammatically in Fig. 1.0 
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involved, it will be well to consider some actual effects of fuel costs 
on justifiable power-plant prices. In Table | are given prices per 
million Btu net heating value of several fuels. The figures for coal, 
bunker C oil, and fuel oil are based upon recent prices of fuel de- 
livered at Lynn, Mass. Prices at points where shipping charges 
are lower should of course be less. The natural gas figure is 
based upon an assumed composition of 65 per cent methane and 
35 per cent propane by weight and a price of 7 cents a thousand 
standard cubic feet in the gas fields for 1000 Btu gross heatirg 


value gas. 


TABLE 1 FUEL PRICE 
Price per million 
Btu net heating value 


Savings in fuel cost are normally the only justification for pay- 
ing any premium for inerease in plant efficiency. However, in 
making cost comparisons between different fuels, price is not 
the only consideration. Relative costs of storing, pumping, 
handling, and feeding must be taken into account. Such costs 
normally will be low for natural gas, particularly if it is received 
at the point of use under pressure high enough to avoid the need 
of a fuel pump. 

In Fig. 2 are shown fuel costs per year per 1000 kw rating 
plotted against plant thermal efficiency for different values of 
fuel price per million Btu lower heating value. Since 1 hp equals 
0.746 kw the costs per 1000 hp are approximately three quarters 
as great. For other values of load factors and hours operated = 


Gas-Turbine Power Plants for Operation 
= 


per year than those used in the curves, the costs will vary in 
direct proportion. 

Curves like those in Fig. 2 are useful for making comparisons 
between power-plant designs of different thermal efficiencies. 
For the rapidly changing conditions common in the oil fields, we 
may assume that the annual saving in fuel cost for the more 
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PLANT THERMAL EFFICIENCY IN PER CENT 


Fic. 2 Costs Per 1000 Kw Power-P.Lant Ratine 


efficient plant can be capitalized at 30 per cent, that is, that the 
extra cost of the more efficient plant should be written off in less 
than 4 years. As an example, let us assume that two 1000-kw 
power-plant designs, A and B, are to be compared using fuel 
costing $0.077 per million Btu in both cases. If the plant effi- 
ciency of A is 10 per cent and that of B is 12'/2 per cent, then, 
from Fig. 2 


cost per year for $18930 


The value of this saving, capitalized at 30 per cent is 3780/.30 
= $12,600. If the cost of design B is less than that of design A 
plus $12,600, then purchase of a plant to design B is justified. 
Otherwise, design A should be used. 

We shall now consider individually the most important factors 
which affect first cost and efficiency. 

Evement 

Fig. 3 shows how the over-all efficiency of the power plant is 
affected by the turbine and compressor efficiencies. It is evident 
from the curves in Fig. 3 that the gain in plant efficiency from an 
increase in turbine efficiency is greater than that from a corre- 
sponding increase in compressor efficiency. Conversely, less harm 
is done by decreasing compressor efficiency than by a correspond- 
ing decrease in turbine efficiency. 

The efficiency of a turbine or compressor is determined: (a) by 
the design; and (b) by the accuracy and quality of manufacture. 
The increased cost involved in holding to high standards of 
accuracy and quality of manufacture is usually a relatively inex- 
pensive way of improving efficiency, and such standards tend also 
to contribute to the reliability of operation. 

Some design features yield relatively large returns in efficiency 
for the cost invélved. In general, however, careful comparative 
studies must be made to determine the optimum design. As an 
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~ catalyst regeneration, and the combustion gas from the regenc 


‘for a wide variety of applications for the larger ratings. y= 


wit 
example, the axial-flow type of compressor is more efficient tl design 
the centrifugal type, but, for a particular application, comparat might 
studies might indicate a net economic advantage for the centr norma 
gal type. The advantage may lie with the latter type when compr 
rating is small and fuel costs arewery low. A standardized desi single- 
using an axial-flow type of compressor, appears to be attract dissips 


PressuRE Drop THROUGH PassaGEs he 
Any pressure drop which cannot be utilized by the turbine c 
stitutes a loss in potential plant output. The pressure drop fro 
the compressor discharge through the combustion chambers 
the turbine inlet probably can be kept down to 5 or 6 per cen 
the absolute compression pressure without excessive cost. 
exception to this statement may be the case of a gas turbine : 
compressor which are integral parts of a catalytic petrolet 
refining plant in which the compressor is used to supply air 


tion process is sent to the gas turbine. In this case the prox 
requirements are of paramount importance and the net power 
output of secondary importance. It then may be necessary to 
accept a large pressure drop between the compressor and 
turbine. 

The compressor-inlet size and turbine-exhaust size should be 
generous, and the installation should be so arranged that the 
inlet and gas-discharge pipes will be short. A vertical stack 
the exhaust gas will help to cut down the exhaust loss. ih, 

Fig. 4 is shown as an illustration of the net electrical outputs 
obtainable from a flow of 1,000,000 standard cu ft per day 
natural gas burned in gas-turbine power plants, designed 
various combinations of compression pressure ratio and turb 
inlet temperature. A compressor-inlet temperature of 80 F 
been assumed. The full-line curves show outputs for desi 
using single-stage centrifugal compressors, while the dashed |i 
are for designs using axial-flow compressors. The axial-flow com- 
pressors are assumed to have numbers of stages best suited to t 
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design 


pressure 


ratios. 


Multistage centrifugal 


compressors 


might also be considered, but it seems to the author that the 
mal choice will be between the high efficiency of the axial-flow 


ympressor and the extreme compactness and simplicity of the 
single-stage centrifugal compressor, and that effort should not be 
dissipated over too many variations. 
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hi turbine-inlet temperatures require relatively high compression 
of | pressure ratios and vice versa. Therefore the turbine-inlet tem- 
= 7 ‘a exe perature must be taken into account in selecting the anyone 
bg COMPRESSION PRESSURE RATIO ve Fig. 7 shows the relationship between air flow per kilowatt of 


Fro. 5 Assumep Compressor-EFFictency CHARACTERISTICS electrical output, plotted against compression pressure ratio for 
various turbine-inlet temperatures and for the two types of com- 
pressors. It should be noted that the compression pressure 
ratio for maximum air flow at a given turbine-inlet temperature is 
lower than that for maximum output or maximum thermal 
efficiency. This is because the fuel/air ratio increases with de- 

crease in compression pressure ratio. The air flow affects the — 
sizes of the passages through the compressor, the combustion _ 

chamber, and the turbine. The compression pressure affects such = 
items as rotor diameter, operating speed (rpm) and numbers Y oe 
compression and expansion stages required. It also affects the 
wall thicknesses for casings and pipe. Both these 


Typical curves of compressor efficiency plotted against com- 
pression pressure ratio are shown in Fig. 5. These were used 
in the calculations for Figs. 4, 6, and 7. Higher efficiencies of 
course have been obtained, but the values given in these curves 
appear to be conservative for normal continuous performance. 
The turbine efficiency used was 0.833 in all cases. 

Fig. 6 shows the corresponding thermal efficiencies. These 
curves show that the compression pressure ratio for maximum 
plant output for a given fuel flow and for maximum thermal 
“ficiency is a function of the turbine-inlet temperature. High 
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first For the designs involving 
axial-flow compressors, air flows are smaller and compression 
pressure ratios are greater at maximum thermal efficiency than 
for the centrifugal-compressor designs at the same turbine-inlet 
temperature. These factors must be taken into account in making 
comparative studies as to net economic merit. 

In making such studies for small ratings, the possibility of 
using a small relatively high-speed centrifugal compressor should 
not be overlooked. The cost of a possible additional gear and the 
effect of the gear losses must of course be taken into account. 


factors therefore affect cost. 


ComPpREssor-INLET TEMPERATURE 


Figs. 4, 6, and 7 show performance at design conditions with 
80 F compressor-inlet temperature. At a lower compressor-inlet 
temperature, the thermal efficiency would be greater and the 
air flow per kilowatt would be lower. Conversely, at higher air 
temperature, the thermal efficiency would decrease, and the air 
flow per kilowatt would increase. This is not only true for 
gas-turbine power plants, designed for different air-inlet tem- 
peratures, but it is, in general, true that the power output per 
pound of fuel for any gas turbine will increase with decrease in 
air-inlet temperature and vice versa when other operating con- 
ditions are constant. At inlet temperatures very much lower 
than the design value, a point may be reached where the com- 
pressor-inlet Mach number is too high for good efficiency, so that 
further decrease in inlet temperature will cause decrease in out- 
put and perhaps pulsation. The designer should make sure that 
this will not occur at expected winter temperatures. 

Increase in output in winter is sometimes a desirable charac- 
teristic for a gas-turbine power plant. In selecting the size and 


design of the power plant, care must be taken to insure adequate 


capacity under hot-weather conditions. 
TuRBINE-INLET TEMPERATURE 


As shown in Fig. 6, increase in turbine-inlet temperature yields 
a marked increase in plant efficiency, other things being equal. 
For the higher temperatures shown, however, the materials 
necessary for long life are very costly and expensive to work with. 
When fuel cost is low, the materials needed for the highest tem- 
peratures may increase first cost to a value unjustified by the 
increase in plant efficiency. The optimum turbine-inlet tempera- 
ture for a given fuel price and power-plant rating, at this stage of 
gas-turbine experience, will be largely a matter of the judgment of 
the designer. 

As compression pressure ratio increases, greater flexibility of 
design makes it possible to obtain relatively low turbine-blade 
temperatures without serious sacrifice in efficiency. It is proba- 
bly impractical with presently known materials to consider de- 
signs for temperatures above 1400 F for the pressure ratios suited 
to the single-stage certrifugal compressor, | 


Water Inyection 

If, in addition to low-cost fuel, an adequate supply of water is 
available at the plant site, water injection should be considered. 
Before making a decision to use water injection, the nature of any 
impurities in the water should be determined to see whether it 
should be pretreated to prevent depositing of solids on the in- 
terior surfaces of the gas turbine. The cost of pretreatment 
should be taken into account in estimating the economies of water 
injection. 

Fig. 8 shows curves of the ratio of water flow to fuel flow, 
plotted against fuel flow per kilowatt for different temperatures 
and for different values of excess air. The curves are plotted for a 
power plant using a single-stage centrifugal compressor with 80 F 
air-inlet temperature and 3.2 compression pressure ratio. The 
term “excess air” is used to describe the air in excess of that re- 


TRANSACTIONS OF THE 


quired for complete combustion of the fuel. This excess air con- 
tributes to the cooling of the combustion gas to the desired tur- 
bine-inlet temperature. The remainder of the cooling is supplied 
by the injection water which here is assumed to be injected into 
the combustion chamber. The highest ratios of water flow to 
fuel flow shown are beyond the range known to the author as 
having been tried out successfully, and the problem of starting a 
power plant designed for so much water injection would present 
some special problems. However, the curves in Fig. 8 show that 
for the conditions and element efficiencies assumed, fuel rates at 
maximum values of water injection compare favorably with those 
for zero water injection at the lower values of turbine-inlet tem- 
perature. 
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The cost of a turbine or compressor is affected materially by the 
passage areas required to pass the working fluid, particularly 
the passage areas through the blading. The passage areas required 
for a given power plant rating at given pressure and temperature 
conditions are reduced by water injection. This is shown in Fig. 
9 in which are given curves of the approximate ratio of the pas- 
sage area with water injection to that for turbine-inlet tempera- 
ture of 1400 F, with no water injection, plotted against the ratio 
of injected water flow to fuel flow for different values of turbine- 
inlet temperature. The curves show that in every case the pas- 
sage-area function decreases rapidly with increase in injected 
water flow, and that at large values of injected water flow the 
sizes of the 750 F turbine and its compressor are only a little 
greater than those for the higher turbine-temperature de- 
signs. Since the allowable turbine-blade stresses will decrease 
rapidly with increase in turbine-inlet temperature, the advan- 
tage for the low-temperature turbine in the materials that can 
be used is very great in so far as first cost is concerned. 

Fig. 10 shows curves of available energy per pound of turbine 
gas plotted against the ratio of water-injection flow to fuel flow 
for various turbine-inlet temperatures. In order to maintain high 
turbine efficiency, the blade speed of the turbine design must be 
related directly to the avails able energy, as indicated in the follow- 
ing formula 
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Fig. 10 


GOLDSBURY 
where 
EF = available energy per pound of turbine gas, Btu 
C = const 
N rotating speed, rpm 
D = mean blade diametersof turbine stage 
> = symbol of summation 


If the number of turbine stages and the mean blade diameters 
are kept constant, an increase in available energy requires an in- 
crease in the operating rpm with accompanying increase in the 
The curves in Fig. 10 show that the available 
energy per pound of turbine gas increases with increase in water- 
injection rate at constant turbine-inlet temperature, so that there 
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GAS-TURBINE POWER PLANTS FOR OPERATION WITH LOW-COST FUEL 


will be some offset to the cost saving from reduced turbine and 
compressor-passage areas. However, there should be a substan- 
tial net reduction in first cost from the use of water injection. 

The power required for pumping the water will be less than 1 
per cent of the net plant output. 


FLow-Type-TURBINE PowER PLANT 


The flow-type-turbine power plant obtains its power from the 
expansion of a gas which has been compressed by natural means 
or by compression incidental to an industrial process. The basic 
cvcle involved is the same as that previously described for the 
combustion-gas-turbine power plant. Since the compression 
power is not chargeable to the power plant, some net power out- 
put can be obtained regardless of the temperature of the gas as 
received, and whether or not it is heated at the power plant. 
However, the power available can be increased very greatly in 
many cases by heating the gas to a relatively moderate tempera- 
ture, so such heating should be considered seriously. 

When the gas involved 1s a fuel, such as most natural gases, the 
total gas flow can be passed through a heater before going to the 
turbine. A small portion of the gas flow coming from the turbine 
exhaust can be used as fuel for the heater. The remainder can be 
sent to a low-pressure fuel line for distribution and use as needed. 

Since natural gas often comes from the ground at about 100 F, 
and since for the same initial and final turbine pressures the 
theoretical power obtainable from a given flow of gas is approxi- 
mately proportional to the absolute initial temperature, heating 
the gas to approximately 660 F would double the available power. 
Actually, the power would probably be more than doubled be- 
cause of improvement in turbine efficiency and avoidance of 
condensation and freezing of water vapor, carbon dioxide, etc., at 
very low turbine-exhaust temperatures. 

If the gas is noncorrosive, the turbine can often be practically 
a standard noncondensigg steam turbine designed for the same 
pressure, temperature, and rating. The chief difference from a 
steam turbine will be the special precautions to avoid explosion 
hazard. Any electrical equipment used in such a plant should be 
designed and arranged to avoid danger from explosion. It should 
be noted that steam turbines are usually sold for temperatures 
up to 750 F with no temperature premium. For tempera- 
tures from 750 F to 1000 F, temperature premiums are added 
because of the special materials and design features required. 

The flow of natural gas required for a flow-type-turbine power 
plant will be many times greater than that for a combustion-gas- 
turbine power plant of the same rating, but the first cost will be 
less. Fig. 11 shows the approximate power output obtained from 
a flow of 20,000,000 standard cu ft of gas per day plotted against 
initial pressure available for different initial temperatures. A 5 
per cent pressure drop is allowed through the heater and an over- 
all turbine and generator efficiency of 70 per cent is used. A tur- 
bine-exhaust pressure of 22 psia is used to allow for low-pressure 
fuel-line requirements. The composition of the natural gas is 
assumed to be 65 per cent methane and 35 per cent propane by 
weight. 

The flow-type gas-turbine power plant will consist of a turbine 
with a cost normally approximating that of a steam turbine for 
the same pressures, temperature, and rating, a generator or other 
driven unit with cost little, if any, affected by its association with | 
a gas turbine, and usually a heater. Our investigations seem to 
indicate that a suitable heater can be obtained for from 60 to 75 
per cent of the cost of the turbine-generator set with which it 
might be used. The heater price would include burners, auto- 
matic combustion control, and a stack. In many localities an 
outdoor.installation is possible, so that the total cost cf the power 
plant will be little more than the cost of the apparatus mentioned, 
plus suitable allowance for foundations, piping, and electrical or 
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other control and transfer equipment. Fig. 12 shows curves of 
estimated cost plotted against rating for flow-type gas-turbine 
power plants designed for 750 F and for 900 F turbine-inlet-gas 
temperatures. 


CONCLUSIONS 

1 First cost rather than efficiency should be the primary con- 
sideration when a power plant is to be operated with very low- 
cost fuel. 

2 Compressor efficiency is les$ important than turbine effi- 
ciency, so that for the smaller ratings, at least, the centrifuga 
type compressor should be considered. 

3 The efficiency characteristic of the compressor used has a 
dominant effect on the selection of compressor-discharge pres- 
sure. 

4 The determination of optimum turbine-inlet tempera’ 
must await further studies. 

5 Water injection has an important favorable effect on power- 
plant first cost, but pure or treated water must be used to avoid 
injurious deposits on interior turbine surfaces, 

6 The flow-type-turbine power plant may well be considered 
when natural or process gas is available at suitable pressure. Thi 
output obtainable from a given flow of gas varies approximat 
with the absolute turbine-inlet temperature, so that prehea 
of the gas may often be desirable. 


Discussion 
J. R. Haskin, Jr.2. This discussion is limited to those gas- 
turbine installations burning a fuel which also can be used in a 
steam-turbine or Diesel-engine plant. 

The greatest single factor in the cost of power generation is t! 
fuel cost per kilowatthour. A breakdown of the cost of power 
production will usually show that between 75 and 85 per cent of 
this cost is the cost of fuel. Because of this, when the fuel cost 
per million Btu is the same for two or more types of plants, a 
high-efficiency steam-turbine or Diesel-engine plant may be more 
advantageous economically than a low-efficiency gas-turbine 
plant, even though the high-efficiency plant has a greater first cost 
The author has not given any comparison for this case. Since 
management is vitally interested in the cost of its product, and 
since the gas turbine must compete with the steam turbine and 
the Diesel engine in power production, such a comparison would 
be of great interest. 


AUTHOR’s CLOSURE 


The gas-turbine power plant must compete with other types of 
power plants as Mr. Haskin points out. The curves in Fig. 2 
can be used for comparisons between power plants of any types. 
The first costs and thermal efficiencies of the power plants to be 
compared must be known or assumed, and the fuel cost for the 
comparison must be selected. The thermal efficiencies must, of 
course, include allowance for all auxiliary power and all losses 
which are chargeable to a power plant. 

Certain other factors, also, will or may be of importance. Such 
factors are relative water requirements, relative attendance and 
maintenance requirements, relative weight, size, portability, ete. 

At the present stage of development, no general data on the 
prices of combustion gas-turbine power plants can be given 
From experience to date, however, it seems certain that such 
power plants will be selected for many applications as preferable 
to other types. 


2 St. Louis, Mo. Mem. ASME. 
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This paper describes apparatus which has been con- 
structed for determining the velocity of sound in super- 
heated steam. A quartz crystal, vibrated electrically at 
its natural frequency, is used as a sound source to set upa 
series of standing waves in a vertical cylinder filled with 
steam. The frequency of the sound source and the length 
of the standing waves are measured with high accuracy 
by simple and convenient methods. Experimental results 
are presented which show close agreement with data cal- 
culated from the steam tables of Keenan and Keyes. 


INTRODUCTION 


OUND may be considered to be a sudden compression at a 
given point in a medium which possesses both elasticity 
and inertia. The medium most commonly encountered is 

atmospheric air, and the point in question is the ear of the listener. 
With the introduction of electrical and mechanical methods for 
detecting pressure waves, the definition of sound must be broad- 
ened. 

A sudden compression in a gaseous medium is always followed 
by a rarefaction, as the particles which are initially compressed 
tend to resume their original position, due to the elasticity of the 
medium, and thereby react on the neighboring particles. These 
particles, in turn, are compressed, and the sudden compression 
or disturbance travels away from a point source in the form of 
awave. Due to inertia, the particles overshoot their positions 
of rest, and a rarefaction succeeds the compression, to be fol- 
lowed in turn by a weaker compression as the vibrations of the 
particles about their original positions are rapidly damped out. 
A single wave of compression may be partially realized by a 
short sharp tap or pulse. If, by mechanical means, a series of 
compressions is caused to emanate from the source, there results 
4 train of compressions and rarefactions which produces the 
sensation of noise im the ear of the auditor. 

The human ear is limited in its ability to detect sound vibra- 
tions, the upper limit being about 20,000 vibrations per sec. 
The term “‘ultrasonic’’ is used to describe sound waves which are 
higher in frequency than 20,000 cycles per sec, and hence are 
inaudible. Electrical methods are available, however, which 
tan detect waves of much higher frequency, and the apparatus 
described in this paper can cover the range from 50,000 to 
3,000,000 cycles per sec. 

If a sudden compression is produced at a point in a gas, the 
compression will travel with a velocity C which depends upon 
the physical properties of the gas and also upon the nature of the 
‘ompression. The compression can be conceived to be either 


' This paper is an abstract of a thesis having the same title and sub- 
mitted to Johns Hopkins University, June, 1947, in partial fulfill- 
nent for a doctoral degree in Mechanical Engineering. 

* Associate Professor in Mechanical Engineering, Rice Institute; 
formerly Assistant Professor in Mechanical Engineering, The Johns 
Hopkins University, Baltimore, Md. Jun. ASME. 

Contributed by the Power Division and presented at the Annual 
Meeting, Atlantic City, N. J., December 1-5, 1947, of Tae AMERICAN 
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Experimental Determination of Velocity of 
Sound in Superheated Steam by Ultrasonics 


By JAMES WOODBURN,? HOUSTON, TEX. 


isothermal or adiabatic. It was Sir Isaac Newton who first 
derived an expression for calculating the velocity of sound in a 
gas. He assumed that the compression was isothermal, and his 7 
calculated value was about 16 per cent below the experimental __ 
value, indicating an error in his theory. 
Laplace, in 1816, concluded that the compressions and rare- — 
factions of the sound wave took place so rapidly that there was 
no time to share with the surrounding air the heat developed by a 
compression, or the ‘‘cold’’ developed by a rarefaction. Thus 
the process must be adiabatic, and not isothermal, as Newton had 
assumed. Laplace derived an equation, employing the adiabatic 
elasticity instead of the isothermal elasticity of a gas, and his cal- 
culated values agreed very well with experimental values. His 
equation was 


where 
g = 


velocity of sound, fps 
universal gravity constant, 32 2.17 fps per sec | — 
ratio of specific heats 
absolute pressure, psf 
specific volume, cu ft per lb 


P «= 


It is of interest to note that Equation [1] also appears in de- 
riving the equation for the velocity of a gas passing through the 
minimum section or throat of a nozzle when the back pressure is 
less than the ‘‘critical’’ pressure. 

Experiments carried out in 1846 by Graham on air flowing 
from a high-pressure chamber through a nozzle into a vessel at 
lower pressure showed that the flow rate increased with dimin- 
ishing back pressure until a certain pressure ratio, about 0.53, 
was reached. Further-reductions in the back pressure did not 
increase the rate of flow through the nozzle. R. D. Napier 
(1)* performed similar experiments with steam in 1867, and 
he observed the same phenomenon, except that the critical- 
pressure ratio for steam was found to be about 0.55. This curious 
effect was also observed by Wilde, Zeuner, Fliegner and many 
others. An observation which complicated the explanation of 
this phenomenon was the failure of a sharp-edged orifice to be- 
have in the same manner as a rounded nozzle. 

In 1886, Osborne Reynolds (1) showed that the velocity of 
the gas at the minimum section or throat of the nozzle was that 
given by Equation [1], where P and V were the pressure and 
specific volume at the throat. In other ‘words, when critical 
flow was established, the throat velocity was the same as the 
velocity with which sound waves passed through the gas, and 
changes in the pressure beyond the nozzle could no longer be 
“telegraphed”’ back to the inlet of the nozzle. With a sharp- 
edged orifice, the continuously increasing flow with decreasing 
back pressure is explained by the continuous change in the area 
of the minimum section or vena contracta. 

The derivation of Equation [1], as established by Osborne 
Reynolds, can be found in any standard thermodynamics text, 
but no experimental value for the velocity of sound in super- 
heated steam has been published. Therefore it is hoped that the 


’ Numbers in parentheses refer to the Bibliography at the end 
of the paper. 
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7 present work will help to supply the need for such data. Obvi- by Pierce (5), possesses distinct advantages, and is used in the 


ously, from Equation [1], if the pressure and specific volume of — present work. 


a gas are known, and the velocity of sound can be measured The acoustic interferometer is a device for measuring the 
ay m. ~ accurately, it becomes possible to calculate the value of k, the length of a standing sound wave, and the general principles of the 
_ ratio of specific heats at the existing conditions. instrument used in this work are shown in Fig. 1. Fig. 5 shows a 


: : more detailed diagram of the apparatus. The quartz crystal is 
_Metuops ror Detsrmintne Vevocity or Sounp in Steam caused to vibrate at its natural frequency by an electronic oscil- 
In 1812 Benzenberg (2) determined the velocity of sound in _ lator or driver, thereby setting up a series of standing waves in a 

- steam at atmospheric pressure by comparing the frequencies of a vertical cylinder, the lower end of which is closed with a movable 
reed when blown with steam and with other gases. Lucchi (3), in piston. The top of the piston is exactly parallel to the lower sur- 
1887, used the well-known dust-figure method for steam at atmos- face of the quartz plate, which is approximately | in. square and 
pheric pressure and a few degrees of superheat. The results are '/s in. thick. When the piston is moved to a position such that 
quite good considering the experimental difficulties encountered, the distance between the piston and the quartz crystal is an 

- but they are only of historical importance. integral number of half wave lengths, a sharp peak is produced 
Many other methods of producing a sound wave in a gas are _ in the voltage across the crystal. Fig. 1(b) represents a graph 
= in Partington (4), but the quartz-crystal method, developed — of the voltage across the crystal, plotted in terms of the piston 
displacement. The decrease in the voltage peaks is due to the 


: 
= cd "eR J absorption of the sound in the steam as the piston is moved 
away from the quartz plate. 
The fundamental equation’ for the velocity of sound in any 
SNK medium is 
9 
° where 
NN g C = velocity of sound, fps 
4: f = frequency of sound, cycles per sec 
SS = wave length, ft 
x > a If the frequency can be measured accurately by electrical means, 
7 3 and the movement of the piston can be measured accurately, 
the velocity can be calculated readily. 
ve A (a) (b) Par Because the interferometer is a highly sensitive instrument, 
. DIAGRAMMATIC SKETCH or Acoustic INTERFEROMETER anv the results obtained with it are reliable only if great care is taken 


Sounp Peaks in its construction and operation. A description of the apparatus 
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used in the work at Johns Hopkins University will indicate the 
precautions which were taken to eliminate errors due to the con- 
tamination of the steam or other causes. Fig. 2 shows a general 
view of the apparatus. Steam from the university power plant 
was supplied through a gas-fired superheater. A steam jacket 
was also used to house the interferometer, to prevent tempera- 
ture variations. The piston rod extends through the bottom 
of the jacket and is connected rigidly to the index head and the 
hand wheel by which the piston is moved. 

The pressure and temperature of the steam were controlled by 
valves in the superheated-steam line and in the gas line, while a 
close regulation of the steam pressure was maintained by regu- 
lating the rate at which it was allowed to escape through the 
heating jacket to the atmosphere. ; 

The electrical apparatus, shown on 4he right in Fig. 2, con- 
sisted of a shielded driving oscillator, used to cause the vibra- 
tion of the quartz crystal, a crystal-controlled frequency meter, 
aradio receiver, and a galvanometer. 

Fig. 3 shows the assembled interferometer before it is placec 
in the steam jacket. It is approximately 4 in. diam and 10 in. 
long. Steam enters through the curved pipe at the top and is 
discharged through the horizontal pipe at the right side-of the 
body. The connection to the upper surface of the quartz crystal 
is made through an electrode, consisting of a model aireraft- 
engine spark plug. 

The component parts of the interferometer are shown in Fig. 


Fia. 3 Acousti INTERFEROMETER 


. because the half-wave-length intervals of the sound wave were 


Fic. 4 PONENT PARTS NTERFE {ETER 


4. They were machined from stainless steel to prevent _— + 
tion. The inside of the cap was machined out to form a recess for _ ; 
the quartz crystal. A small splash plate, mounted on the lower _ ; 
side of the cap, prevented the steam from impinging directly on — 
the quartz plate. 

The piston, which was */, in. diam, was machined and lapped 
into the body of the interferometer. Great care was taken inthis « 
operation to keep the face of the piston parallel to the quartz 
plate. A '/j.-in. slot was milled into each side of the piston, to 
provide a keyway to prevent the piston from turning when the 
spindle was rotated, and to give a passage through which the 
steam could escape from the bottom of the acoustic chamber to 
the atmosphere. The spindle and the interferometer piston were 
machined for a standard micrometer screw thread. 

The location of the quartz plate in the interferometer is shown 
in Fig. 5. A slight recess, milled across the face of the chamber, 
provided a passage for the steam to flow under the quartz plate 
and into the acoustic chamber. The quartz pegs, shown in Fig. 
5, were used to keep the plate in a central position. The faces 
of the plate were covered with thin gold films, which were sput- 
tered on in the usual manner. The upper face of the plate, upon 
which the spring electrode rested, was the high-potential side, 
the opposite side serving as the ground electrode. 

After the interferometer had been assembled, it was placed 
inside the steam jacket, and leveled on a horizontal platform > 
within the jacket by means of three screws. It was then clamped — 
rigidly to the platform. The spindle which projected through — 
the bottom of the jacket was then connected by a rigid couplin 
to the index head and the hand wheel by which the piston could 
be moved to any desired position. The steam outlet on the side — 
of the interferometer was connected to a pipe coil, which passed — 
through the rear wall of the jacket to a valve, by which the flow | 
of steam through the interferometer was controlled during start- 
ing periods. 


Since the interferometer screw was subjected to high tempera-_ 
tures, the expansion of the thread could cause a serious error > 


only a few thousandths of an inch in length. In order to pre- 
vent such an error, the interferometer screw was calibrated in 
position at three different temperatures by the following method: 
The cap of the interferometer and the quartz crystal were re- 
moved, and a long thin quartz rod was passed through a small 
hole in the flanged lid of the jacket and rested directly upon the 
surface of the piston. The opposite end of the quartz rod was 
connected toa dial gage which had previously been checked 
with a set of standard gage blocks, By the 
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handwheel slowly, the index head which was mounted directly 
above it could be checked against the dial gage. A series of meas- 
urements were taken at room temperature and then with super- 
heated steam at 400 F and at 700 F. The expansion of the screw 
thread was then plotted against temperature from the three 
calibrated points and was used: in correcting all wave-length 
measurements. 

The temperature of the steam entering the interferometer was 
measured by means of three thermocouples placed 120 deg 
apart and at different depths inside the steam jacket around the 
interferometer. The thermocouples were calibrated previously 
against the ice point, the boiling point of water, and the sulphur 
point. The steam pressure gages were calibrated with a con- 
ventional dead-weight test apparatus before being used. aan 


Steam was admitted to the apparatus for a period of approxi- 
ia mately 8 hr to bring all parts up to the desired temperature at 
a uniform rate. Any sudden increase in temperature caused 
the interferometer piston to bind in the acoustic chamber. Dur- 


METHOD OF OPERATION 


meter was opened to allow steam condensate to escape. When the 
desired temperature was reached, all drain lines to the jacket 
az were closed and the exhaust valve to the interferometer was left 
Me *% slightly open to indicate that the acoustic chamber was always 
filled with steam. 

The electrical ascillator was then turned on and as it was 
slowly tuned to the natural frequency of the quartz crystal, the 
voltage across the crystal suddenly decreased to a minimum 
value which indicated that the crystal was vibrating at its maxi- 
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ing the warming-up period, the exhaust valve to the interfero- - 
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mum amplitude, thereby sending out a series of sound waves in 
the steam. The face of the piston in the acoustic chamber re- 
flected the sound waves back to the crystal, thus setting up the 
standing waves. 

By rotating the handwheel slowly, the piston was moved in 
the acoustic chamber, and, as it passed each half-wave-length 
point, the voltage in the crystal circuit increased to a sharp and 
well-defined maximum. <A vacuum-tube voltmeter-and-gal- 
vanometer arrangement was used to detect the voltage peaks. 

Because of the nature of the quartz crystal, a slight change in 
steam pressure or temperature would alter its natural frequency. 
However, this change was detected readily by a change in the 
pitch of the beat note between the driving oscillator and 
the calibrated crystal-controlled frequency meter attached to the 
broadeast receiver. The variation in steam conditions could 
also be detected by a slow drift in the galvanometer reading. The 
galvanometer reading, as a matter of fact, would vary appre- 
ciably before the temperature change was large enough to be 
observed from thermocouple readings. The beat note and the 
galvanometer were used to indicate equilibrium conditions in 
place of the thermocouple because of their sensitivity and quick 
response. 

When a test run was completed; and the steam was turned 
off, the piston would soon bind in the acoustic chamber, due to 
the different rates of cooling of the interferometer body and the 
piston. About 20 hr later, however, all parts of the interfer- 
ometer would cool down to room temperature and the piston was 
free to move. The piston, screw, and body were made from 
three slightly different grades of steel to prevent galling or bind- 
ing. No trouble has been encountered from galling of the closely 
fitting parts. 

The range of frequencies ordinarily used in ultrasonic work 
is from 50,000 to 3,000,000 cycles per sec. At the lower limit, 
acoustical correction factors must be employed because the sound 
wave is not plane. At the upper limit, the length of the wave 
is so short there is difficulty in measuring it accurately. In the 
present work, a crystal was used which had a natural frequency 
of 575,000 cycles per sec in air at room temperature. 

The frequency of the sound source was measured with an ac- 
curacy of one part in 200,000, while the length of the sound 
wave was measured to one part in 2000. Since the acoustic 
velocity is the product of these two factors, as given in Equation 

[2], the actual velocity of sound in steam was measured with 
high accuracy. 

The measurement of the steam temperature was accurate to 
0.5 per cent, while the steam pressure was measured with an 
accuracy of 1 per cent. The effect of pressure upon the velocity 
of sound in a gas is very small. 

In taking the data, 24 to 36 individual measurements of h: alf- 
wave-length intervals were noted and recorded. During each 
test a continuous check was made of the frequency of the sound 
source. If for any reason there was a change in temperature, the 
results were discarded. 


ABLE 1 COMPARISON OF EXPERIMENTAL VELOCITY e 
SOUND IN STEAM WITH CALCULATED VALI 
FROM KEENAN AND KEYES? 


Keenan and Experimenta 


-——— Steam conditions eyes,  geoust 
Pressure, Temperature calculated, metho« 

psia fps fps 
24.69 1650.19 1649 .68 
24.69 1756.50 1758 . 0 
24.69 1854.36 1848.8 
24:69 1945.12 1939.64 
24.69 2031.07 2027 
24.69 2115.65 2107.: 
99 .69 1727.89 1720.28 
99.60 1835.42 1823 .09 
99.69 1932.23 1923.4 
99.69 2020 :64 2019.4 


‘Thermodynamic Properties of Steam, 
Keyes, John — & Sons, Inc., New York, N 
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EXPERIMENTAL RESULTS 


Table 1 presents experimental values for the velocity of sound 
in steam at an absolute pressure of 24.69 psi, and at tempera- 
tures ranging from 300 to 800 F. A second set of data is given 
for an absolute pressure of 99.69 psi, at temperatures from 400 to 
700 F. For the same conditions, values are given for the velocity 
of sound as calculated from the specific-volume data given in the 
Keenan and Keyes steam tables. The agreement is quite good, 
the maximum deviation being about 12 parts in 1800, at 99.69 
psia and 500 F. 

Fig. 6 shows the data plotted with steam pressure as the pa- 
rameter. 
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In SUPERHEATED STEAM 


Table 2 gives the values of the ratio of specific heats, as cal- 
culated from Equation [1], and as given by Keenan and Keyes. 
The agreement is again remarkably good. Data for the 99.69- 
psia 700 F run are given in Table 3, and it can be seen that the 
wave-length readings are consistent to within the limits of ac- 
curacy of the screw thread. 

Work which was conducted subsequent to the tests reported 
in this paper has shown that there is no measurable change in the 
velocity of sound with frequencies as high as 2,000,000 cycles 
per sec, 

The theory of gases indicates that the velocity of sound should 
be dependent only upon absolute temperature for a perfect gas. 
Fig. 6 indicates that the dependence upon pressure becomes much 
smaller as the temperature of the steam increases, and its be- 
havior approachés that of a perfect gas more closely. 

To summarize the advantages of the acoustic interferometer, 
it is possible to measure the sound velocity with high accuracy 
without employing large quantities of gas. A new interferometer, 
Figs. 7 and 8, similar in principle to that of Fig. 1, has been con- 
structed which uses an acoustic chamber only */s in. diam and 
‘/win. long. The quartz crystal is '/: in. diam, and has a natural 
irequency of 1,000,000 cycles per sec. 

In general, even a slight trace of any impurity in a gas will 
alter materially the velocity of sound. By using this fact, ultra- 
‘nies may be developed as a means of detecting“traces of air in 
steam, forexample. 

Experimental data can be obtained for mixtures of gases, and 
of the sensitivity of the equipment changes in composi- 
“ion can be detected readily. The electrical equipment required 

| Snot complicated, and only 0.3 volt was needed to keep the 
“ystal vibrating in superheated steam. The crystal responds 
much more quickly in superheated steam than in air, and, 
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TABLE 2 COMPARISON OF RATIO OF SPECIFIC HEATS BY a 
ACOUSTIC METHOD Witt VALUES FROM KEENAN 
D 


_ Experimental 

Steam conditions Keenan and acoustic 

Pressure, Temperature, Keyes, . method, 
psia k k 
24.69 1.316 a 1.316 
24.69 1.312 
24.69 1.304 © 1.303 
24 69 1.207 1.294 
24.69 1.29000 | 1.290 
24.69 1.284 1.281 
99.69 1.303 1.294 
99.69 1.301 1.287 
99.69 1.295 1.290 
99.69 1.289 1.289 


“Thermodynamic Properties of Steam,” by J. 


H. Keenan and F. G. 
Keyes, John Wiley & Sons, Inc., b 


New York, N. Y., 1936 


TABLE 3 SERIES OF ACTUAL 


MEASUREMENTS OF SUCCES- 
SIVE SOUND PEAKS OR 


HALF-WAVE-LENGTH INTERVALS 


Screw Screw Screw 

reading, reading, reading, 

in. in. in. in.@ 
0.28182 0.28123 0.27995 
0.26038 0.02144 0.25971 0.02152 0.25853 0.02142 
0.23866 0.02172 0.23812 0.02159 0.23694 0.02159 
0.21672 0.02194 0.21665 0.02147 0.21550 0.02144 
0.19500 0.02172 0.19487 0.02178 0.19387 0.02163 
0.17356 0.02144 0.17350 0.02137 0.17229 0.02158 
0.15184 0.02172 0.15186 0.02164 0.15100 0.02129 
0.12997 0.02187 0.13019 0.02167 0.12923 0.02177 
0.10893 0.02104 0.10877 0.02142 0.10754 0.02169 
0.08694 0.02199 0.08680 0.02197 0.08564 0.02190 
0.06527 0.02167 0.06561 0.02119 0.06437 0.02127 
0.04335 0.02192 0.04374 0.02187 0.04267 0.02170 
0.02142 0.02193 0.02184 0.02190 - 0.02130 0.02137 

0 0.02142 0 0.02184 0 0.02130 


@ Half wave lengths in inches. 

Nore: Steam conditions: 99.69 psia, 700 F. 

Frequency 560,703 cycles per sec. 

Readings corrected for expansion of interferometer screw thread. 


under certain circumstances the crystal would not vibrate at all 
in the atmosphere, yet no trouble was encountered when super- 
heated steam was used. > 
Work has already been performed on certain of the freons, and © 
the data on Freon-12 are particularly interesting. The velocity . 
of sound in Freon-12 is only about one third as great as that in | ; 7 
superheated steam. 


CONCLUSIONS 

The agreement of the experimental data presented in Tables — : 
and 2 indicates that the simple acoustic interferometer can give _ : 
accurate values of the velocity of sound in superheated steam. 
The method can be developed readily to such an extent thata os 
laboratory technician could operate the necessary apparatus _ 
without difficulty. 7 

Future work is planned with steam at higher pressures and 
temperatures than those reported in this paper, It was the in- 
tention of the author in presenting this paper to acquaint engi- 
neers with this particular application of ultrasonic sound waves, 
and to present for the first time actual measurements of the 


velocity of sound in superheated steam. a 


The author is grateful for the advice and assistance of Prof. 
J. C. Hubbard of The Johns Hopkins University, Department 
of Physics. Also for the many constructive comments and sug- 
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The encouragement and comments offered by Prof. J. H. Keenan 
of the Massachusetts Institute of Technology during the initial 
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chining the acoustic interferometers. 
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Discussion 


A. G. Curistiz.!| The author undertook the development ot 
a method to determine the velocity of sound in superheated steam 
by ultrasonic methods. It was the intention to develop this 
method in order to determine’ certain of the thermal properties 
of other fluids that may be used by engineers such, for instance, 
as refrigerants. However, superheated steam was selected for 
the first experiments as reliable data are at hand in Keenan and 
Keyes ‘Steam Tables” against which the author’s results could 
be checked. 

This study required the development of satisfactory equip- 
ment and new techniques. The results, given in Tables 1 and 2, 
show close conformity with values derived from the steam tables. 
Improvements resulting from experiences with the equipment 
described in-this paper have led to a greater degree of accuracy 
on later work by others. This method has been applied since to 
a new fluid with hitherto unknown properties. 


H. Van HENGEL.’ This very useful paper fully confirms 
by experiment that the old formula of C = V ok PV, as used for 
perfect gases, can now be applied safely to the sound-velocity 
calculation for steam. 

As this sound velocity is used in the calculation for maximum 
flow through nozzles, it is therefore appropriate to publish the 
graphs for the full region of superheated steam as calculated from 
the Keenan and Keyes Steam Tables. Fig. 9 of this dis 
cussion gives this value as represented by the author as fynction 
of temperature. Fig. 10 gives a clearer picture in which the 
sound velocity is a function of the pressure. 

‘ Professor of Mechanical Engineering, The Johns Hopkins Uni- 
versity, Baltimore, Md. Fellow and former president ASME. 

5 Engineer, Production-Mechanical, The Detroit Edison (om- 
pany, Detroit, Mich. Mem. ASME. 
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Furthermore, a very handy graph is the value of the sound- 
velocity energy as represented in Fig. 11. This graph can very 
well be used to follow the expansion on the ne 
diagram. 

AuTHOR’s CLOSURE 

The author appreciates the remarks of Mr. Van Hengel in 
regard to this work and also the graphs as shown in Figs. 9, 10, 
and 11. Since the completion of the present work the acoustic 
velocity has been determined for the same steam conditions using 
different frequencies;. however, no change was observed in the 
acoustic velocity as # function of frequency of the sound source. 
Further work is being done at Rice Institute both at high steam 
pressures and temperatures in order to complete Mr. Van Hengel’s 
statement regarding the use of the perfect-gas equation. For 
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TRANSACTIONS OF THE ASME_ 
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VAPOR LINE | 


practical purposes the perfect-gas equation can be used but for 

accurate work particularly at high pressures simple correction 

factors will have to be used. 

Professor Christie’s remarks are rather interesting; however, 
it should be pointed out that the author realized the degree of 
accuracy of the experiments which were consistent with the 
accuracy of existing PVT data. Therefore increased accuracy 
over the present method would be of little value. It is very 
simple to increase the accuracy of the experiments by using 
optical methods such as Haidinger fringes to measure the half- 
wave-length interval which the author originally considered but 
did not use for the foregoing reason. 

The author has completed a series of experiments on the use of 
Freon 12 in regard to the acoustic velocity with the apparatus 
as shown in Figs. 7 and 8 which will be published at a later date. 
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By R. G. 

The problem of mixing or blending in a tank of two or 
more liquids of low viscosity and the same density has been 
investigated in terms of available information on turbu- 
lent fluid jets discharging into a very large volume. Under 
the assumption that all fluid inducted into the jet is 
mixed completely, the effectiveness of any arrangement 
has been expressed in terms of a performance parameter 
which is defined as the gallons per minute of fluid inducted 
per horsepower supplied. The calculated results for a 
large gasoline-blending tank demonstrate the superiority 
of performance of the propeller-type mixer over typical 
jets produced with transfer-pump and pipe-line equip- 
The-economics of the installation and operation of 


ment. 
equipment were not included. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


A = factor of proportionality between velocity and dimension 
ratio, dimensionless 

» = width of jet in radial direction, ft 

c = factor of proportionality between jet axial distance x, and 
jet width b, dimensionless 

D = diameter, ft big 

h = hydraulic head, ft-lb/Ib 


P = power, hp (prime indicates ft- 
Q = flow rate, gpm (prime indicates cfps) 

r = radius, ft Olu are 

U= axial veloc ity, fps 
» = radial velocity component, fps 

w = specific weight, lb per cu ft na oa, 


r = axial distance from plane of jet orifice, ft (prime indicates 
' distance from theoretical jet origin, ft) 

y = (ro—r)/ro, dimensionless 

= unit shear force, lb persq ft 


o = density, slugs per cu ft 
» = kinematic viscosity, sq ft per sec > ot 4a ae 


\ = stability parameter, dimensionless 
» = hydraulic efficiency, dimensionless ; 

= 
Subscripts: ] 


ins 


‘This paper under the title, ‘‘Mixing of Fluids by Inductors,”’ 
vas presented in preliminary form by the Process Industries and 
Hydraulic Divisions at a meeting of the Los Angeles Local Section, 
Nov. 4, 1947, of Tae American Socrery or MecHanicat 
NEERS, 

? Professor of Mechanical Engineering, University of California, 
Mem. ASME. 

*Research Fellow in Fluid Mechanics, University of California. 
jun. ASME. Present address: California Research Corporation, 
la Habra, Calif. 

Nore: Statements and opinions advanced in papers are to be 

understood as individual expressions of their authors and not those of 
the Soc iety. 


center line 
avg = average as specified 
in = total input to system 
0 = jet orifice condition 
8 = induced flow property 
crit = critical flow value 
z = in plane perpendicuiar to jet axis at distance x 


Jet Mixing of Two — 


FOLSOM? anno C. K. FERGUSON,’ BERKELEY, CALIF. 


1 = suction line to transferpump == 
2 = discharge line from transfer pump 


NTRODUCTION 


Mixing of two or more liquids in a Jarge tank may be accomp- 
lished with a variety of devices and by several procedures. If the 
liquids are miscible, they are frequently mixed by the turbulent 
action of a relatively high-speed jet of liquid, discharging into a 
region of slowly moving or stationary liquid. Because of the 
several different methods of producing a high-speed jet, designers 
and engineers who select and specify mixing equipment require a 
knowledge of the fundamentals of jet operation. A method of 
estimating jet-mixing performance is developed in this paper. 

Propeller-type agitators are common in laboratory and field 
installations. These agitators produce a large-diameter jet of | 
liquid which is carried by propeller-supplied momentum into _ 
regions of fluid having little motion. A similar effect may be _ 
achieved by a high-speed jet of liquid discharging from a nozzle, a 
a system which appears particularly attractive where existing 
pumps and pipe lines offer a working arrangement for a minimum 
capital expenditure. 

The method of analysis presented in this paper was developed © 
from existing theory and experimental data on fluid jets for the | 
purpose of evaluating comparative economies of the different 
mixing procedures. The analytical developments lack direct 
experimental confirmation, but they are believed to be of suf- 
ficient value to warrant the presentation of a summary treat- 
ment. An experimental program is to be undertaken. 


CONDITIONS 


The general problem, with allowable simplifications necessary 
for an analytical analysis, will be formulated on the basis of 
avialable experimental information and qualitative observations 
of water jets and dye in a transparent container. The maximum _ 
rate of mixing takes place in the highly turbulent jet. It will 
be assumed that the fluids to be mixed are of approximately the _ 
same specific gravity, and that all fluid inducted into the tur- 
bulent jet in a distance specified by tank geometry will be mixed 
uniformly with the driving fluid. Observations indicate that 
the mixing of fluid accomplished in regions outside the turbulent- ~ 
jet boundaries is negligible. Circulation currents aid in efficient 
mixing, but their direct contribution to mixing is small in com- 
parison with that caused by the violent agitation in the turbulent 
jet. The circulation results from pressure gradients in the flow 
system, but since the circulation velocities are small compared to 
the jet velocities, the pressure gradients will be negligible. 

Many data are available regarding the mixing process for a jet 
of gas discharging into a stationary gas infinite in extent with no 
appreciable pressure or temperature gradients (1, 2).4 In this 
case the gas acts as an incompressible fluid, and the results are 
dynamically similar to those for corresponding flow of liquids at — 
the same Reynolds number. Since the Reynolds numbers con- 
cerned are large, no appreciable differences are expected over the 
range of values considered. The data and methods for gases 
will be applied directly to the liquid-mixing problem. 

The total amount of fluid picked up by the jet and mixed with 
the jet fluid through the action of turbulence increases as the 


4 Numbers in parentheses refer to the Bibliography at the end of 


the paper. 
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distance from the jet source increases. It seems desirable to 
formulate a parameter (stability) which will indicate the distance 
over which appreciable turbulent mixing action takes place. 
For a free turbulent jet, all types of usual stability parameters 
tend to remain constant with distance from the jet source, thus 
providing no useful information regarding the mixing process. 
The limit of effective turbulent mixing will be specified in terms 
of the geometry of the tank and the jet. 

As a measure of the effectiveness of the mixing process, the 
performance parameter for mixing is defined as the quantity rate 
flow of the induced liquid per horsepower input into the liquid 
jet, Q,/Pin. In order to give an over-all performance parameter, 
the horsepower input is taken as the input to the device producing 
the jet. 


THE FREE JET 


The ideal symmetrical freé jet is one that issues from a point 
source into an infinite fluid of identical properties at rest. The 
actual approximation to this condition is shown in Fig. 1 in which 
the jet issues from an orifice of finite diameter. Kuethe (3) has 
shown that velocity distributions in the real jet correspond to 
those of the ideal jet for distances from the source greater than 
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Fie. 2 DistrisutTion, RapIAL VELOCITY GRADIENT, AND 
PER Cent Versus Rapivus 
(From Tollmien’s solution for the symmetrical free jet.) 


about 8diam. Beyond this location the axial velocity is inversely 
proportional to the distance from the origin, x’. In the region 
less than 8 diam from the orifice, the jet of uniform ve- 
locity fluid gradually approaches the free symmetrical jet-velocity 
distribution shown in Fig. 2. The region between the origin and 
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a distance of 8 diam contains a central core of uniform velocity 
for some 5 diam, as shown in Fig. |. For usual mixing arrange- 
ments, the initial length of 8 jet diameters is a small proportion 
of the total stream length. Consequently, solutions developed by 
Tolimien (4) for the ideal free jet may be applied for distances 
greater than 8 jet diameters downstream, when modified numeri- 
cally to agree with averaged experimental values. Tollmien 
based his calculations upon the Prantit] mixing-length theory (3) 
with the added assumption that the mixing length is directly 
proportional to the width of the jet; thus 

l=czr [1] 


since the jet of incompressible fluid expands at a uniform rate. 
With application of the principle of conservation of momentum 


and the condition that viscous forces are negligible, the Navier- 
Stokes equation for symmetrical flow becomes - 
ou ou oO ou 
U — +o — = r . [2] 
or or r or or | Or 
and the equation of continuity is | 
(Ur) +=—(ver) = 


Tollmien’s solution is given in Fig. 2. 

The experimental data of several authors for air jets provide 
adequate demonstration that the theory closely checks actuality. 
The constant c, in Equation [2] appears to be in the nature of « 
universal constant. The extrapolation to liquids appears valid, 
although lacking in experimental verification. 

In order to provide working equations describing the geometry 
and flow conditions of the jet, the experimental results have been 
combined with the theoretical solutions to provide numerical 
equations. The radius of the expanding jet at any axial dis- 


tance vr, is thus approximated by 


[4] 


Thus the free-jet origin seems to coincide with the plane of the 
jet orifice, a coincidence not predicted by theory. From theory 
the center-line velocity is expressed as 
where C, is a constant to be evaluated from experimental data. 
Using the experimental results of several investigators, as re- 
ported by Cleeves and Boelter (1) 
tribution for values of ./D, greater than 8 is 


) the center-line velocity dis- 


The values in Equation [6] are equivalent to adopting an average 
velocity of 0.422 U’., compared to an average velocity computed 
from the Tollmien velocity distribution of 0.328 U,. Equations 
[4] and [6] represent to.+8 per cent the available experimental 
data. 

The solution may be employed to predict the rate of induction 
of fluid into the turbulent jet from the surrounding quiet fluid. 
In terms of the volume rate of flow in the jet Q,’, the induced 
flow is 


.Q,' = (0.234(2/D,) — 1] Q,’ 
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where the continuity relationship is 


Combining the last three equations 
Q,’ = (0.795 x D,'/* — 3.40 D,/*) (P,’/w)'? (8) 


The character of the curves of Equation [8] is illustrated in Fig. 
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Fic.3 Q, Gpm/(PoHp)'/s Versus Jet Diameter, D, rt, CALCULATED 
FOR GASOLINE OF SpeciIFIC WEIGHT 47.3 PCF 


3. The maximum performance parameter for mixing may be 
shown to occur at r = 17.1 D,. 


Limits OF TURBULENCE 


As the jet flows away from the origin, the fluctuating velocity 
components become gradually smaller. According to data of 
Corrsin (2), maximum longitudinal fluctuating velocities remain 
at about 25 per cent of the center-line velocity for distances 
greater than 8D, to the limit of experimental data (about 40 
diam). Therefore the turbulence intensity decreases in a hyper- 
bolic relationship as does the center-line velocity. 

That the turbulence will remain a constant proportion of the 
jet center-line velocity may be predicted from a consideration of a 
stability parameter. A suitable stability parameter (5) is defined 


 <_s 


in which (r, —r) represents the distance from the jet boundaries; 
the velocity gradient, dU/dr, is proportional to the shearing 
lorees; and the kinematic viscosity is vy. This parameter repre- 
sents a ratio of unstable and stable forces. For a jet, in which the 
dimensionless velocity profiles at any distance zx, are similar, 
the form of the stability parameter may be plotted in dimensionless 
form as in Fig. 2. The dimensionless location of the maximum 
‘ability parameter at a given value of z, and the magnitude of 
the dimensionless velocity gradient at that point may be sub- 
stituted into Equation [9] to obtain, 


The st stability parameter, similar to the Reynolds number, has a 
"ansition value above which the flow will be fully turbulent. 
is critical value has been evaluated from pipe-flow conditions 


~ 


8 herit 600, satiate toa Rey nolds number of 2100 in a 
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pipe. The approximate magnitude of this critical stability 
parameter has been checked by calculating \ corresponding to _ 
locations in the jet for which Corrsin (2) has given oscillograms. 
The agreement is satisfactory, as bursts of turbulence occur at a 
Reynolds number of 2640, and no turbulence but occasional 
fluctuations are still visible at Reynolds number of 428. Near 
the outer edges of the jet, where the stability parameter \ < 600, 
it appears that a region of induction of fluid by viscous flow sur- 
rounds the central turbulent Investigation of the flow 
through the annular viscous ring indicates that, for cases in large _ 
tanks, per cent of the total fluid flowing is in the — 
As a result, satisfactory calculations may be 
carried out on the basis of Equation [4] for the mixing process, 
assuming that all induced fluid is mixed by turbulence. 

Equation [10] shows the maximum magnitude of the stability 
parameter to be independent of z. This result is based upon the 
solutions for completely turbulent jets in which viscous forces are 
neglected as being of low order of magnitude. The decay of the 
expanding turbulence is not predicted but physical considera- 
tions indicate that a maximum distance must exist beyond which 
the mixing through turbulence mechanisms is no longer pre- 
dominant. Experimental data for air extend over 40 diam 
from the jet nozzle. In that distance appreciable viscous effects 
For fluids such as gasoline and water, where the 
kinematic viscosity is '/i that of air, the applicability of the 14 
results should extend to greater downstream distances. 

Experimental and theoretical information presently available 
provides no means of estimating the length of jet in which effec- 
tive turbulent mixing is accomplished. In an enclosed tank with 
a jet issuing perpendicularly from the wall, the jet mixing is 
considered to proceed across the tank to the point where recircula- 
tion currents predominate. For a full circular tank of about | 
radius depth, the effectiye jet-mixing length is estimated to be 
about 75 per cent the tank diameter. At this distance, the re- 
circulation currents begin to reduce the fluid-induction process _ 
to a negligible amount. 7 

Making use of the analogy between momentum, heat, and 
mass transfer, it is possible to state that the form of the concen- 
tration distribution in the jet-mixing core will be similar to the ps 
velocity distributjons. From Equation [6] the center-line veloc-_ 
ity at 100 jet diameters will be 0.051 U,, and the corresponding | 
average velocity at that distance will be 0.021 U,. The con- 
centrations at this section will possess a similar distribution. 
This consideration justifies the assumption previously stated 
that all fluid inducted into the jet would be completely mixed 
in the effective mixing distance. 
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The specific problem of mixing hydrocarbons such as gasolines 
in large tanks will be investigated. Two possible methods of 
mixing will be considered. The first example will assume an 
installation with existing transfer pumps and pipe lines. The 
second example will treat the same mixing problems when using 
propeller agitators. 

The induction of surrounding fluid into the turbulent jet will 
be considered to extend across the tank to 75 per cent of the tank 
diameter. All fluid which has thus entered the jet will be con- 
sidered completely mixed, and such mixing as takes place in the 
recirculatory process will be neglected. Questions of jet location 
and direction are admittedly important, but are not included in 
the analyses, which assume jets discharging perpendicularly — 
from the tank wall and directed along a tank diameter. 

As a typical example, consider a 100-ft-diam petroleum storage 
tank containing gasoline of 2.7 X 10-5 sq ft per sec kinematic 
viscosity. A low specific speed (810) centrifugal transfer pump — 
is connected to the tank by 2100 equivalent feet of 12-in. suction 
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The transfer- 
The friction factor in 


line, and the same length of 10-in. discharge line. 
pump characteristics are given in Fig. 4. 
the Weisbach equation 


h, = 


for the transfer lines may be taken as 0.02 for a flow range of from 
200 to 1200 gpm. Considering the equivalent length of transfer 
line and a nozzle (diameter of D, ft) at the discharge, the pipe- 
line characteristic is 


- which may be rewritten using the continuity expression, Q,’ = 
(D?/4) V, as 


For the given example, substitution of numerical values results 
in 
paces Ub. Q 


for Q, expressed in gpm. 
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Fic. 4 AppLicaTion EXAMPLE OF TRANSFER-PuUMP PERFORMANCE 
Curves Wits Heap CHARACTERISTICS PLOTTED VERSUS FLOW 
Rate, Qo GPM 


(Pump operating speed 2500 rpm, specific speed 810, pumping gasoline of 
specific weight, w = 47.3 pcf, through 2100 ft of 12-in. suction line and 2100 
ft of 10-in. discharge line.) 


The system characteristics, Equation [13], for several jet- 
nozzle diameters are plotted on the pump-performance curve, 
Fig. 4. The intersection of the system and pump characteristic 
curves provides the discharge rate, Q, gpm, from which the 
hydraulic power (kinetic-energy rate) in the jet at the nozzle 


discharge may be calculated 

For a 100-ft-diam tank, the estimated effective mixing dis- 
tance is 75 ft. Data from Fig. 3 provide the quantity Q,/P,'/*, 
from which the induced flow, Q, gpm, may be calculated, using 
the hydraulic power P,, from the solution of Equation [14]. The 
performance parameter Q,/Pin, is the result of the final calcula- 
tion. 
In this manner the curves of performance parameters, Q,/P,,, 


versus jet-nozzle diameter P,, for various mixing distances z, 
were for Fig. 5. of the 


_ X 10-8 
41,600 D,* 
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acteristic curves of Fig. 3 reveals the large influence of the pump 
and pipe line on the system performance. In Fig. 5 the critical 
importance of choosing the correct jet diameter is apparent. For 
the jet alone, the ideal arrangement is to use large jet diameters 
and flow rates. For such operation, the high-head low-specific- 
speed transfer pump is unsatisfactory, as is illustrated by the 
low efficiency in the desired operating range. In addition, the 
desirable large flow rates result in large head losses with the long 
pipe lines. 
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Fie. 5 Inpucep FLow, Q, cpm, PER Hp Input To Pump, Pi, uP, 
Versus Jet DIAMETER FOR VARIED FREE-JeET DISTANCES 


(Plotted for gasoline, w = 47.3 pef, and pumping system of 2100 ft of 12-in 
suction line, 2100 ft of 10-in. discharge line, and transfer pump of specific 
speed 810.) 


From Fig. 5 it may be observed that an optimum perform- 
ance of 1400 gpm per hp at z = 75 ft is obtained for a jet diameter 
of about !/. ft. From Fig. 4 the corresponding power input to 
the pump is 89 hp. 

For a comparative evaluation of this over-all performancé, 
assume the 89-hp expenditure were available as hydraulic power 
at the jet discharge. 

From Fig. 3 an ideal induced flow rate may be calculated as 


For D, =0.166ftandz = .75ft 


= 32 ,600 


Q, = 32,600 x (89)'/? = 146,000 gpm 

a 

Another basis of comparison would be to assume the hydraulic 
power of 89 hp available at the jet but to employ the optimum 
jet diameter of 4.38 ft, as shown in Fig. 3, for a 75-ft mixing di> 
tance. Calculations similar to the foregoing establish the theo 
retically best performance parameter for this arrangement % 
3610 gpm per hp. 

Investigations indicate that mixing may be improved by using 
high-specific-speed pumps. These pumps would allow efficient! 
use of larger jet nozzles. Installation of a single central high 
specific-speed pump to replace the transfer pumps is a possibility 
which could be considered in an economic analysis. 

A second method of mixing is by the use of shrouded or Ul 
shrouded propellers mounted within the tank. The same type ®! 
analysis can be used to evaluate the essential characteristics of the 


process. The rotation of the discharge jet may be neglected. !* 
has been shown that a large-diameter jet is desirable, and ™ 


The performance parameter is 
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FOLSOM, FERGUSON—JET MIXING OF TWO LIQUIDS 


TABLE 1 RESULTS OF PERFORMANCE CALCULATIONS FOR 
VARIOUS MIXING METHODS 


Performance 
parameter, Relative 
Mixing equipment gpm/hp performance 
1 Optimum mixing (Do = 4.38 ft)........... 3610 1.00 
2 Propeller—22 in. diam, 60 per cent efficient 2810 0.78 
3 Jetonly—Do = '/eft.......... 1630 0.45 
4 Transfer pump and lines, Do = '/sft....... 1400 0.39 


propeller produces such a jet with a power loss due only to the 
driving system and propeller inefficiency. 

A 22-in-diam unshrouded propeller, operating at 60 per cent 
over-all efficiency (including motor losses) and in the same tank, has 
been selected as an example. From Fig. 3, with D, = 22/12 ft, 
x = 75 ft, and for the hydraulic power of 0.6 X 89 hp, the per- 
formance parameter for the propeller mixer is 2810 gpm per hp. 
A comparison of performance parameters indicates the propeller 
mixing to be twice as efficient as the arrangement of transfer 
lines and pump. 

The summary results of the calculations for the optimum per- 
formance of the several mixing methods as applied to the example 
installation are given in Table 1. 

The previous analysis did not attempt to specify a total time 
required to complete the mixing process. This time is dependent 
upon the degree of uniformity desired throughout the tank. For 
instance, it may be possible to disseminate additives sufficiently 
in a short time to allow diffusion to complete the mixing process 
without power expenditure. Quite apart from such considera- 
tions, considerable data are required before an accurate predic- 
tion of the concentration-time gradient at various points in the 
tank can be made. Owing to the complicated circulation flow 
pattern, the fluid in the center portions of the tank will enter 
and leave the jet region several times during the period in which 
the fluid near the tank wall follows the contour of the tank and 
returns to the jet region. As a consequence, several multiples of 
the entire tank volume must pass through the jet mixing before 
adequate uniformity will be obtained. 

The total time required for an equivalent tank volume to pass 
through the jet may be calculated from the performance parame- 
ter. With this magnitude as a reference, the sparse data, given 
by Bissell (6), for a propeller-mixing process indicate that at least 
10 equivalent tank-volume turnovers are required for adequate, 
mixing of gasoline constituents in large storage tanks. 

Considering again the typical problem using transfer pump 
and pipe lines, the time required for 10 equivalent tank-volume 


turnovers of the 3,200,000-gal tank volume is 
3,200,000 x 10 
89 X 1400 


= 257 min = 4 hr 17 min 


while for the propeller installation using the same power, the 
time requirement is reduced to 128 min or 2 hr 8 min. 

Without adequate transient-concentration data taken under 
controlled conditions, the caléulation of mixing times is prin- 
cipally comparative. Alternative systems may be compared, 
however, and the basis for an economic comparison has been 
established. 

CONCLUSIONS 

The existing theoretical and experimental data for a free tur- 
bulent jet are applied to the problem of jet mixing of fluids in 
large tanks. The results expressed in terms of a performance 
parameter are restricted to mixing similar fluids of low viscosity, 
but include the effect of jet-nozzle diameters, flow rates, and ef- 
fective mixing distances. The calculated performance parame- 
ters for different types of auxiliary equipment indicate the su- 
periority of propeller mixers over the other types of jet-ntixing 
installations considered. Vas 

oe 

The authors are indebted to Mr. Paul L. Armstrong and Mr. 
J. 8. Gallagher of Los Angeles for suggesting the problem, and 
to the Standard Oil Company of California for a grant in aid 
which made the investigation possible. 
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The indication of aircraft-engine oil and fuel pressures 
presents numerous problems. A brief study of existing 
gages shows that the two most serious problems are low 
temperature and engine vibration. A new gage has been 
developed to overcome these difficulties. The gage utilizes 
a second-harmonic remote-indicating system which is 
unique in that only one lead wire and ground return are 
required between indicator and transmitter. 


INTRODUCTION 


HE measurement of oil and fuel pressure on aircraft engines 

has been accomplished by gages which can be classified into 

two broad groups, namely, direct-reading and electrically 
remote-indicating. 

The direct-reading gages are used in two ways. One way is to 
connect the gage to the oil or fuel line through a capillary tube. 
While this method is simple, it has the disadvantages of difficult 
installation on multiengine airplanes, of possible loss of indica- 
tion at low temperatures due to the oil congealingin the capillaries, 
and of a fire hazard if accidental leaks occur. 

In order to overcome some of these difficulties, another method 
of using direct-reading gages has developed. This 
method uses a diaphragm in the oil and fuel capillaries near the 
engine to separate the oil and fuel from a special liquid which 
fills the remainder of the capillaries between the separating dia- 
phragms and the instruments. This transmitting liquid does not 
congeal at low temperatures and does not present a fire hazard. 
Therefore it overcomes two of the difficulties encountered with 
the first method. However, two other difficulties arise. During 
installation, and also when changing an engine, the air must be 
bled from the capillaries connecting the separating diaphragms 
tothe indicators, an operation which takes an appreciable amount 
of time. The other difficulty is that any appreciable leakage in 
tHe capillaries or connections between the separating diaphragms 
and the indicators causes erroneous indications which may be 
more dangerous than no indication. 

The’ remote-indicating systems, consisting of a transmitter 
hear the engine, connected electrically to an indicator on the 
instrument. panel, overcome most of the difficulties of direct- 
treading gages. However, up to the present time, the transmitters 
could not be mounted directly on the engine because the severe 
engine vibration caused bearing failures in the transmitter. 
locating it at a point neat the engine where vibration is not so 
severe requires at least a short length of capillary. Although 
this can be in an area which is kept heated after the engine is in 
operation, failure of indication may occur when starting the 
engine in cold weather. Engines have been ruined under these 
tonditions when lack of indication was attributed to frozen oil in 

the capillary but was actually caused by dangerously low oil 
pressure. 
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A real need therefore exists for a remote-indicating gage hav- 
ing a transmitter mounted directly on the engine. Such a trans- 
mitter must be capable of withstanding vibration accelerations 
up to at least 100 g. The ideal transmitter to withstand severe 
vibration is one which has neither bearings, gears, linkages, nor 
make-and-break contacts, and which uses a minimum number of 
connecting leads. The remote-indicating circuits previously 
available have all used either rotary motions requiring bearings _ : 
and gears or linear motions, involving close clearances or —_ 7. 
and-break contacts. 
Early in the development of the transmitter for direct engine 
mounting, it became evident that a short linear motion should 
be used and that this should act directly on the electrical system © 
to eliminate all bearings and linkages. Furthermore, the elec-_ 
trical system should have only one lead wire connecting the 
transmitter to the indicator so that a good solid connection to a 
terminal stud could be used. Failure of this one lead due to 
grounding or breakage should not cause a false indication but 
should cause the indicator pointer to move to an off-scale posi- 
tion. 


A remote-indicating pressure system meeting these require- 
ments has been developed and tests have proved that the de- 
sired advantages have been obtained. This system makes use of 
a bellows-operated transmitter which utilizes the so-called second- 
harmonic principle? to transmit a signal to a ratio-type indicator 
on the instrument panel. This principle requires a source of alter- 
nating-current power for its operation and the present equip- 
ment is designed for 400-cycle power supplies. 

In describing this system, the recently introduced method? for 
analyzing measurement equipment is useful in gaining a clear 
understanding of its fundamental functions. As shown in Fig. 1, 
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it is divided into three functional groupings, namely, the primary symmetrical about the zero axis and there is no unidirectional 
detector, the intermediate means, and the end device. component of flux. 

With a permanent magnet near core (a), as shown in Fig. 2, 
unidirectional flux from the magnet links the core as indicated. 
The primary detector is a bellows which was developed spe- The air gap (g;) prevents all of the permanent-magnet flux from 
cifically for this gage. The spring rate of the bellows is such that being shunted by the bottom leg of the core and therefore flux 
it requires no control spring, and the deflection with rated pressure from the magnet also goes through that part of the core which is 
applied is approximately '/i.in. Life tests made by cycling the surrounded by the winding. During the half-cycle when the 
bellows from zero to rated pressure and to zero show that several alternating current is in the direction indicated for greatest 
million cycles are necessary to show any evidence of failure. saturation, the permanent-magnet flux is added to the alter- 
The oil-pressure bellows is designed to operate with the pressure _nating-current flux in the top of the core and causes it to saturate 
applied to the outside so that as the pressure is increased the much earlier in the cycle than before the permanent-magnet flux 
bellows plates come closer together. The clearance between was added. During the other half-cycle, the alternating-current 
plates is controlled so that at a little over full-scale pressure, flux and magnet flux through the winding are opposed, and satu- 
the plates contact each other. Overpressure has no further effect _ ration is either prevented or reduced to a smaller part of the cycle. 
on the deflection and stops are not necessary. Thisisimportant It is true that the two fluxes add in the lower part of the core dur- 
on the oil-pressure bellows, since a thrust of 600 lb would have to ing the second half of the cycle, but the cross section of this part of 
be taken by an overload stop and such a stop would add consider- _ the core is made large enough so that saturation never occurs. 
ably to the weight and size of the transmitter. The saturation at the top of core (a) causes the peak current 
The fuel-pressure bellows on overpressure test exerts a thrust to increase above normal. This current flows through the coil 
of only 25 lb so that a conventional stop can be used and this on core (b) and causes the top of this core to saturate for nearly 
allows the pressure to be applied to the inside of the bellows. the same length of time as in core (a). During the second half- 
cycle, the peak current is less, which either prevents saturation 
7 altogether or reduces the saturation to a smaller part of the cycle. 
- The intermediate means as shown in Fig. 1 consists of asatura- If a direct-current ammeter is placed in series with the line 
ble reactor B, two movable permanent magnets D, and a power — supplying power to*this system, it is found that no reading is ob- 
source C. tained, which means that although the peak value varies, the 
The two movable permanent magnets are positioned with average value (or the area) of the positive and negative halves 
respect to the saturable reactor in response to the deflection of the — of the current cycle are equal. However, because of the saturation 
primary detector. The unidirectional flux from the permanent of the core during the positive half of the current cycle and not 
magnets is superimposed on the alternating flux in the saturable during the negative half, the average value of the flux (or area 
reactor core and produces a second-harmonic component in the under the curve) during the negative half will be more than 
current which is utilized by the end device to give a unidirectional during the positive half. This is shown in Fig. 3 
flux. This unidirectional flux in the end device exerts torque on The result is a net component of flux in the direction shown on 
the magnet attached to the indicator shaft. The manner in core (b) in Fig. 2. Increasing the permanent-magnet flux in core 
which this unidirectional flux is produced is best understood by a (a) increases the net flux in the direction shown on core ()). 
study of the simplified system shown in Fig. 2. teversing the magnet flux in core (a) will reverse the direction of 


PRIMARY DETECTOR 


INTERMEDIATE MEANS 


tn obd-ache the net flux in core (b). Thus flux rectification is obtained by 
using a nonlinear magnetic circuit, whereas current rectification 

~ 
CURRENT DIRECTIONFOR CURRENT ORECTON | could be obtained in the same system by using a nonlinear re- 
sistor in series with the line. If the resistance decreases with an 
m_ Cora? increase in current as most nonlinear resistors do, the direction di 


The principle of flux rectification described is sometimes called 
b ieage the second harmonic principle because the current which flows 


| Ls 
if \\\] CORE CORE a the flux obtained in core (b) by this means would be opposite to 
6 © Ge that obtained by the flux rectification just described. 


‘PERMANENT NET COMPONENT OF FLUX IS e 
MAGNET IN THIS DIRECTION has in it a large component of a frequency that is twice that of the 
Fic. 2. Srwpiiriep Seconp-Harmonic System = | mons 
7 
_ 
= 4 The cores (a) and (b) in Fig. 2 are identical cores of ferro- .- 5 g 
; magnetic material. It is desirable that these cores have high a ae en 
permeability so that they will saturate at a low value of mmf. ew 74s FLUX SATURATION | __ 
With no permanent magnet near core (a) the alternating-current ' Wi | i 
voltage is adjusted so that the current which flows is sufficient Tr ~ 
to saturate the core inside the winding during that part of the ar i. wt 
cycle when peak current flows. Since both cores (a) and (b) are | | | p | Y) 
similar and have similar windings, they both saturate similarly. ‘hx 
That part of the core which is not inside the winding has several “ene ..<10 Fuux sarurationf | | | | 
times the cross section of that section which is inside and there- FOR CURRENT A, =AgtAy 
fore does not saturate. The flux must cross the air gaps (g,) and eer Re RET NET POT 
(gz) and therefore a field extends out into the space surrounding Fic. 3 Curve Intustratine Fiux RecriricaTion 


each gap. If the voltage impressed on the terminals is sym- (The smooth curve represents sum of a fundamental and a second-harmow 


current. Curve enclosing cross-hatched area represents flux which this 
metrical about the zero axis then the flux crossing the gap is current produces in a core which saturates at 750 lines.) " 
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JEWELL—: A REMOTE-INDIG: 


power supply. For simplicity, the saturable reactor which causes 
the second-harmonic component of current will be called 
“generator” and the saturable reactor which makes use of the 
second-harmonic component of current will be called a “re- 
ceiver.” . 

DEVICE 


The end device, as shown in Fig. 1, consists of two receivers, E 
and G, a permanent magnet F, a pointer and scale J, and a gener- 
ator H. 

The receivers used in the end device are somewhat different 
from that shown in Fig. 2. The cores of the receivers used in the 
end device must be round, continuous, and centered with respect 
to the shaft which carries the permanent magnet so that the 
forces on the permanent magnet will be balanced and not cause 
a torque on the shaft as the magnet and shaft are rotated. One 


branch of the end device is shown in Fig. 4. With no magnet ad- 
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jacent to the generator core, the two windings on the receiver 
core must produce the same magnetomotive force per unit angle. 
Otherwise, the magnet centered in the receiver core will pro- 
duce a second-harmonic component of current of greatest mag- 
nitude in the winding having the greatest magnetomotive force 
and this in turn will produce an unwanted torque on the mag- 
net. The purpose of the balancing winding shown in Fig. 4 
is to get a constant value of magnetomotive force per degree of 
angle around the core. 

The torque-producing winding of the receiver is connected in 
series with the generator winding. The operation is then similar 
to that in-Fig. 2. The permanent magnet of the generator pro- 
duces a higher value of saturation in both cores for one direction 
of current, as indicated by the arrows in Fig. 4. The average 
value of flux for this direction of current flow will then be less than 
the average value of flux for the next half-cyele when the direc- 
tion of current and flux is reversed. The indicator magnet will 
align itself with the highest average value of fluy as shown. The 
torque produced will be proportional to the value of permanent- 
magnet flux in the generator core and also to the sine of the angle 
between the indicator magnet and its position of equilibrium 
shown in Fig. 4. If the generator magnet is reversed, the maxi- 
mum saturation occurs on the opposite half-cycle, and the indi- 
ator magnet will rotate 180 deg. 

Two sets of the receivers of Fig. 4 are used in the end device, 
The two receivers are mounted with the coils of one receiver 
rotated 90 deg with respect to the coils of the other receiver. 

_ One generator H in Fig. 1, similar to the intermediate means, 
‘8 mounted in the indicator case and has a permanent magnet, 
|, which is adjustable manually for calibration purposes, but 
otherwise is fixed. This produces a net component of flux in the 
receiver E of constant magnitude, except for variations in supply 

Voltage and frequency; hence the name “‘fixed-vector generator” 

has been applied to it. 
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The other receiver G which is connected to the intermediate 
means produces a unidirectional flux of a magnitude and direction 
depending upon the position of the permanent magnets D. This 
flux is at right angles to the flux produced by receiver E, and com- 
bines vectorially to give a resultant along which the magnet F, 
aligns itself. The pointer J is therefore positioned according to 
the position of the magnets D. Inasmuch as the position of 
magnets D is determined by the pressure applied to the primary 
detector, the scale is calibrated in terms of pressure units. 

TRANSMITTER 

The primary detector A, in Fig. 1, and the saturable reactor 
B, and magnets D, are assembled into one case and termed a trans- 
mitter. The external appearance of the transmitter is shown in 
Fig. 5. One end of the magnet support is fastened to the bellows 
as shown in Fig. 1, and the other end is supported on a G-shaped 
spring which allows motion in the direction of bellows deflection 
Guide bearings are not required and 
close clearances are not necessary. Only one external connec- 
tion lead is required. The design therefore satisfies the require- 
ments for direct engine mounting. 

The transmitters of the same pressure rating must be inter- 
changeable with each other and therefore require adjustments 
to take care of the variation in bellows lengths and spring rates. 
For a given deflection of the bellows, the change in output of the 
transmitter is increased by decreasing the distance between the 
two permanent magnets. The output at zero pressure is set by 
moving the generator core with respect to the two magnets. 

Direct engine mounting requires the transmitter to operate at 
temperatures as low as —55 C and as high as 125C. The strength 
of the permanent magnets decreases as the temperature is in- 


but prevents other motion. 


Fie. 5 InpIcATOR AND TRANSMITTERS 


(Differentia! fuel-pressure transmitter is at left and oil-pressure transmitter 
‘ is at right.) 


creased. Compensation for this change is obtained by inserting 
a temperature-sensitive magnetic alloy in the air gap of the gene- 
rator core. This shunts a portion of the permanent-magnet 
flux from the winding. Less flux is shunted at the higher tem- 
perathres, thus compensating for the temperature effect on the 
permanent magnets. The amount of compensation is controlled 
by the portion of the air gap which is filled with the temperature- 
sensitive magnetic alloy. 


INDICATOR 
All of the basic elements of the end device plus the te rminals — 
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for the power supply are mounted in one case and compose the 
indicator. Two indicators mounted in one case are shown in 
Fig. 5. 

As with the transmitters, the indicators must also be inter- 
changeable with each other. The scale length is adjusted by 
positioning manually the permanent magnet on the fixed-vector 
generator located in the indicator case. As the center of the 
magnet is moved away from the air gap in the core, less perma- 
nent-magnet flux links the winding and the fixed vector becomes 
shorter, thus causing the resultant vector to swing’ through a 
larger angle for the same change in transmitter output. The 
indicator is set on zero by rotating the whole assembly with 
respect to the scale. 

Temperature compensation of the indicator is obtained in the 
same manner as in the transmitter. It is applied only to 
the fixed-vector generator since the strength of the magnet on 
the pointer shaft does not influence the indication. 

The indicator pointer is caused to move off scale when power is 
removed from the terminals. This is accomplished by a specially 
designed stationary permanent magnet which reacts with the 
pointer-shaft magnet to give a constant torque in the down-scale 
direction. 

Failure of the connecting wire between transmitter and indi- 
cator causes the indicator pointer to move off scale. If this wire 
breaks, the magnetomotive force around one receiver core is so 
greatly unbalanced that the torque on the indicator magnet 
causes the pointer to move off-scale. If the wire becomes 
grounded, the magnetomotive force is again unbalanced because 
of the increased current in one receiver coil and the pointer is 
moved to an off-scale position. In order to limit the current 
when the connecting wire is grounded, a resistor is placed in series 
with the power supply as shown in Fig. 1. 


PERFORMANCE DATA ON DEVELOPMENT-SAMPLE 
PRESSURE GAGE 


Total power consumption, 
Scale angle, de 
Indicator torque (90-deg torque), 
Response time (zero to-full scale rest), sec...............+....- 1.0 
Accuracy (per cent of full scale deviation from standard calibra- 
tion curves) 
Voltage error (maximum in per cent of full scale taken with fre- 
quency held at 400 cycles) 
Frequency error (maximum in per cent of full scale taken with 
voltage held at 26 volts) 
400 to 430 cycles......... 
Ambient temperature érrors on indicator (maximum error in per 
cent of a scale) 


TABLE 1 


o~ 


Ambient-temperature errors on transmitter (maximum error in 
per cent of full scale) 
+25 C to +125C 
+25 Cto— 50C 


Ow 
w 


PERFORMANCE 


The performance data on the sample is shown in Table 1. 
The effect of direct-current potential drops in the airplane must 


+4 
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also be considered in any discussion on performance. Tests show 
that 1 per cent error is caused by 0.05-volt direct-current potential 
in the ground circuit between the transmitter and indicator. The 
error is proportional to the direct-current voltage, and if the 
drop is greater than about 0.2 volt it is advisable to unground the 
system in order to eliminate this source of error, 


The remote-indicating pressure gage described meets the re- 
quirements for mounting the transmitter directly on the en- 
gine. The size and weight of the transmitter and indicator have 
been kept to a minimum, and the over-all installed weight is re- 
duced by the use of a single connecting lead between the trans- 
mitter and the indicator. 

The '/s-in-pipe connection shown in Fig. 5 on the oil-pressure 


CONCLUSIONS 


Fe: 


The 
transmitter, by which the transmitter is mounted on the engine, analy 
is to be changed to a 1'/js-in. 12 straight thread to agree with ars 
proposed changes on the engine oil-pressure transmitter mount- chang 
ing pad. index: 


The 400-cycle power supply required is standard equipment on 
many of the large airplanes now in use. On airplanes not already 
equipped, the 400-cycle power can be obtained from a small 
inverter. 


Discussion 


F. F. UsnutnG.t The writer is disappointed that the prine iple 
involved in the author’s remote indicator does not lend itself to a 
higher degree of accuracy. Furthermore, it is apparent that when 
», the indicating member as represented by 
the permanent magnet will have zero torque and will require 
some form of servomechanism if the receiving end is to do any 
work. 


the system is in balance 


However, the writer is greatly interested in the principle in- 
volved and hopes that further refinements will result in both 


greater accuracy and higher torque. 


Mr. Uehling’s discussion on accuraey and torque requires 
some comment. 

The accuracy limits specified in Table 1 are largely due to the 
requirement that can be used with any trans- 
mitter. The over-all accuracy obtainable from a matched set 
(i.e., an indicator calibrated with a particular transmitter) is 
much better than Table 1 indicates. If the voltage, frequency, 
and ambient temperature are held within a few per cent of the 
nominal values, the indication error of a matched set would be 
less than 1 per c@nt of full scale. 

Although the torque of the indicator is ‘too low to operate ex 
ternal mechanisms, it is sufficient to give an indication with no 
apparent frictional error. 


any indicator 


4 Consulting Engineer, Passaic, N. J. Mem. ASME. 
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By G. J. TALBOURDET,' BEVERLY, MASS. 


The purpose of this paper is to present a description and 
analysis of several intermittent variable-speed devices 
in which former difficulties have been overcome. These 
changes have proved valuable in the design of turret- 
indexing mechanisms and in many other applications. 


pe 


The following nomenclature is used in the paper: 


@ = angular displacement of uniformly rotating member 

» = angular velocity of uniformly rotating member, radians 
per sec 

4. = pitch radius of output sun pinion, in. ty 

‘¢ = pitch radius of internal sun gear, in. £ . 

?, = pitch radius of planet pinion, in. 7 


?, = distance between centers of sun and planet pinions 

radius of eccentricity, in. 

pitch radius of cage gear 

1 = pitch line velocity of output sun pinion, in. 

pitch line velocity of internal sun gear, in. 

', = linear velocity of center of planet pinions, in. 
, = angular displacement of cage or arm 


v, = angular velocity of cage, radians per sec _ 
= 

a, = angular acceleration of cage, radians per sec?’ = : 

ve = angular velocity of internal gear, radians per sec 

4; = angular displacement of output sun pinion 


angular velocity of output sun pinion, radians per sec 
a = angular acceleration of output sun pinion, radians per sec? 


gear ratio between driving and mating external gear 
Np 


N D 


gear ratio between internal sun gear and output sun 


number of teeth in driving gear 


‘> = number of teeth in driven external gear 
Ye = number of teeth in internal sun gear 


Ya = number of teeth in output sun pinion 


pinion = - 


‘e = linear displacement of rack, in. - 
le = linear velocity of rack, in. per sec 
‘k = linear acceleration of rack, in. per sec? ° 
: ‘Mechanical Engineer, Research Division, United Shoe Machinery 
orporation. 
te ontributed by the Machine Design Division and presented at the 
m-Annual Meeting, Milwaukee, Wis., May 30-June 5, 1948, of 
American Society OF MECHANICAL ENGINEERS. 
‘OTE: Statements and opinions advanced in papers are to be 


taetood as individual expressions of their authors and not those 
“Society. Paper No. 48—SA-18. 


Motion Analvsis of Several Intermitten 
WVariable-Speed Mechanisms 


Featuring Zero or Near-Zero Acceleration and Deceleration 
Conditions at Start and at End of Motion of Output Shaft 


INTRODUCTION ~ 


In the field of automatic machinery, many interesting inter- 
mittent variable-speed mechanisms have been conceived and 
successfully applied to impart a definite and controlled variable 
speed to a rotary member. However, most of these ingenious 
devices are satisfactory only when the speed of operation is rela- 
tively low and the inertia of the driven parts is proportionally 
small. 

In many instances such devices could be successfully used at 
relatively high speeds and with appreciable inertia of the driven 
member, provided that the forces acting on the driven members 
are gradually applied during the period of acceleration. Also, 
that the energy stored in the driven parts during that period is 
gradually taken away during the deceleration period, so that no 
residual energy is left in the driven body when it comes to rest. 
Then, to obtain these desirable features, the motion of the driven 
rotary member should meet the following requirements: 


1 Negligible acceleration at the start. a 

2 Gradual change in acceleration. 

3 Smooth change from acceleration to deceleration. _ wr 
4 Gradual change in deceleration. 

5 Negligible deceleration as the rotating body comes to rest. 


It is evident that these requirements can be met only if, at any 
instant, the motion of the input shaft is known, whatever its 
characteristics. This paper, however, will confine itself to the — 
case in which the input shaft has a uniform angular velocity — 
throughout its cycle. It will also assume that deflections of — 
parts, gear-teeth backlash, and bearing clearances are sufficiently 


small as to have a negligible effect on the motion of the output 
shaft. Furthermore, it shall assume that mass-to-stiffness ratios 
throughout the system are such as to preclude the existence of 
resonant torsional vibrations in the range of the desired operating 
speéds. 

Design must therefore consider all the foregoing factors; ae. 
otherwise, the motion of the output shaft will not follow that given 
in the subsequent analyses. 

. With these conditions in mind, we can then readily vizualize a 
flow of energy from the driving to the driven rotating member _ 
during the acceleration period and vice versa during the period of 
deceleration. It requires of course a reservoir of energy in the tps’ 
driving member, which is most easily obtained by the use of a 
suitable flywheel on the input shaft. 

The purpose of this paper is to present therefore the deserip- 
tion and the analysis of several intermittent variable-speed de-_ 
vices in which the features mentioned have been incorporated 
and proved of real value in the design of turret-indexing mecha- . 
nisms and in many other applications. 

In general, these devices, Fig. 1, are the results of the com- 
bination of planetary-gear systems, quadric cranks, links and 
cams, in which one of the members of the planetary-gear system 
is driven at a uniform angular velocity, while another is given a tn 
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controlled oscillatory motion, thus imparting to the driven 
member a definite and variable angular motion. It is also pos- 
sible to obtain an appreciable dwell of the output shaft when the 
oscillatory member of the planetary-gear system is actuated by 
acam. Furthermore, by the use of such a cam, the output shaft 
can not only be given a dwell period but also it can be made to 
reverse its direction of rotation. It all depends on the charac- 
teristics of the motion of the oscillatory member of the plane- 
tary-gear system. 


Bastc PrincipLES DEMONSTRATED 


To bring out the basic principles used in the analysis, we shall 
consider the planetary-gear system shown in Fig. 2 in which the 
internal sun gear S; is driven at uniform speed, cage A carrying 
planet pinion P is given a variable motion,-and sun pinion S; 
is the driven output member. 

Then, using the velocity vectors and instant center methods of 
attack, we can vizualize readily that the output of sun pinion 
S, remains stationary, only when the instant center J is at the 
pitch point C of the sun gear S, and planet pinion P. SS 

Then from Fig. 3, when w. = 0 ’ 


6 , Ve 
Re 
[2] 


For conditions V4 > V.2/2, the sun pinion rotates in the direc- 
tion of the internal sun gear S:, because the instant center J lies on 
the center line OO, and between pitch point C and center 0. 

From the rr of Fig. 4 we have 


_ — wake 
Ry 


For :ondition V4, < V./2, instant center J lies on the center line 
00, between O, and pite *h point C. In this case, S, rotates in 
the opposite direction to the internal sun gear S,. Then from 
Fig. 5 


2V 4 — Vaz. 


Ra 


For condition V4 in the opposite direction to Ve, Fig. 6, in- 
stant center J ligs between O, and pitch point C;. Then the sun 
pinion S, will rotate in the opposite direction to the internal 


sun gear So, and 


= 


When w, = O; instant center / lies on O, and 


Thus by changing the angular velocity of cage A, while the in- 
ternal sun gear S, rotates at a uniform angular speed, sun pinion 
S, can be made to remain at rest or to rotate at a definite angular 
velocity in either direction. 

When the cage is given a simple harmonic motion, we have a 
special case in which the conditions of zero acceleration at the 
Start of the motion of the driven sun pinion and zero deceleration 


af) 


Figs. 2 To 6 


FiG.6 


fore, the moving bodies are rigid. 

A consideration of the foregoing conditions and of the relation- 
ships between the members of a planetary-gear system led to the 
design of the following devices, the description and analysis of 
which will be given: 

Internal planetary-gear system with rack and Scotch-yoke 
control mechanism. 

Fixed-eccentric and sliding-rack control mechanism. 

Simple external planetary system and fixed-eccentric control 
mechanism. 

Internal planetary-gear system with rack or segment and cam 
control mechanism. 

Screw and gear with cam control mechanism. 


INTERNAL PLANETARY-GEAR System WitTH Rack Scorcn- 
YoxKE ContTroL MECHANISM 


Description of Mechanism. As shown in Fig. 7, the mechanism 
consists of a drive shaft A, gear B, and crank C. Gear B meskies 
with gear D integral with internal gear S; of a planetary-gear 
unit, while crank C is part of a Scotch-yoke mechanism to which 
rack E is attached. Rack £ in turn actuates gear F fastened to 
cage G carrying planet pinions P free to rotate on pins H mounted 
on cage G. Pinions P are in mesh with both internal sun pinion 
S, and output sun pinion S,. Thus we have a simple planetary 
system in which the internal gear is the driving member rotating 
at uniform velocity, while the center of the planet pinions moves 
in a simple harmonic motion. 

Analysis of the Motion. From the geometrical conditions of 
Figs. 8, 9, and 10, we have the following: 


= —Ry sin 0 = 


(a) Motion of rack 


w*Ry sin 
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(mz. + 1) Ro sin wt 


Rr 


When 
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a) = 


or as a function of w and gear ratios m, and m: : 


Ro . 
a) = = (m, + 1) sin @ 
F 
» + 1) Ry cos 
61 = Sf ond, =w Sf (mm, -- d, 


= MyMewt — +c = mm 


| 1) Ra 


..c= 
a ms + 1) Ro sin 6 
an 65,5 = mym6 — ( ) Reo 
Rr 
Pai From Equation [7] the value of Ro is determined from the con- 
dition w,, = 0. Whené = 0, then 


(b) Motion of cage 


ie ‘= (c) Motion of output sun pinion 


Since sun gear S, rotates in the opposite direction to sun gear 
S., we have from Fig. 5 and Equations [5] and [6] 


0 = mm. — + 1) 


Ry = — Rp 


Equations of motion of rack 


= 
hay, a Equations of motion of cage 


+1 


Replacing Ro by its value, we have the following: 
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jotion of the output shaft. 


TALBOURDET- 


MOTION 


Equations of motion of output sun pinion 


= mms (0 sin @) 

= (1 cos 6) 

a. = sin 6 


These are the equations of the planetary system and Scotch- 
ke mechanism previously described. The equation of the ac- 


eleration of the output pinion indicates that the acceleration 


irve is a sine wave which fulfills the conditions of the zero ac- 
leration at the start and zero deceleration at the end of the 
This is illustrated in Fig. 11 where 
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the angular displacement, velocity, and acceleration of the out- 
put shaft have been plotted as a function of the angular displace- 
nent of a drive shaft rotating uniformly at the rate of 1 radian 
yer sec, and for values of varying from 1/2 to 6. 

For reasons of design, construction, and compactness, as well 
% to eliminate the sliding actions inherent to a Scotch-yoke 
mechanism, it is preferable, in many instances, to replace the 
Seotch-yoke and rack mechanism by a quadric crank. In so doing, 
however, the motion of the cage deviates from simple harmonic, 
due to the effect of the angularity of the connecting link. This 
deviation in the motion of the cage results in a departure from the 
She-wave acceleration and from the symmetry of the motion of 
the output shaft. 

In some applications this deviation may be objectionable, but, 
“general, the value of the acceleration and deceleration at the 
“art and at the end of the motion of the output shaft is suffi- 


IN 


cently small to be of no importance in practice. 
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When the Scotch-yoke and rack mechanism is replaced by a 
quadrie crank, the analysis of the motion of the cage and of the 
output shaft is more complex. The equations of the motion of 
the driven member of a four-bar linkage, which are also those of 
the oscillating cage, must be introduced in the analysis. These 
have been published,? and can be readily applied. However, the 
radius of the crank must be determined accurately so that the 
maximum angular velocity ofthe driven link or cage will be made 


equal to (mymw)/ (me: + 1). 
To determine this radius, we know that it should be less than 
(mym2R,,)/2 and therefore must use values somewhat smaller, aft 


and calculate the angular velocity of the cage until we obtain 
a crank radius which imparts to the cage a maximum angular 
velocity equal to (m:mw)/(m, + 1). This angular velocity 
should in no casé be greater, otherwise the output shaft will re- 
verse its motion, and in practice it is advisable to decrease the 
crank radius by a few thousandths of an inch. While this pro- 
cedure may appear cumbersome, the required crank radius can 
be determined accurately and rapidly with calculating machines. 
Then, knowing the radius of the crank, the equations of motion 
of the cage are combined with the motion of the internal sun gear 
of the planetary system to determine the motion of the output 
sun pinion. 


Fixep EccentTRIC AND S.iipinc-Rack ConTrot MECHANISM 


Description of Mechanism. As shown in Fig. 10, the mechanism 
consists of rack B moving in slot C cut in disk or flywheel A, and 
also in mesh with pinion S,; attached to the output shaft. 

* Motion of rack B is controlled positively by strap or connecting 
link D fastened to B by means of pin E. Strap D is also free to 
turn around a dead crank or stationary shaft F, fixed in the frame 
and off center with flywheel A. _ 

Thus we have a flywheel rotating at uniform speed which, =| 
through pin £, constrains strap D to turn around stationary shaft 
F, and to cause rack B not only to slide back and forth in slot C 
but also to roll on pinion S;. Then, under the combined motions 
of rack B, a variable-speed motion is imparted to the output 
pinion S;. 

To obtain a condition of zero velocity and zero acceleration at 
the start and at the end of the cycle of the output pinion, dis- 
tance OO, between the center of the flywheel and the center of 
the stationary shaft must be equal to the pitch radius of the out- 
put pinion. 

Analysis of Motion. 


When R = length of connecting link, in., 
and all other symbols are the same as before, we have from the ; 
geometrical conditions of Fig. 12 


Sp = R + Ra sin — — R,? (1 — cos 6)? 


2? “Simplifying Graphical Solution of Linkages,”’ 
Machine Design, vol. 14, 1942, pp. 68-70. 
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Equations of motion of output pinion 


Sp 
Ver 
= wo—- — 
Ra 
asR 
Ra 


hese equations indicate that for values 


= 0, = w. = 0, and a, = 0 in 

which fulfills the conditions of zero acceleration at the start and 
zero deceleration at the end of the motion of the output pinion. 
This is illustrated in Fig. 13 where for values R,,; = 1 in. and R = 
6 in., the angular displacement, velocity, and acceleration of the 
output pinion have been plotted as a function of the angular dis- 


placement of a flywheel rotating uniformly at the rate of 1 radian 
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: per sec and counterclockwise to compare it with the output mo- 
tion of the next device. Here, the curves of the motion of the 
output pinion are not symmetrical. 


ExTerNat PLANETARY SysTEM AND Frxep-Eccentric 
Controi MECHANISM 


The mechanism is a sequence of the sliding-rack and fixed- 
eccentric device previously described. Here, the rack is replaced 
by an oscillating external gear segment to eliminate the sliding 
action of the rack. 
Description of Mechanism. 


As shown in Fig. 14, it consists of 


88 BT eI TRANSACTIONS OF THE ASME JANUARY, 1949 
then Nea an external gear segment B whose center is free to oscillate on pin 
d sin 6 (1 — cos 6) C attached to disk or flywheel A; B is also in mesh with pinion 
4 Ver = = Ry w| cos + — - S, fastened to the output shaft. Through pin Z, the motion of 
if d, | R? — (1 — cos 6)? gear segment B is controlled positively by a strap or link D, which 
a \ R,? is free to turn around a dead crank or stationary shaft F’ fixed in 
and eat gs the frame and off-center with that of flywheel A. = 
win 
as 1 
d,? & j R2 
1 (1 — cos 
sin? @ (1 — cos 6)? | 
aan: sin? 6 + cos 6 (1 — cos 6) + R 
— (1 — cos 6?) 
R,? 


15 


Thus we have a flywheel rotating at uniform speed which, 
through pin EF, constrains link D to rotate around stationary 
shaft F and to cause gear segment B to oscillate about center 0: 
of pin C and also to roll on pinion S;._ Under the combined 0s 
cillating and rolling motions of gear B, a variable motion is im- 
parted to output pinion S,. 

Fig. 14 shows the mechanism at its starting position when link 
D is normal to center line OO, and to the line joining pins € and 
E. At that position, link D passes through the common piteh 
point of gear B and pinion S; 


Analysis of Motion: . whi il 

M = center distance between pins C and Z, in. 
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L = length of connecting link, in. 

R = distance O1/n Oz, in. 

a = angle between M and center line O O2, deg 

#, = angular displacement of planet-gear segment around 
center deg 

», = angular velocity, radians per sec 


= angular acceleration, radians per sec? and all other symbols 
are the same as before 

We have from the geometrical conditions of Fig. 15 : 

Ro sin (@ — a) 


M3 + R?—.L* pe 


2MR 


= VR,? + Ro? — 2R4Ro cos (6 — a) 


R, — Ro cos (6 — a) 


: 


where 


Rg = Ry + R,, and R 


Lettin 
Mt + Rg! + Ret Lt 
> = R,? + Rot — 2R4Ro cos ¢ 


= K — 2R,Ro cos 


Ro sin roe, 
y = — 
R, — Ro cos ~ ' 
8 = cos —— 
aM VB 
~ 
md 
Ro sin @ D 
—— 

4 — Ro cos | 
dé, R R, cos Ro B 

d, B V 4M? B— D? 
in? 
d? 14M? B — D? B 
D D 2R,Ro sin? (2M? — D) 


Ro 

Ra 


The conditions of zero acceleration at the start and zero de- 
teleration at the end of the motion of the output pinion are ob- 
tained when 


a = 45 deg 
Ry cos 45 


deg = 0.7071 Ry 
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M 
L 


R, cos 45 deg = 0.7071 R, 
= M + Ro = 0.7071 (Ryu + R,) = 0.7071 Ra 


To compare the motion of the output pinion with that of the 
preceding device, the angular displacement, velocity, and ac- 
celeration have been plotted in Fig. 13 for values Ra 1 in., 
and R, = 3in. Here, again, the curves are not symmetrical and 
deviate more from the curves shown in Fig. 11 than those ob- 
tained by the sliding-rack and fixed-eccentric mechanism. 

In many applications, this deviation is more than offset by the 
elimination of the sliding action present with the rack and fixed 
eccentric-controlled mechanism. 

While the foregoing device uses an external gear segment, the 
same results can be obtained with an internal gear segment. 


INTERNAL PLANETARY-GEAR SysTeM WitH Rack oR SEGMENT 
AND Cam ConTROL MECHANISM 


Description of Mechanism. As shown in Fig. 16, this mecha- — 
nism is similar to the internal planetary-gear system with rack and 
Scotch-yoke mechanism (see Fig. 1), except that the Scotch yoke 
is replaced by a cam and a radial cam follower. 

It consists of a drive shaft A, gear B, and cam C. Gear B 
meshes with gear D integral with internal gear S, of a planetary- 


gear unit, while cam C, through its radial follower J, actuates 
rack F in mesh with gear F fastened to cage G, carrying planet 
pinions P free to rotate on pins H mounted on G. Planet pinions 
P also engage with internal sun gear S; and output sun pinion S). 
Here, again, we have a simple internal planetary system in 
which the interna] gear S, is the driving member rotating at a 
uniform velocity, while the motion of the center of the planet _ a 
pinion is controlled by that of a cam follower. a 
Thus by varying the characteristics of the motion of the cam 
follower, the motion of the output sun pinion can be made to 
meet some specific conditions, such as, to remain at rest duringa 
given angular displacement of the driving member, then torotate = 
a definite amount during the remaining part of the cycle of the — 7 
driving member while fulfilling the zero-acceleration conditions __ 
at the start and the end of its motion. While many other con- 
ditions can be obtained, such as the reversal of the motion of the 
output sun pinion, the following analysis will consider only the 
first conditions mentioned; that is, a definite rest period followed. 
by a rotation of the output pinion during the remaining part of the — 
cam cycle. a! 
Analysis of the Motion. When 6 = angular displacement of _ 
cam during rest period of output sun pinion, 6 = angular dis- . 
placement of cam* during motion of output sun pinion, and K = 
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ratio between a complete cam cycle and its angular displacement 
required to rotate sun gear S; a desired amount, and all the other 
; symbols as before, we shall then determine the equations of mo- 

tion of rack and cage when output pinion is stationary. From 


Equation [2] 


0 } Ws2 Ry 
= 0, When = — 
« 2R, 


since 


and 


then 


—mw, Re = 


Ry (ms + 1) 


my Mw 
me + 1 
This equation indicates that the output sun pinion remains 
stationary as long as the angular velocity of ‘the cage carrying 

. the planet pinion is uniform and a function of gear ratios m, and 


In the analysis of the internal planetary system and Scotch- 
yoke device, we have shown that the angular-acceleration curve 
of the output sun pinion is a sine function and its angular velocity 
is mymaw (1 — cos @), where @ varies from 0 to 2x. 

In this case, 6 varies from 0 to 6, where the value of @ is 2x 


or less than2x. When 
62 = 2r, 6; = 0, K = on = 1 


and the equations of motion of the output sun pinion and of the 
cage are similar to those given for the internal planetary system 
and Scotch-yoke mechanism. 

However, when < 27, that is, when @; > 0 
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sin Kot 
= mmKw S (1 cos Kwt) dt = mymeK\ wt 


kK 
when 
t= 0, 6, = 0, 
and 
= mym, (KO — sin 


From the geometrical conditions of Fig. 
[6] we have 


5 and from Equation 


Wat Ry welt 


QR, 


Since aw = 


Ra = moR and R, z FR 


° = — wit = — —— wt = 
+ m +1" ms + 1 Pal 
wt = 0 wo. = (1 cos K@) 
~~ then and 
= ‘OSs > 
me + 1 me + 1 
Where @ varies from 0 to 6; then 
mim 
= S[K(1 — cos — 1| dt 
A max ms 1 mz + 
ve 
ainear displacement of rack and radial cam follower 6, = E +c 
1M, 
m +1 1 = +1 Kw sin Kot wt] + 
ms 
+1 t= 0,0, =0, .c=0 
= a¢ id = [0 (K 1) — sin 
m, + 1 


It should be noted that values of 6, for any value of @ are ob- 

tained directly up to @ = 6/2. Then for 6/2 to @&, use twice the 

value of 6, when @ = 6,/2 minus value of 6, for @ = @/2 to.@ =° 


mymek? 


dw 4 
a4 = 


w? sin 
dt m, + 1 


The linear motions of the rack, hence of the radial cam fol- 
lower, are readily obtained by introducing in the equations of 
motion of the cage, the radius R, of gear F. 

Equations of motion of rack and radial cam follower 


Spe = 
ar = Rypa, 


_ Equations of motion of cage 


For 


tained 
radial 


hen 


' 
[me + 1\ 
P 
Sine 
lus vi 
rom ( 
So f. 
ar 
- 
: 7 
: 
ae To 


O4 


Une 
=() 
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mms From the geometrical condition shown in Fig. 17 we have 
wo, = cos me) — 1] 
R = VM? + C?— 2CM cos (a 
m + 1 Russ = V M? + == 2C M COS a 
R2 2 ] 
Equations of motion of output sun pinion egg e = Re : 
2RC 
= Keo (1 cos K6) the radius vector and its co-ordinates 
For stationary conditions of output sun pinion 
mM; ~ 
— GEAR CAGE 
m +1 
—m, Mz 
= 
m+1 | 
a, = 0 
—m M2 
= —-R = 
2+ 1 
GEAR SEGMENT ARM 
Me 
Ve = = - Rpw 
R Fw 4 F = 
apy = 0 Fic. 17 
Since Sz is the displacement of the radial cam follower, the ra- To illustrate the motions of the cage and of the output sun 


ius vector of the cam can be readily obtained for any value of 6 pinion under conditions of no dwell, 90-deg dwell, 180-deg dwell, _ 
om 0 to 6 during the rest period, and for any value of @ from and 270-deg dwell of the output pinion, the angular displacements, _ 
to, during the rotation of the output sun pinion. velocities, and accelerations of cage and output sun pinion have ~ 
So far we have assumed the motion of the cage to be controlled — been plotted, respectively, in Figs. 18 and 19, assuming gear — 
ya rack and a radial cam. The same results also can be ob- ratios m; = '/;and m: = 2. 


ained by replacing the sliding rack by a segmental gear and the a 7 
dial follower by a swinging cam follower. When Screw AND GEAR WitH Cam ContTROL MECHANISM 
, @ pitch radius of gear segment, Description of Mechanism. As show nin Fig. 20, the mecha- a 
= angular displacement of se tc gear and swinging cam nism consists of screw B and cam C, free toslide on input shaft A. 
The sliding motion of screw B ond cam C is controlled by the 
» angular velocity aay a iden thee action of cam C against a roll D fixed in the frame of the machine. 
Se rew B is also integral to cam B and engages with output gear 
Si. 
Thus we have a screw subjected to two positive motions; 
uniform angular rotation, and a variable axial translation. The 
a. : combined motion of rotation and translation of the screw deter- 
Rp ae mines the characteristics of the motion of the output gear. 
wo, = wa e * As with the mechanism previously described, the motion of the 
R, iinet output gear can be made to meet some specific conditions, but, 
Rr again, the analysis will only consider a definite rest period fol- 
ee R, oA lowed by a rotation of the output gear during the remaining part 
To determine the radius vector and its co-ordinates required for of the ¢ am cycle. fe of 
‘he manufacture of the cam leader, we will let Analysis of the Motion: ~ ai oO - . 
R = radius vector, in. When : 7 
C = center distance between cam and swinging cam fol- 6, = angular displacement of screw eH cam during rest pe lilt 
lower = OO,, in. of output gear 
= length of follower arm, in. 6. = angular displacement of screw and cam during motion of 
= angle between OO, and extreme outward position of output gear 
cam follower M, deg K = ratio between one complete revolution of cam and angylar 
= angle between OO, and radius vector when cam fol- displacement required to rotate output gear desired 


lower is at its extreme outward position, deg amount 
= any angle between OO, and radius vector, deg L = lead of serew, in. 
=e—€ R = pitch radius of output gear, in. 
= horizontal co-ordinate, in. — ne A Rts ped m = ratio between number of starts in screw and number of | 


= vertical co-ordinate, in. | teeth in gear 


4 
ay 
‘ 
> 
sin 6 
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V = uniform axial velocity of screw thtead, ips 
S, = axial displacement of screw and cam, in. = 
V, = axial velocity of screw and cam, ips beat Sieur; 9 
a = axial acceleration of screw and cam, ips 


as before 


| | | | 
| 
5 | | 
8 a | | 
+— + 
| | 
\ 
ow INTERNAL PLANETARY GEAR SYSTEM with RACK wal 
OR SEGMENT AND CAM CONTROL MECHANISM 
Sg MOTION OF OuTPUT SUN PiNiON 
beg WELL 
| Tw 270° OweLt Fic.19 


So = total axial displacement of screw and cam during test 
period of output gear, in., and all the other symbols 


We shall determine the equations of axial motion of screw 


and cam when the output gear is stationary, ie., when wn = 0. 
Assuming clockwise rotation of screw and a left-hand helix 


Since 


a wn = 0, Va = 0 
and 


but 


This equation indicates that the output gear remains stationary as 
long as the axial velocity of the screw is equal and in opposite | 
direction to that of the screw thread. 


Then 
L I 
wot 
2n 2a 
when 
t=0; S,=0, .C=0 
and 
when 
Then during the rest period of output gear ‘inay ‘i 
S, So =- on’ and or 


We shall now assume that during the rotation of the output 
gear its angular acceleration is a sine function and its angular 
velocity is mKw (1 —.cos K@); that is, the equations of motion of 
the output gear are similar to those given in the analysis of the 
internal planetary-gear system with rack and cam control mecha- 
nism. Then 


6. = m(K@ — sin Ké@) 
wa = mKw (1 — cos K6) 


= sin KO 


where @ varies from 0 to @, and K = 27/62. 
To determine the equations of axial motion of screw and cam, 
we have from Fig. 21 
Va 
Lw 


mRKw (1 — cos K@) = — + Vy 
us 


L 
V4, = mRKw (1 — cos — 


us 
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T 


then 


then 


It she 
tained 
value of 


there 


2 D 


. 
= 
when 
= 
4 
— 
‘ 
+ | \ 
ance 
¥ 
and 
S, = (mex (1 — cos Kwt) — — dt 
= mRKw | t — —— ] —— + C 


= 


0. tent wrt 


S, = mR (Kot — sin +C 


= mR +C 
0, S, = So = So pam 
then 
S, = mR (K@— sin Ke) 9 
us 


ular 
yn of 
the 
L 
S, = mR (K@ — sin Ké) — = (0 + 6) Nid 
It should be noted that values of S, for any value of @ are ob- 
am, (“ned directly up to @ = 6/2. Then for 6/2 to 6, use twice the 
value of S, when @ = 6/2 minus value of S, for 0 = @/2to @ = 0 
dV. 
= mRK*%? sin Ké 
Equations of axial motion of screw and cam: 


1 During dwell period 


Le Lew 
vhere @ varies from 0 to 


2 During motion of output gear 


L 
S, = mR (Ke — sin Ke) — (@ + 6) 
us 
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Let V. = mRKw (1 — cos — — 


~ 
ry. a = mRK*’ sin 
vhere @ varies from 0 to 6; anc tik a 
E of motion of output gear 
ae = mKw (1 — cos K@) 


= mK*? sin 

The values required for the manufacture of the cy lindri ical cam 
are readily obtained from those of the axial displacement S, of 
the screw and cam. To illustrate, the axial motion of screw ang 
cam under conditions of no dwell, 90-deg dwell, 180-deg dwell, 
and 270-deg dwell of the output gear, the axial displacement, 
velocity, and acceleration of the screw and cam have been plotted 
in Fig. 22, assuming gear ratio m = 1/2. This ratio is 
used in the calculations for the results plotted in Figs. 17 and 18. 
In this case, the motions of the output gear are the same as those 
of the output, sun pinion plotted in Fig. 19. A comparison of 
Figs. 18 and 22 also shows the characteristics of the angular 


mm = 


ANGULAR DISPLACEMENT OF INPUT SHAFT IN De@Rees 
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motion of the cage and the axial motion of the screw to be similar, __ o 
i.e., the motion of the cam follower actuating the cage is the SI 
same as that of the cam actuating the screw. Thistypeofmecha- P<) 
nism is especially adapted for relatively high reduction ratio, 
but, here again, the sliding action of the screw is not as favorable 
as the oscillating motion of the cage of the preceding device. 


CONCLUSION 
The description and analysis of devices with conditions of zero 
acceleration at the start of the output member and zero decelera- 
tion at the end of its motion have been the primary objective of 
this paper. Many deviations from these conditions can be ob- 
tained. Specific requirements and conditions influence the 
choice of the device foragivenapplication, 
Discussion 
J. F. Downe Smiru.* Since the writer was connected with 
the United Shoe Machinery Corporation, Research Division, 
for 7 years, until 15 months ago, and it was during his stay there 


3 Towa State College, Ames, Iowa. Fellow ASME. 


= > 
ji 

+ V frie. 

V 
-A 


that a large part of the development work on this mechanism 
took place, he is reasonably familiar with the various possible 
combinations, where they were used, and with what sugcess. 
When the design was first proposed by Messrs. L. James, L. 
Topham, and other designers at that corporation, a careful engi- 


neering analysis was considered necessary, and this analysis has 
been largely done by the author. 

In case the reader might be tempted,to slight the thoughts 
involved in this paper, because of the extensive mathematics, it 
is suggested that he study the motions and charts carefully. It 
is the writer’s firm conviction that the movements will become 


extremely important wherever indexing at high speeds is desired. 

Many such designs were incorporated into equipment built for 
the armed services during the war, with almost uncanny results. 
Kor obvious reasons further details will be omitted. 

Wherever such a device was introduced the indexing problem 
became easier, and, generally, higher speed of machine operation 
was permissible. Several such indexing and variable-speed mecha- 
nisms have been built into production machines, with satisfying 
results. 

For some types of machines, the mechanisms proposed might 
be considered too complicated and costly to be justified, and an 
analysis of the various factors involved sometimes indicated to 
the designers and engineers that a simpler scheme could be sub- 
stituted profitdbly. However, where high-speed operation was 
concerhed, and first cost was not as important as smooth opera- 
tion and long life, one of the several possibilities shown was 
always considered seriously. 


J. A. Hrones.* The author deals with the problem of moving 
a mass in accordance with some displacement-time plan. Such a 
- system must invariably employ elastic coupling links to the driv- 
ing unit. The driving unit must be capable of transforming a 
uniform rotational input to the desired nonuniform output mo- 


tion. Fig. 23 of this discussion represents such a system simpli- 


J 


K 8, 
Fig. 23 Fig. 24 


Fic. 23 
24 Bock REPRESENTATION OF PLANETARY GEAR TRANSDUCER 
UNIT 


Fic. 


Brock DiaGrRaM or Over-ALL SYSTEM 


a fied to its basic elements. The nomenclature for Fig. 23 is as 


4 follows 


= uniform input velocity 
7 6) = disp!acement of output shaft of transducer 

6 = displacement of inertia J ey st 

J = moment of inertia of driven mass 

K = rotational stiffness of system coupling J to output shaft of 

transducer 
M, = load torque applied to J 


The driving unit (transducer) must be so designed that it gives 

a satisfactory motion of the inertia J. A recent paper by the dis- 
— cusser® considered the performance of such a system where the 
transducer was a cam. Analysis of such a system for various 
 displacement-time contours of the cam showed that significant 
reductions in peak forces can be realized if sudden changes in 
(d0) /(dt?) are avoided. The author has cleverly employed the 
planetary-gear system as an adder to produce a relatively complex 


4 Professor of Mechanical Engineering, Massachusetts Institute of 
Technology, Cambridge, Mass. Mem. ASME. 

5 **An Analysis of the Dynamic Forces in a Cam-Driven System,” 
by J. A. Hrones, Trans. ASME, vol. 70, 1948, pp. 473-482. 
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Company, Providence, R. I. 
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motion from several simple input motions. The use of th 
planetary-gear system as an adding device is of such great img, 
portance as to merit additional discussion. A planetary-gea 3 
system may be represented by the box shown in Fig. 24 here. 4 
with. In this 6; and @& represent arbitrary angular displacement- tS 
time motions, 6 represents the output angular displacement pro- 
duced by the two input motions @,*and @. It can be shown tha} Fig 
the following relationship exist between the three motions Gene’ 
Using the author’s nomenclature let 6, = Wal, 6, = wy, 6. = w, 
Then 
ee Wel ~ Wa 
where e is the train value of the planetary. (The ratio of w, /w, 
when w, = 0, with due regard to direction of rotation.) 
From Equation [11] 
Wsi = CWs2 + (i 
By comparison with Equation [10] 
=e =l—e 
It is obvious that k; and k, can be varied by the use of different 
gear ratios for the elements of the planetary. The widely used 
differential is the special case where e = —1. 
The angular velocities of the input shafts we. and w, can bk 
arbitrarily imposed functions of time 
= falt) \ {13} 
Substitution in Equation [12] yields the following result 
wn = e[fa(t)] + (1 — felt]... 
If 
Differentiation of Equation [14] gives 
dt ‘urve 
nerti: 
In the first mechanism 
ssi t 
Me he fo 
and Row — ” 
[fa(t)] = — — cos 0 and tl 
Rp worke 
By the use of various types of drives, a large number of com- 
binations of f(t) and f,(t) can be obtained, resulting in a wide 
variety of possible output motions. AS 
The author’s discussion of a number of practical methods of @ “™s 
producing several types of input motions with an analysis of the gj “#" 
output motion resulting should prove of great value to designers. Sig! 
plic 
Maurice Knorr.* We use several intermittent motion mecha- Alt! 
nisms on our machine tools. They all give satisfactory service. be 
The most difficult intermittent motion is on our automatic scre¥ e al 
machines, where Geneva mechanisms are used to index the tut aro 
rets. Typical of conditions is one six-station turret having the oy 
inertia of a 10-in. disk, 1 in. wide, which is indexed !/, revolution “f 
in !/gsec. 
Because we have no present difficulties we are principally inte lec 
ested in understanding this paper for possible future use. The ed 
point we would like discussed is why the acceleration of the driven cl 
member should meet the requirements outlined as follows: 3 
ro 
6 Machine Design Engineer, Brown & Sharpe Manufacturine dit; 
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1 Negligible acceleration at the start. 

2 Gradual change in acceleration. 

3 Smooth change from acceleration to deceleration. 
4 Gradual change in deceleration. : 

5 Negligible deceleration as the rotating body comes to rest. 


Fig. 25 herewith, in addition to the acceleration curve for the 
Geneva mechanism mentioned and a typical curve from the 


RECOMMENDED BY G TALBOURDET 
rai GENEVA MECHANISM 
CONSTANT ACCELERATION 
= 
+ 
on 
START INDEKEO 


Fic. 25 Dubinc INDEXING 


TURRET 


ACCELERATION OF 


paper, shows a constant acceleration - constant deceleration 
carve. If we had a difficult intermittent motion, due to speed or 
nertia, this acceleration curve would be our first choice if it were 
possible to attain it. What point are we missing which makes 
the foregoing requirements a better solution? 

The moments of inertia, the amount of the angular motion, 
ind the time for the indexing of some of the turrets the author has 


vorked on would be an interesting addition to the paper. 
AUTHOR'S CLOSURE 


As stated by Dr. Smith in his discussion of the paper, mecha- 
isms featuring zero or near-zero acceleration conditions at the 
‘art and at the end of the motion of the output shaft have been 
ksigned, built, and found to give satisfying results in several 
‘plications. 

Although the mathematical analyses of the motions may appear 
0 be somewhat extensive, the final equations are relatively sim- 
tle and easily applied to determine the forces acting on the 
‘arious members, thus obtaining the information required for 
tod design. 

In designing these mechanisms special attention must be given 

the rigidity of the moving parts, in order to avoid detrimental 

#flections and resonant torsional vibrations in the range of the de- 
wed operating speeds. The input member also must have a 
wheient reservoir of energy to control the motion of the output 
“ember at any time. 2 

Prof. J. A. Hrones’ discussion and comments are a welcome 

ition to the paper. The basic elements of a simple system are 


the planetary-gear system shown in Fig. 24, together with the 
analysis of the relationship between the two input motions and ei 
the output motion, give a clear idea of the variety of output mo- 7 
tions which can be obtained through the combinations of planet- | 
ary-gear systems, quadric cranks, links, and cams. t; 


A question may be raised regarding the accuracy of manufac- _ 
ture of the cam contour required to obtain a stationary condition — 
or no motion of the output member during a definite motion of 
the driving shaft. This accuracy is within the limits of manufac- 
ture, as proved in severa] mechanisms where no motion of the out- 
put member could be detected during the expected dwell period. 

The discussion presented by Mr. Knott is somewhat typical of 
the school of thought which assumes that the most and only im- 
portant consideration in the characteristics of a motion is to keep 
the peak acceleration and deceleration imparted.to the output 
member at a minimum, that is, to consider only the constant ‘an 
acceleration-constant characteristics which result 
in the smallest possible acceleration and deceleration values. : : 


deceleration 


No attempt is made to evaluate the effects of the rate of 
change in acceleration upon the peak forces exerted on the output 
member, although it should be evident that with constant 
acceleration-constant deceleration conditions, the peak forces are 
influenced by the action of a suddenly applied load at the very 
start of the motion, then of a sudden reversal of the load when 
maximum velocity is reached, and of a sudden removal of the load 
when the member comes to rest. 

Since the output motions of intermittent-speed mechanisms 
are comparable to those imparted by cams to cam followers with 2. 
dwell conditions before and after their motions, the analysis = 
presented by Professor Hones brings out some extremely in- 
teresting and important findings upon the effects of the rate of 
change in acceleration of cam followers. For example, the main 
argument of those in favor of the constant acceleration and de- 
celeration characteristics, or of the gravity motion, is that with 
harmonic characteristics, the resulting maximum acceleration is 
1.24 greater than gravity, and, with cycloidal characteristics, it is 
1.57 greater than gravity. 


However, as indicated by Professor Hrones, the peak forces do 
not follow that trend. On the contrary, in assuming the product 
of the mass and the acceleration of a gravity-motion follower to be 
1, the peak forces exerted on the follower are not 1 but 1 X 3 or 3, 
while those on the harmonic-motion follower are 1.24 X 2 or 2.48, 
and on the cycloidal-motion follower 1.57 X 1.06 or only 1.66 for 
equal lifts and angles of action. Furthermore, the vibratory 
forces at the end of the cycloidal motion are only a fragtion of 
those imparted by the gravity motion. 

In intermittent-speed mechanisms, especially, smoothness of 
operation is highly desirable and cannot be obtained when the 
output member is subjected to sudden application, sudden re- 
versal, and sudden removal of forces which occur when the charac- : = 
teristics of the motion are of the constant acceleration-constant aX 
deceleration type. Excessive peak forces with reversal conditions . 
can only result in shocks, wear on the moving parts, and detri- 
mental torsional vibrations when the output member comes to 
rest. 

For these reasons a Geneva motion which approaches har- 
monic characteristics is without doubt preferable to that of a 
gravity motion but is not nearly as satisfactory as that obtained — ; 
with the cycloidal motion. 

To conclude, it might be of interest to mention an experience i 7 
with a spring-loaded follower which could not operate psc Ae 
torily at 1100 rpm; excessive noise of operation and overthrow 
when imparted a gravity motion, but ran smoothly at the same __ . 
speed when the deceleration of the follower had sine-wave charac- s 
teristics. At 960 rpm the gravity-motion follower was still too - ; 
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96 
noisy to be satisfactory in service, although its deceleration was 
less than that of the cycloidal-motion follower at 1100 rpm. High- 
speed movies of these motions showed striking differences in the 
smoothness of operation of the driven member. 
_ It is positive indication that the rate of change in acceleration 
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and not the maximum acceleration only should be considered 
when designing cam-driven systems and intermittent-speed 
mechanisms. 
The author wishes to thank the discussers of this paper who 
have brought up many pertinent and interesting aone 
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This paper contains recent operating data, a discussion 
of relevant design features, and information comparing 
prewar and postwar coals as affecting operation of the Port 
Washington Station of the Wisconsin Electric Power 
Company. In order to make the report complete, fuels 
and station performances are presented. 


ESIGN features and the first 15 months of operation of Port 
D Washington’s first unit were reported in a previous paper by 

Fred Dornbrook (1).? Reports of subsequent experiences 
in the operation of this first unit and the second unit, after its 
initial operation late in 1943, have also been published (2-9, 
inclusive). 

It is not intended to review in any detail the previously pub- 
lished record of reliability and economy, but only to supplement 
and to extend that record to include the most recent data. Table 
2, “Average of Daily Operating Data” for unit No. 2, presents 
operating data similar to those published for the first unit several 
years ago. 


FURNACE Destcn WARRANTS CAREFUL CONSIDERATION 


Careful, conservative furnace design has been one of the most 
important factors in sustaining favorable economy and reliability. 
With more than 50 per cent of the heat absorption occurring in 
the furnace of modern boiler units, a furnace possessing the versa- 
tility to burn low-grade as well as high-grade coal is essential. 

Changing coal markets require that coals varying greatly in 
nature and ash characteristics be consumed, at various loads. 

While coping with the ash problem, the furnace must deliver 
definite quantities of heat to the boiler and superheater, for it 
islargely responsible for costly variations in steam temperature. 
It must burn widely different kinds of fuel with low excess air 
and with little combustible loss. 

One large boiler manufacturer, while discussing the present- 
day trends in utility steam practice, as reflected in design char- 
acteristics, described a new boiler-furnace installation in the 
following manner: ‘‘A simple clean-cut furnace of ample volume 
for low heat-release rates and with solid metal surfaces on all 
sides, top, and bottom. All surfaces to be readily accessible for 
cleaning.”’ 

That cooler furnaces are considered the best means of providing 
for burning of present-day fuels with the wide variations in char- 
acteristics is evident as the design data on recent installations 
are studied, 

In the early days of pulverized-fuel firing, prior to the intro- 
duction of water-cooled surfaces into the furnace, 13,000 Btu per 
‘u ft of furnace volume per hr with 13 per cent CO, in the exit 
g8e8 Was a practical maximum if refractory maintenance was 
hot to be excessive. 


Menard Test Engineer, Wisconsin Electric Power Company 
a Numbers in parentheses refer to the Bibliography at “~y end of 
paper. 
Contributed by the Fuels Division and presented at the Semi- 
Annual Meeting, Milwaukee, Wis., May 30-June 5, 1948, of Tue 
ICAN SocteTy OF MECHANICAL ENGINEERS. 
OTE: Statements and opinions advanced in papers are to be 
of as individual expressions of their authors and not those 
the Society. Paper No. 48—SA-7. 


Fuels Performance at 


Washington Station 


By W. A. POLLOCK,' MILWAUKEE, WIS. 


As furnace cooling, in the form of water screens and then water b* 
walls, was employed, the maximum furnace heat releases used in _ 
large units were increased to 25,000 and 30,000 Btu per cu ft per 
hr and higher. Changing fuel characteristics during the war and 
resulting slag accumulations have caused an “about-face”’ in the 
thinking, and now the question often asked is, ‘“‘How large a fur- 
nace shall it 

Before the trend back toward cooler furnaces had begun, Fred 
Dornbrook in an earlier paper (10), concluded as follows: “In 
order to prevent ash from sticking to the inside of any furnace, 
these surfaces must be designed to cool properly the ash below its 
plastic state. 

“Experiences and data are presented indicating that a practical 7 
solution of the so-called ‘slagging problem’ consists of designing _ 
boiler furnaces for such appreciable heat absorption that gases _ 
are approximately 200 F below ash-softening temperatures when | 
entering the first rows of boiler tubes.” 

Lifetime availability records for the two units at Port Wasb- 
ington (see Table 4), are 94.9 per cent for the boilers and 93.5 per a 
cent for the tandem-compound turbines. A 68-boiler-years ‘a 
availability record produced by the four high-pressure boilers 
and the high-pressure topping turbines at Lakeside Station, also 
shown in Table 4, was 94.5 per cent and 96.5 per cent, respectively. 
Thus with 86 equipment-years of operation, high-pressure boil- 
ers are shown to be as dependable as turbines. One-boiler per — 
turbine designs are well justified. ? 

Boiler-unit reliability has a decided bearing upon total invest- — 
ment costs and operating costs. Savings resulting from furnace 
size are lost if the design lacks reliability and requires more spare 
boiler units. It is felt that too much emphasis cannot be placed 


PREWAR AND Postwar Coats 


How well Port Washington was able successfully to burn the 
various coals furnished during the war is shown in part by the 
continued low station heat rates as shown in Fig. 1. ; 

That present coal quality is far below prewar coals is general 
knowledge. Just how well those operating men charged with the 
task of maintaining economy records and at the same time carry- 
ing unprecedented higher loads have done their job is evident by — 
comparing the annual average coal analysis of 1947 with corre- — 
sponding values for 1940, a typical prewar year, in Table 5, and 
by considering the effect of some of the variations on plant opera-_ 
tion. 

Ash-fusion temperature has decreased 150 deg F and is within 
57 deg F of the designed average furnace temperature. Troubles __ 
from slag have been avoided only by frequent inspections of the _ 
furnaces and by acting upon reports of any slag found when re- 
moving ash. Importance of this cannot be overemphasized. 7 
Ten-point CO, traverses across the boiler width each shift assist ‘ 
in locating hct areas, and act as a guide in making needed air-dis- 
tribution adjustments. 

After 15 months of operation on unit No. 1, it was reported 
that the first boiler pass had never required lancing. Even with 
the lower ash-fusion temperatures of the postwar coals, lancing 
has not been required regularly. Periods of several months often - 
elapse between occasions when extensive lancing is necessary, 
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and then it is needed only when first signs of slagging troubles 


are not followed properly and the cause of the difficulty corrected. 


No special cleaning has been needed in the furnaces during semi- 
annual outages. 

Labor amounting to 0.6 and 0.81 man-hour per boiler-hour is 
shown as necessary on units Nos. 1 and 2, respectively, to take 
care of ash removal and to perform all of the lancing and soot- 
blowing operations necessary to maintain the boiler furnace in 
proper condition for long-sustained runs, and to regulate steam 
temperature. All of this cleaning work is readily included in the 
duties of the boiler-operator helper. The somewhat higher loads 
carried on unit No. 2 explain in part the higher cleaning hours. 


The following table gives the record: 


-———-Boiler no. 1———. -—-—-Boiler no. 2-——~ 
per wk per bir-hr Hr per wk per bir-hr 


14 0.08 28 0.17 
0.17 0.25 


10 0.06 


ti 
Reheater and super- 
heater soot-blower 0.83 


0.81 


It is of interest to note that only 0.12 per cent of the steam 
generated is needed for soot-blowing. This represents 12 Btu per 
kwhr increase in station heat rate to provide a means of keeping 
the heat-absorbing surfaces at the desired cleanliness for uniform 
operation. The only means of steam temperature control, aside 


4 


from flame positioning, is by this selective cleaning of heat- 
absorbing surfaces. 

Load reductions at night have been used by some to explain 
the apparent self-cleaning of boiler furnaces. Two boilers of 
similar design to those at Port Washington, which are located 
in stations supplying steam to the Milwaukee central-heating 
system, have operated continuously at rated capacity for ex 
tended periods without slag or ash accumulations which required 
special attention. Port Washington’s boilers have operated 4 
full rating for 16 to 18 hr daily and, on occasions, at full load for 
more than 48 hr. Lack of system load is normally the only reaso! 
for reducing load. There has been nothing to indicate that thes 
boilers could not operate at full loads for extended periods i! 
night-time loads were available. 

Continuous operating periods of 8 months have occurred. Six 
months’ continuous operation is the rule. What practically 
amounts to one outage per year is now practiced, for one of the 
semiannual outages on each unit is shortened to start on Friday 
noon and end on Monday morning. The other semiannus! 
outage is ordinarily of 9 days’ duration, including tw oweek ends 
but only 5 full-load days. 

It may be concluded that the furnace-cooling still affords a salt § 
margin to cool the ash below its plastic state. 


Lower Bru anp HigHer Ash VALUES IN Postwar Coals 


Carrying postwar loads with the postwar coals instead of the 
coals for which the station was designed has resulted in ex! 


300 
— 
— 
Mt 
& 
or enc 
tothe 
Th 
Agh removal........ 40 
Lancing and inspect~ 
P 
vould 
— — 
— 


TABLE1 OPERATING 


STARTEL FINISHED HR, RUN 


12/27/a6* 3/21/47 2,030, 17 


3/20/47 5/14/47 1,117.68 


5/16/47 


8/31/37 


8/23/47 2,373,358 


9/12/27 204, 67 


0/14/47 12/a6/47** 495.88 


12/27/46 


12/26/47 8,518.69 


11/22/35 12/26/47 94, 649,05 


= 1/18/47 


21 1/18/47 3/15/47 1,388.65 


3/15/47 5/2/47 


*This operating period started 6/22/46 
**still in operation, 


**°This operating period started 0/20/46 ; 


equipment hours throughout the coal-handling section of the 
station. A few of these extras for both units are as follows: 


104 tons more coal were required daily or 4 boatloads annually 
2 carloads more coal to remove from the dock, weigh, unload, convey, 
mill, and burn daily 


4 min extra coal-conveyer time daily 
6.33 extra mill-hours daily otta 


Extra air and flue gas for the draft wi 


Each of the foregoing items, in addition to meaning extra 
labor and maintenance cost because of extra operating hours, 
reduces plant output by a definite amount. For example, each 
nill-hour consumes 250 kwhr. The 6.33 extra mill-hours daily 
consume enough energy to operate an 85-hp motor continuously, 
enough to operate the pump which transfers all of the con- 
densate from one condenser hot well through the steam-jet air 
pimps, generator coolers, and two stages of extraction heating 
tothe boiler feed pumps. 

The 12.9 per cent ash in 1947 coal versus 8.7 per cent ash in the 
10 coal accounts for much of the extra coal- -storage and han- 


Friday dling costs described. A total of 178 tons of ash for both units 

iannus’ MM *ere processed daily in 1947, as compared with 112 ton which 

ek end: @ Yould have been handled for the same total Btu, but with 8.7 per 
‘nt ash, the 1940 value. Approximately 50 per cent increased 

is a 88 ‘st for ash disposal occurred; 93 cu yd extra of ash had to be 

of, or 7 extra truckloads each day. 
dof the MH Pull use of storage capacity of the pulverized-fuel bins has 


‘en practiced. In 1940 16.7 tons per hr were averaged from 
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PERIODS AND REASONS FOR OUTAGES—1947 


176,208 
543.950 
5,516,060 


5/11/47 10/1/47 5,454, 22 287,641 60.56 General inspection, boiler and turbing 
Repaired leaky weld and adjacent outs, 
rediant reheater. 
10/5/47 12/a6/a7**** 1,961, 90 142, 109 
TOTAL «12/27/46 12/86/47 487.10 572,568 332,90 
TomaL 10/27/45 12/26/47 38, 694, 64 2,17 2,874 2,622, 89 


#994111 in operation. 4 


General inspection, boiler end turbine, 


Screen tude rupture. Immediate forced 


outage. 


General inspection, boiler and turbine. 


Leek in rolled joint and seal weld, rear 
watervall downcamer tude, Delayed forced 


Goendenser tube leakage. Delayed fareed 
outage. 


Oondenser tude leakage. Delayed foreed 
outage. 


Generel inspection, boiler and terdinze, 
Reeeated turbine inlet valves and 
spected blading, low-pressure section, 


the pulverizers which are rated nominally at 15 tons per br. 
In 1947 as the operating data show, 15.3 tons per hr were aver- 
aged. With 13,000-Btu coal, this would permit rated station 
capacity; however, at 11,644 Btu per cu ft, 34.5 tons of coal per — 
hr are needed. Thus 10 per cent milling-capacity deficiency — 
exists which is compensated for by drawing down the bin levels _ 
at periods of high loads and restoring them during light-load | 
times. Full load could not have been carried, except for the | 
pulverized-coal storage, without installing a spare mill. 

How a 13.5-hr mill overhaul is accomplished with the station 


carrying fullload has been previously reported (9), 


The average moisture in the coal to the pulverizers was 7.4 per Bs 
cent, but the maximum was 14.3 per cent. To dry this higher- 
moisture coal properly, a higher gas temperature must be used. _ 
Flue gas at 830 F has been employed to dry this coal on unit No. 

1, where 830 F flue gas entering the air heater is available. On 
unit No. 2 the flue gas to the air heater averages 700 F and the life- 
time average output for its mills has been 0.9 ton per hr lower. | 
Flue gas for mill-drying on units now under construction will be 
taken from high in the last pass to obtain higher-temperature gas — 
in an effort to raise mill capacity. Flue-gas temperature to the 
mills will be controlled as on the other units by tempering with 
gas from the air-heater outlet. 

Higher*mill repair costs have been referred to earlier in this 
paper. Just how much higher these costs have been is shown 
by the comparison between the average life of grinding rings 
and rolls in 1947, and the best fe previously obtained. Seven sets 
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92,9 95.0 97,8 92.0 bili 


93.8 


‘TABLE 5 ‘PREW AR AND POSTWAR COALS 


Ay, 58750 67660 
06.8 97.4 e7.5 96.5 98,9 Coel Burned Tons/day 551 688 
96.1 96.5 98.7 95.8 95.9 91.4 93.9 Bre. /day 35.7 “4.9 
one 94.5 93,1 95.5 8%6 981 089 Mill Tons/hr. 16.4 15.5 


96.6 


96.0 
04.9 (16 yr.) 


Volatile, P 
Fixed Carbon 
1,5, 1.8, 1.38, = Sulphor, % 


Ash Fusion, F, 


99.7 99,0 100,0 99.7 96,4 96.2 


of rolls and nine rings are represented by the averages for 1947, 5 ‘Port Washington 1941 Operation,’’ Combustion, vol. 13, Jan 
ary, 1942, p. 37. 


as follows: 
: 6 “Port Washington 1942 Experience,’’ Combustion, vol. 14 
Life of pulverized-grinding parts Best 1947 average January, 1943, pp. 36-37. 
Tons pulverized per set of rolls......... 147500 65700 7 “Port Washington Second Unit in Operation,” Combustion 
T avert indi ine..... vol. 15, January, 1944, pp. 30-34. 
ons pulverised per grinding ring 128000 50500 8 ‘Port Washington Performance for 1944,’ Combustion, vo. 


Induced-draft fan wear has increased, but because this main- 16, January, 1945, Pp. 32-34. a os - 
tenance work is part of the regularly scheduled outage work, no 
direct comparison, as drawn for pulverizer grinding parts, can be 10 “Development of a Major Principle in Pulverized-Coal Firing 
made. by F. L. Dornbrook, Trans. ASME, vol. 63, 1941, pp. 261-266 
Variation in mill output from 14 tons per hr to 16.1 tons per 
hr, Table 2, is explained primarily by variation in grindability 
characteristics of the coal. 


SuMMARY 


Discussion 


L. H. Stark.* The paper presented on the fuel performance # 
Port Washington Station is not only a progress report of this 
remarkable station but also a report on the progress of burnin 
coal in a pulverized forin. 

The research, development, and experience that have taket 


A relatively cool furnace, and the storage system of burning 
pulverized coal, have been shown as big factors in sustaining re- 
liability and economy as daily station output has been increased. 

Openating data for unit No. 2.and other often requested data of place since 1918, when John Anderson and Fred Dornbrook cot 
general interest have been presented. : : . aye 

ceived the idea that coal could be burned in suspension in a 

A comparison is made of prewar and postwar coals, including 
; verized state, would fill a good-sized volume were it to be relate? 

some figures on extras needed because the postwar coal has had. : pape 

. : in this manner. The story would reveal what has transpired it 

a lower heat value and higher ash. More maintenance chiefly to his field f. the ti he Lakeside Stati f the Wisconsit 
the pulverizers and the draft fans has been shown to result because 

Electric Power Company was built when 20,300 Btu were tf 


of poprer qualities of the 1947 coals. ey quired to produce 1 kwhr (then a world record) to the present 
BIBLIOGRAPHY in ‘ port on the 1947 performance of the Port Washington Station ©’ 


1 “The Port Washington Plant—Unique Desi =o ang ‘he same company, in which is indicated that the average opersr 
Operating Experiences,” by F. L. Dornbrook, Mechanical Engineering, tion of No. 2 unit in this station is 10,500 Btu per kwhr. This is§ 
vol. 58, 1936, pp. 697-704 and 728. reduction of 22 per cent in the heat required to produce 1 kwh’ 

2 “Port Washington's Second Year,” by M. K. Drewry, Com- over the period in question. 


Year” Combustion, vol. 10, Janu- Those responsible for the results as outlined in the paper 
ary, 1939, pp. 16-19. 
4 “Port Washington Sustains Its Economy,’ Combustion, vol. 3 Plant Engineer, Phoenix Hosiery Company, Milwaukee, 


11, January, 1940, pp. 33-34. Mem. ASME. 


TABLE 4 AVAILABILITY DATA OF HIGH-PRESSURE BOILERS AND TURBINES 
ist 68.5 
193s 96.1 96.5 97.6 8.2 97.6 
1934 92,1 96,1 91.9 96.8 94,0 al 
06,2 95,8 96.0 94.7 96,5 
1936 87.4 95.4 94.4 4.9 93%.0 91.2 oY 
1937 92,1 97.1 95.5 95.2 95.0 wl 
1938 (00.8 93,7 92.4 95.6 95.0 98,8 
1930 93.0 96,5 94,1 99 934 ur 
1940 90.6 91.9 94.3 95.4 93.1 90.3 ed 
os 1941 
1948 02.9 
19s 04.6 
1946 91.5 2 95.1 94.0 97.5 = 
1049 96.9 98? 96.5 95.7 98.3 96.6 M. & A, 14941 14468 
BIU/lb, R, 13008 11644 
Moisture, % 4.7 7.6 
35,9 
= 7.0 Sila 
i 8.7 12,9 
1931 91.6 93.9 91.7 89.8 91.8 
19388 95.9 95.9 96.7 96.7 96,8 
1988 9601 94.5 72.9 90,8 on: 
1936 90.6 95,6 98.9 97.5 95.1 98.1 1 
1937 97.1 97.1 99.6 8.8 98,2 8949 
1959 92.8 99.0 99.7 99.0 97.6 93,0 a 
1940 00,0 92.8 9906 97.9 9766 92.9 
1942 87.1 95.5 91.4 97.0 
1944 94.8 95.9 99.4 96,5 
1946 97.9 
1947 100, 0 
— 
si ; lie | 
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modestly tell you that when No. 3 unit goes into operation they 
expect to better this performance. 

One of the early conditions experienced was low boiler availa- 
bility due to furnace slagging and refractory replacement caused 
by furnace temperatures higher than the fusion point of the ash 
and refractory material. The answer to this problem, as outlined 
by the author, has been a more conservative furnace design in 
which by increasing the area of water screens and waterwalls, 
furnace temperatures have been reduced, thereby doubling the 
heat release per cubic foot of furnace volume. 

The result has been periods of 6 to 8 months or more of continu- 
ous operation which probably aids in justifying one-boiler-per- 
turbine design. 

We are all aware of the decreased value of postwar versus pre- 
war coal, not to mention the increase of about 100 per cent in 
ost. Table 5 of the paper is typical of analysis of coals received 
in 1940, as compared to coal received in 1947. The table reveals 
that coal received in 1947 contained 8 per cent less Btu per pound 
dry, 388 per cent more moisture, over 30 per cent more ash, and 
100 per cent more sulphur than the coal received in 1940. 

Referring to Fig. 1 of the paper, it will be noted that the heat 
consumption of boiler No. 1 in Btu per kwhr was practically the 

same in 1947 as it was in 1940. Will the author explain how this 


ange 


was accomplished; was it due to better load conditions on the 
boiler, less boiler outage, more frequent cleaning of heated sur- 
faces, or other reasons not mentioned? 

To the writer this is a remarkable performance and could only 
be attained by having the best of equipment, thorough mainte- 
nance, and an operating crew trained to perfection in the duties it 
has to perform. 
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AUTHOR’s CLOSURE 


The author appreciates Mr. Stark’s remarks which supply cer- 
tain historical and other points of interest which could not be ade- 
quately treated in the time and space allotted. 

The question is asked why the 1947 Btu per kwhr was essen- 
tially the same as in 1940 when more favorable coals were availa- 
ble. Versatility of the conservative design in coping with poorer 
coals without appreciable economy loss and well-trained operating 
and maintenance crews who strive to sustain established records 
under adverse loading conditions have all been contributing fac- 
tors. At no time in 1947 was there sufficient system capacity to 
permit loading individual units for economy records even if that 
had been desired. Capacity factors reported in Table 3 are evi- 
dence of this point. 
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At the Franklin Institute Research and Development 
Laboratories, a research project is in progress in connection 
with which certain techniques in infrared detection and 
spectroscopy have been developed. This paper contains 
the results of some experiments conducted with equip- 
ment developed in connection with this project which is 
sponsored by the General Engineering Branch, Signal 
Corps, Army Service Forces, U. S. Army. 


N recent years, it has become obvious in combustion research 
that new techniques would have to be developed in order to 
achieve an insight into the reaction kinetics of combustion 

Two types of information badly needed are tempera- 

ure and composition of the reactants in a combustion process as 

a function of time. Knowledge of these two parameters to- 

gether with pressure would allow a more accurate determination 

of the actual conditions existing at a given instant in a combus- 
tion process such as the explosion in the cylinder of an internal- 

‘ombustion engine. A better and more thorough understanding 
f the actual conditions existing throughout the combustion 

process, of course, ultimately would lead to a more efficient con- 

version of the potential energy stored in the fuel to useful energy. 

An experimental approach to the investigation of the parame- 
ters mentioned is the determinatiop as a function of time of the 
spectral distribution of the radiant energy given off during the 
combustion. It would be desirable to determine this spectral 
distribution over as large a portion of the spectrum as possible, 
since many of the radiating components have an identifying band 
structure in various regions of the spectrum. A rather large re- 
tion of the spectrum is covered by what are known today as in- 
frared detectors, although some of these detectors are sensitive 
also throughout the visible spectrum and partially into the ultra- 
violet region. 

Another factor in favor of using infrared detectors in the initial 
phase of radiant-energy investigations is that, in the range of 
‘emperatures expected to be encountered, say, 530 deg K to 4000 
deg K, the peak radiant intensity from a black radiator, operating 
in this same temperature range, lies in the infrared region of the 
spectrum from approximately 0.72 to 5.4 microns. Finally, it is 
mown that many polyatomic molecules have characteristic 
tadiation bands in this same region of the spectrum, for example, 
the water vapor and carbon dioxide bands at 2.7 and 4.4 microns. 

All of these factots pointed to the desirability of using infrared 
ow thermal detectors for the radiant-energy determinations. 
Therefore, it was decided to investigate the capabilities of various 
'ypes of detectors for use as radiant-energy detectors in connec- 
tion with combustion processes. 


ree Engineer, Franklin Institute Laboratories for Research 
sad Development. 
Contributed by the Heat Transfer Division and presented at the 
Semi-Annual Meeting, Milwaukee, Wis., May 30-June 5, 1948, of 
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rile Studies Using the Golay 


Photothermal Detector With an 
Infrared Monochromator 


By J. T. AGNEW,! PHILADELPHIA, PA. 


Cuiasses Or INFRARED DETECTORS 

Modern infrared detectors can be grouped into the following 
classifications, depending upon the phenomenon by means of 
which the thermal energy received is converted into a measurable 
signal. 

Thermoelectric. This is probably the most common type of 
detector. The thermal energy falls upon a single junction or 
upon several thermoelements connected in series to give a higher 
electromotive force. A good example of this type of detector, 
designed for fast response and high sensititivy, is described by 
Roess and Dacus (1).2. They describe a thermocouple consisting 
of overlapping evaporated layers of bismuth and antimony which 
has 95 per cent full-scale response in 0.14 sec, and a direct-current 
sensitivity of 6-7 4 per 10-* watts per sq cm. They also point 
out the pertinent fact that the single thermoelement has a greater 
signal-to-noise ratio than the series arrangement. The thermo- 
couple type of detector has increased sensitivity in an evacuated 
chamber. A good example of the use of such a detector is the 
bismuth-bismuth tin couple used in the Perkin-Elmer infrared 
spectrometer. Thermocouples or thermopiles can be constructed 
which have sensitivities capable of detecting as little as 10-** watts 
of power, but the speed of response is usually very slow. The slow 
speed of response of thermoelectric detectors causes amplification 
difficulties in that the signal must either be amplified by a high- 
gain direct-current amplifier, with its tendency toward instabil- 
ity, or the signal must be interrupted mechanically or electron- 
ically, with the possibility of introducing more noise into the 
system. In general, the time constant of thermoelectric de- 
tectors ranges from a few seconds down to 0.050 sec. 

Bolometers. Heat detection by means of bolometers de- 
pends upon the fact that, when a material absorbs thermal 
energy, its resistance changes. In general, this type of detector 
can be divided into two groups: Metallic conductors, such as 
gold or platinum foil, which are characterized by low impedance 
and positive temperature coefficients of resistance; and semi- 
conductors, such as NiO, MnO, and CoO (developed by Bell 
Telephone Laboratories), which are characterized by high im- 
pedance and negative temperature coefficients of resistance. 
This latter group has been given the name thermistors. 

The method of detection consists of allowing the radiation to 
fall upon a bolometer or thermistor mounted as one leg of a bal- 
anced bridge circuit. The change of resistance of the detector 
causes an unbalanced condition to be set up in the bridge, and a 
current flows through the system. The electric impulse can be 
amplified by conventional means. This type of detector, has, 
in general, higher sensitivity and faster speed of response than the 
thermoelectric type, the time constant being of the order of a few 
milliseconds. 

An extraordinary application of the case of the bolometer 
principle for the detection of radiant energy is the development 
directed by Donald Andrews at Johns Hopkins University. In 
this application, a columbium nitride bolometer, mounted on a 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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copper base plate and maintained at temperatures near absolute 
zero, has been found to have the property of becoming a super- 
conductor over a narrow temperature range. The phenomenon 
of superconduction is not too well understood, but certain mate- 
rials have been found to have a very high temperature coefficient 
of resistance over a narrow temperature range near absolute 
zero. Thus if it is possible to maintain such a material in this 
temperature range in a balanced bridge circuit, the reception of 
very small amounts of radiant energy permits the generation of 
readily detectable signals. 

It was possible to get sensitivities of the order of 5 X 10~* watts 
of power at time constants of the order of 0.5 millisec with the 
superconducting bolometer. Undoubtedly, this type of detector 
is the most sensitive infrared detector available but its operation 
must, of course, be accompanied by the equipment necessary to 
maintain the bolometer at the extremely low temperature. While 
heretofore this has been rather bulky and cumbersome in so far 
as portability is concerned, a very compact and portable cryostat 
has recently been developed. 

Pneumatic. The Golay heat cell (2, 3) is an infrared detector 
which depends for its action upon the expansion of the gas en- 
closed in a small chamber, due to the heating action caused by the 
absorption of radiant energy. This detector, developed at the 
Evans Signal Corps Laboratory, Belmar, N. J., is the type used 
to obtain the data reported in this paper and will be discussed 
more in detail later. Sensitivities of the order of 10~* watts of power 
at time constants of the order of 0.5 to 1 millisee can be obtained 
with this type of detector. 

Another factor to be considered in intial detectors is their 
spectral response. The pneumatic detector and the supercon- 
ducting bolometer have very nearly gray body absorption char- 
acteristics, while ordinary thermistors and bolometers as well 
as thermoelectric detectors may have a spectral region in which 
their response is poor. 

Photoconductive Cells. It has been found that certain mate- 
rials when exposed to infrared radiation, undergo what might 
be termed an internal photoelectric effect, in that electrons are 
liberated and will flow as an electric current if a potential differ- 
ence is maintained in the vicinity. Two materials known for their 
ability to produce such an effect are thallium sulphide and lead 
sulphide. An infrared detector may be realized by allowing 
radiation to fall on a film of one of these materials across which a 
potential gradient is developed by means of a gridwork of termi- 
nals. The principal disadvantage connected with the use of 
photoconductive materials as infrared detectors is that they are 
only sensitive in the near infrared region. For example, the peak 
response of thallium sulphide is at 0.95 » and its sensitivity is 
practically zero beyond 1.454. Lead sulphide has corresponding 
values of 2.5 u and 3.6 4. The development work in this country 
on materials of this type was largely that conducted at North- 
western University by Prof. R. J. Cashman (4). 

Some other possibilities which have been considered for infra- 
red detection but which have not received very extensive applica- 
tion as yet are as follows: 

Photoelectric Fatigue. It is known that, when certain types 
of photoelectric cells are exposed to ultraviolet radiation, the 
photoelectric current builds up practically instantaneously but, 
with continued application of the ultraviolet source, the photo- 
electric current decays due to a phenomenon known as photoelec- 
tric fatigue, which may result from an internal space-charge 
effect. If the photoelectric surface is exposed to infrared radi- 
ation after a short period of time, during which the fatigue effect 
has been allowed to take effect, the photoelectric current suddenly 
increases again to near its former peak value. The peak de- 
veloped as a result of radiation with infrared energy could pos- 
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sibly be used as a quantitative measurement of the intensity of 
the infrared source. 

Photoelectric Effect of Adsorbed Alkali Metals. Another pos- 
sible means of infrared detection, utilizing a photoelectric effect, 
is to take advantage of the fact that impure sodium chlorid 
crystals which have been exposed to x rays develop rather pe- 
culiay properties. Due to the action of the x rays neutral sodiun 
atoms tend to be produced aud adsorbed at the internal surfaces 
The internal surfaces are necessary as the phenomenon will not 
take place in a single crystal, but only in an impure crystal wit! 
internal surfaces. Now, if a potential is placed across the p 
viously x-irradiated crystal, and it is exposed to light of wave 
length 4650 A for sodium chloride, the neutral sodium atoms 
tend to lose electrons which begin to flow and produce an electric 
current. However, if the crystal is further irradiated with this 
light, a fatigue effect somewhat similar to that just described takes 
place and the current drops off. When the light is turned off, th: 
current drops to a very small but rather constant value, and the 
crystal is then in a condition to act as an infrared detector. If 
the crystal is suddenly exposed to infrared radiation, the photoe!: 
tric current rises almost instantaneously to a peak and then « 
cays. As before, it is possible that the height of this peak cou 
be used as quantitative measurement of the intensity of the infra- 
red source. Subsequent to irradiation with infrared energy, t! 
crystal assumes the state wherein the adsorbed neutral sodii 
atoms are again ready for the irradiation with the 4650 A lig! 
Occasionally it would be necessary to recharge the crystal by ' 
use of x rays. 

Phosphors. If certain infrared sensitive phosphors such as Cas 
BaS, or ZnS, containing specified amounts of impurities such a 
Bi, Cu, CaF:, Li;PO,, Na2B,O7, or NasSQ,, are exposed to ultra 
violet radiation, visible light is emitted which could be focus 
upon a photoelectric cell and measured quantitatively. If th 
ultraviolet source is turned off, the visible light intensity gradual 
decays. If, however, a short time after the decay process hw 
begun, the phosphor is exposed to infrared radiation, the visil 
intensity almost instantaneously increases again to the form 
maximum level. A quantitative evaluation of this seconda 
increase due to exposure to infrared radiation might be possib 

It is.realized that the theoretical limit to infrared detection | 
the foregoing means (photoelectric effects, phosphors) is the co 
dition where the energy of an individual photon, corresponding 
to the frequency of the radiation, is of the same order of magi 
tude as the energy of motion of the molecules of the material il 
self. It remains to be determined whether, for the methods 
detection just described, this condition will prevail at wa' 
lengths longer than, say, ten microns. 

Evaporation and Sublimation. Various techniques coll 
under this general heading. If a thin layer of oil or other mat 
rial is exposed to an infrared source, the evaporation of a sms 
amount of material causes variations in thickness which could 
detected interferometrically. Another possibility is the use | 
materials which sublime readily. For example, consider 
parallel light beam (possibly monochromatic) directed at grazilé 
incidence past the surface of a readily sublimed material to 
photoelectric cell. 
tion, the increased sublimation could possibly be detected # 
(a) attenuation of the photoelectric signal due to increased ab 
sorption of the light, (b) attenuation of the photoelectric sign 
due to a difference in refraction of the light beam, or (c) an inte 
ferometric effect using monochromatic light directed on both 
sides of the sublimator, only one side being exposed to the inft® 
red radiation. 

These are only some of the more promising possibilities which 
should be considered in the search for more efficient methods 4 
infrared detection. 
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PNEUMATIC DETECTOR SELECTED FOR STUDIES 

The nature of the work in infrared ‘detection at The Franklin 
Institute made it necessary to have a detector with high sensi- 
tivity and fast response time. Also, there was a need for portabil- 
ity and a fair degree of ruggedness. Thermocouples and thermo- 
piles were considered but eliminated owing to their slow response 
time. The cryostat bolometer, from the standpoint of fast re- 
sponse time and high sensitivity would have been ideal, but, 
since later developments were to include a number of detectors, 
itwas felt that the operation of a spectrograph using a number of 
the supercooled bolometers would run into excessive complexity. 
The field having been narrowed to room temperature bolometers 
or thermistors) and the Golay pneumatic detector, the pneu- 
matic detector was chosen, mainly for two reasons: (a) the dis- 
advantage of the somewhat complex optical system associated 
vith the pneumatic detector was overbalanced by the somewhat 
uperior sensitivity-response time characteristics, (b) the experi- 
ence gained by Signal Corps personnel in development work on the 
pneumatic detectors was available. 

The essential characteristics of the operation of the pneumatic 
letector may be understood by reference to Fig. 1. 

The following is only a brief explanation of the operation of the 
letector, presented for the convenience of the reader. A de- 
tailed description of the theory of the pneumatic detector is given 
in the literature by Dr. Golay (2, 3). The infrared radiation 
passes through a halide (usually sodium chloride) window and 
trikes an aluminized film which forms the closure for one end of 
‘tiny gas cell. The transmission-absorption characteristics of 
this film must, of course, be carefully maintained to the proper 
value. Energy absorbed or transmitted by the aluminum film is 
tansferred to the gas in the cell, thus causing a rise in the tem- 
perature and pressure of the gas. As a result, there is a dilation 
ofan antimony film which forms the closure for the other end of 
the gas cell. A path is provided for gas leakage around the com- 
ponent parts forming the gas cell, and the impedance to the flow 
ofgas can be varied. This adjustment has much to do with the 
*nsitivity of the detector. The dilation of the antimony film is 
detected and evaluated by means of an optical system which in- 
‘orporates a lined grid to provide light modulation to a light-sen- 
‘itive cell. The antimony film acts as a mirror. Light from 
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a small filament passes through one half of a pair of condensing — 
lenses which focuses the light on the antimony film forming one — 
end of the gas cell. Immediately after leaving the second con- 
densing lens, the light passes through the top half of a lined grid, 
consisting of alternate transparent and opaque lines. A a. 
meniscus lens placed near the antimony film causes an image of 
the top half of the grid to be formed on the lower half of the grid _ 
after reflection from the antimony film. 

Thus, with quiescent conditions, and the proper positioning of 
the grid and lenses, a minimum amount of light passes through 
the lower half of the grid to the light-sensitive cell.. Theoretically, 
no light would pass through if the image of the opaque spaces on 
the top half of the grid were formed on the transparent spaces 
of the bottom half of the grid. Reception of infrared energy and 
the resultant dilation of the antimony mirror causes a shift in the 
position and dimensions of the grid image with the result that 
some light passes through the lower half of the grid to the light- 
sensitive cell. 

The light-sensitive cell used was a thallium-sulphide photo- — 
conductive cell, which has been found to have a higher signal-to- _ 
noise ratio than ordinary phototubes or photomuitipliers, for the _ 
degree of light intensity used in this application. The reception 
of increasing amounts of energy causes larger signals up to a cer- 
tain point when more energy results in the passage of less light 
through the grid combination and a decreased signal results. 
However, at low energy levels, the response is linear. > i 

A detector of the type described was used in conjunction with 
a special low-dispersion monochromator, the schematic diagram At 
of which is shown in Fig. 2. The two small sections of the same __ 
large parabolic mirror, used, respectively, for collimation 
and focusing M,, are essentially equivalent to two small off-axis 
parabolic mirrors. The radiation enters slit S; and strikes para- _ 
bolic mirror M,. From there parallel rays travel to the 60-deg 
prism of sodium chloride. The prism and mirror M; are arranged 
according to the Wadsworth type of mounting, wherein the rays 
that pass through the prism at the angle of minimum deviation 
are reflected from plane mirror M2, at an angle to the rays incident 
to the prism-mirror combination of twice the angle @ between 
the perpendicular to the prism base and a line parallel to the 
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Hence for this monochromator, the total deviation of the 
rays which pass through the prism at minimum deviation is 90 
deg. From Msg, parallel rays strike plane mirror M;, and are 
again deviated through 90 deg to mirror M,, which would 
ordinarily focus them at S,, but plane mirror M; is interposed in 
their path to deflect the rays through slit S,; which is mounted 
on the pneumatic detector. 

The electronic signal obtained from the light-sensitive cell 
of the detector is amplified and fed to an oscilloscope where it is 
photographed. Due to the low dispersion of the monochromator, 
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accurate calibration was somewhat of a problem. The calibration 
in the visible region was made accurate, by means of a*photo- 
graphic plate of the mercury-are spectrum. The atmospheric 
water vapor and carbon dioxide frequencies in absorption were 
taken as 2350 cm! and 3750 cm™!, respectively. These data 
in combination with refractive index data from the literature 
and check points from a variable-temperature oxidized brass 
surface heater gave a to 
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MONOCHROMATOR AND PNEI MATIC 
DerrectTor 

The use of this low-dispersion monochromator with the pneu- 
matic detector permits the determination of the spectral distribu- 
tion of phenomena existing for very short intervals of time (of 
the order of a few milliseconds) or the determination of the spec- 
tral distribution, as a function of time, for phenomena existing for 
longer periods of time. A study of the latter type has been car- 
ried out and will be described. 

A methane-air mixture containing approximately 8 per cent 
methane was ignited by means of a spark in a bomb, the cross 
section of which is shown in Fig. 3. The procedure for the filling 
and exhausting of the bomb was as follows: Subsequent to an 
explosion, the valve to the vacuum pump was opened and the 
products of combustion pumped out until the pressure in the 
bomb was approximately 1 in. Hg. Then the atmosphere valve 
was opened and atmospheric air allowed to fill the bomb. The 
atmosphere valve was closed and the bomb again pumped out to 
a pressure of 1 in. Hg. The valve to the methane tank was then 
opened and methane was allowed to flow in until the pressure rise, 
as indicated by a mercury manometer, was 6.1 em Hg. On the 
basis of barometric pressure of 30 in. Hg or 76.2 cm Hg, a partial 
pressure of methane of 6.1 cm weuld give approximately an 8 per 
cent by volume mixture. After the bomb had received the charge 
of methane, the methane valve was closed and the atmosphere 
valve opened wide to allow the air to rush in and mix with the 
methane. A period of approximately 2 min was allowed for 
mixing and partial quieting of the turbulent conditions caused 
by the entrance of air into the tank. 

On the basis of the foregoing procedure, the amount of previous 
products of combustion in the freshly prepared charge should not 
exceed !/g or 0.11 per cent of the total mixture. It is realized 
that the real percentage composition of the mixture, as prepared, 
depended upon the existing barometric pressure and upon the 
validity of Dalton’s law of partial pressures. No attempts were 
made to control to a fine degree the composition of the mixture 
in these first experiments which were more or less of an exploratory 
nature, 

After the bomb had been filled with the combustible mixture, 
the shutter was set in motion to intercept, at intervals, the radi- 
ation emitted from the burning gas through the sodium chloride 
window. The monochromator was adjusted to the desired wave 
length and the spark ignited. The sweep circuit of the oscillo- 
scope was set in motion simultaneously, and a short time-delay 
relay allowed the sweep to travel a short distance before the 
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spark was ignited. With the ignition of the spark, the com- 
bustion process began, and the energy emitted from the reac- 
tion at a given wave length, as chosen by the monochromator, was 
sent to the gas cell of the pneumatic detector. The detector was 
adjusted for high sensitivity and the time required to reach 63 
per cent of the maximum signal was approximately 7 millisec. 
The shutter was arranged for equal off and on times of 17.35/2 
nillisee. This was the most convenient value, as dictated by the 
revolutions per minute of the motor used to drive the shutter. 
Thus it was possible to obtain time slices of the energy intensity 
at a given wave length at intervals of 17.35 millisec. The entire 
process was repeated for a series of wave lengths, 65 different 
wave lengths being taken in the spectral region from 1 micron to 
11 microns. 


MEASUREMENTS BY OSCILLOSCOPE 


A typical oscilloscope trace is shown in Fig.4. This trace was 
obtained by a simple time exposure during the combustion. The 
trace, as shown in Fig. 4, traveled from left to right, the first 
downward streak from the left being caused by the ignition of 


The maxima and minima of the trace tended 


the spark. 
toequalize around a centralized base line which itself tended to 


shift, depending upon the strength of the signal. The actual in- 
tensity, at a given time was obtained by measuring the distance 
vertically downward from a maximum to the Jine joining the 
two minima on either side of the maximum being measured. It 
can readily be seen in Fig. 4, how this distance builds up and 
decreases with time. The distance in time from successive max- 
ima or minima was 17.35 millisec. It will be noticed in Fig. 4, 
that the peaks get closer together as they progress toward the 
end of the trace. This was done purposely by using a logarith- 
nie horizontal sweep. This arrangement allowed the peaks to 
bespread more at the beginning of the combustion, where it was 
desired to determine the position of the first few peaks accu- 
tately with relation to the spark. Energy from the combustion 
process was detected visually for a time lasting from I to 1.5 sec. 

By evaluating the traces as indicated, curves such as those 
shown in Fig. 5, were obtained. These curves are for wave 
lengths of 1.0, 2.7, 4.5, and 10.0 microns, respectively. The 
«attering of points in the case of 1 and 10 is due to the fact that 
the detector is being operated in the region where its rather low- 
frequency noise level has been reached. Sixty-cyele pickup was 
considered, but the basic frequency of the noise indicated is ap- 
proximately 30 cycles. The attenuation necessary to represent 
all four of these curves on a single chart is indicated. 

Several peculiar properties of these curves must. be discussed. 


It will be noticed that there is a small intensity peak in the 
vicinity of 90 millisec on all the curves. This small peak was 
present at every wave length, but it is yet to be determined 
whether it is due to a phenomenon caused by the combustion — 
process or the geometry of the bomb itself. Later tests to be 
conducted with different-shaped bombs and a correlation with — 
pressure should clarify this point. 


os 


TIME, MILLISECONDS. 


ss a Function or Time Various WAVE 
LENGTHS 


Fie. 5 INTENSITY 


° = 1.0 uw, ordinates X 1 proms curve) 

= 2.7 w, ordinates X . 

> 4.5 ordinates 08 

@ = 10.0 ordinates X 1.1 


TIME TO PEAK INTENSITY ,MILLISECONDS 


WAVELENGTH, MICRONS 
6 VARIATION oF Time TO Peak INTENSITY 


The next point to be considered is that the time to reach the 
main peak of intensity is different for the various wave lengths. 
Variations in the mixture prior to the combustion could con- 
tribute to this inconsistency, but an examination of the curve 
shown in Fig. 6 reveals some interesting data relative to this 
point. In Figs. 7 and 8 it can be seen that there are pronounced 
emission peaks in the vicinity of 2.8 and 4.5 microns, and a broad 
peak in the vicinity of 6.75 microns. In Fig. 6 it can be seen 
that the time to reach the peak intensity tends to be lower in these 
same spectral regions. 

Figs. 7 and 8 represent spectral intensity as a function of time 
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for the radiation emitted during the combustion process. In 
Fig. 7, progressing upward, the successive curves are for times 
of 25, 50, 100, and 200 millisec. The curves in Fig. 8 are, 
progressing downward, for times of 300, 400, and 500 milli- 
seconds. In preparing the curves in Figs. 7 and 8, from -the 
type of curves shown in Fig. 5, it was necessary to determine the 
most probable time for the peak intensity to be reached for as 
given wave length. Undoubtedly, there would be some vari- 
ation in this time from trial to trial at a given wave length, so 
that, since for most wave lengths in these experiments only one 
trial was made, there is some doubt as to whether the time to 
peak intensity for that particular trial would be exactly the 
value which would be obtained for an average of, say, ten trials. 
Therefore the curve shown in Fig. 6 was used to determine the 
most probable time to peak intensity for a given wave length, and 
the times as measured were corrected to this most probable time. 
It is felt that this procedure would result in a more reasonable 
presentation of the curves shown in Figs. 7 and 8. The curves in 
Figs. 7 and 8 are drawn with the intensity ordinate on a loga- 
rithmic scale. This was necessary because of the large range of 
intensities covered. The curves as presented are not corrected 
for the overlapping effect, due to the use of a fairly wide slit of 
380 

The complete analysis of the curves requires considerable time 
and will be presented in a later paper. However, the following 
remarks apply to the curves as presented: At 25 millisec there 
are well-defined emission peaks at 1.42 and 1.80 microns, two broad 
peaks covering the range 2.4-2.9 uw and 4.1-4.6 uw, and other 
peaks at 5.5 w, 6.0 wu, and 6.75 uw. There are irregularities, al- 
most completely masked, in the range 3.2-3.7u. Methane is 
known to have a band in this region so that the minimum in the 
vicinity of 3.3 1 in the early stages of the combustion may be ab- 
sorption by unburned methane. The development of these 
peaks can be followed with time. The rather complicated struc- 
ture of the 2.4-2.9 » and 4.14.6 » bands is probably somewhat due 
to self-absorption. The OH radical is known to have a funda- 
mental frequency corresponding to a wave number of 3570 em}, 
ora wave length of 2.8 microns. A well-defined minimum at 2.8 u 
can be seen at 25 millisec. This minimum grows less pronounced 
up to a time of 200 millisec, but becomes slightly more pro- 
nounced at later times. The complete time analysis of the spec- 
tral distribution could not be satisfactorily reproduced in Figs. 7 
and 8. Only those curves corresponding to the times indicated 
could be presented. 


Discussion or TEsTs 


The primary purpose in conducting the methane combustion 
was to examine the feasibility of using the data obtained for the 
determination of the prevailing temperature of the combustion 
process as a function of time. There is considerable difference of 
opinion as to whether the characteristic radiation emitted by 
heated polyatomic molecules (for example, the water-vapor and 
tarbon dioxide molecules at 2.7 and 4.5 microns) is of a thermal or 
of a chemiluminescent nature. If the radiation is of a thermal 
nature, a determination of spectral brightness and emissivity at 
any two wave lengths should give the proper temperature with 
the application of the established radiation laws. Experiments 
of this nature, using the wave length 2.7 and 4.4 microns were 
tarried out by Schmidt (5) and are discussed in the text by Lewis 
and von Elbe (6). 

Another view of the problem is given by Gaydon in his text (7). 
It can be seen in Figs. 7 and 8, that the existence of the char- 
acteristic radiation emission peaks (assuming the radiation is of 
’ thermal nature) results in an effectively higher emissivity in 
these spectral regions. It will be noticed also that the relative 
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peak at 4.5 4, tends to increase at the beginning of the combustion 
process and decrease near the end of the time for which the proc- 
ess was analyzed. The ratio of the intensity of the peak at 2.7 » 
to that of the peak at 4.5 uw is plotted in Fig. 9, as a function of 
time. It will be noted that the peak ratio is reached near a time 
corresponding to the time in Fig. 5 for which the peak intensity 
for the radiation at various wave lengths is a maximum. 

Mixture strength and moisture content are known to have 
considerable influence upon the ratio of intensities of the bands at 
2.7 w and 4.5 uw, but the effect of temperature undoubtedly is of 
primary importance, the band at 2.74 probably being favored 
at higher temperatures (see ref. (7), chapter X). There are two 
phenomena present in the data which might lead to a clearer 
understanding of the nature of the radiation from combustion 
processes similar to the one studied. One of these is to be seen in 
Fig. 5. Subsequent to the first discontinuity in the vicinity of 
90 millisec, the rate of increase of intensity at 4.5 u is much slower 
than that at 2.7 u and also much slower than the rate of increase 
of intensity prior to the discontinuity near 90 millisec. The other 
phenomenon is the effect previously referred to and illustrated in 
Fig. 6, namely, that the peak intensity at wave lengths where 
strong emission is present is reached sooner than at wave lengths 
where none of the characteristic radiation exists. Further study 
of these two effects may furnish information relative to thermal- 
equilibrium conditions during the combustion. 

On the strength of two very broad assumptions, (a) that the 
radiation of 2.7 uw and 4.5 u is purely of a thermal nature (no chemi- 
luminescence), and (b) that the source giving rise to the radiation 
can be treated as a gray radiator at these wave lengths, it is 
possible to calculate the temperature for the combustion process 
as a function of time. This can be done by finding the value of 
T which satisfies the following equation 


14320 
= (2.7)8 14320 a [ 
» 


By carrying out such a calculation, the results shown in Table 
1 were obtained. The low values of temperature undoubtedly 
were due to the fact that factors other than temperature, such 
as total mass and relative proportions of the radiating com- 
ponents, have considerable influence on the ratio of the bands at 
2.7 4 and 4.5 u. However, the fact that the maximum tempera- 
ture, as calculated, was reached at a time corresponding to the 
peak intensity at all the spectral wave lengths, is not to be over- 
looked. 
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TEMPERATURE CALCULATIONS FOR 8 PER CENT 
METHANE IN AIR SPARK-IGNITED COMBUSTION 
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1630 | 178 — F. B. The author’s analysis of energy release in 
| of the combustion of methane introduces a quantitative spectral ap- 
— proach to combustion processes which promises to elucidate im- 
| portant steps in the kinetics of flame propagation and explosion. 
The wealth of literature on combustion research is a sound index 
+ ofthe importance of combustion to science and civilization, but it 
[ses + aa is also a confession of the complexity of the subject and the need 
for new and simplifying methods of scientific approach. To a 
2 - 1 = chemical engineer, the development of techniques for establishing 
ey the kinetics of combustion is important not only for improving 
the efficiency of power generation, but for directing the process to 
ConcLUSION 


The primary purpose of this paper was to indicate what can 
be done in this field with the equipment developed. Further 
work will be carried out, of a more precise nature, with a large- 
aperture infrared spectrograph, utilizing a bank of ten photo- 
thermal detectors. This unit will be capable of determining 
the spectral intensity, as a function of time, simultaneously at 
ten different wave lengths. Further experiments will be directed 
toward a true determination of the temperature as a function of 
time, the incorporation of a pressure gage to determine pressure 
as a function of time, the effect of type and exposed area of 


surface, and other effects. 
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valuable chemical products. 

Application of the Golay pneumatic detector to this research 
takes advantage of the high sensitivity and rapid response of the 
gas cell. However, it is believed the Society is particularly for- 
tunate in having the practical experience and knowledge of con- 
struction and assembly of the detectors coincide with the com- 
bustion research. More rapid and successful development can 
be anticipated, since here full knowledge of the advantages and 
limitations of the instrumentation will be applied simultaneously 
with the planning of experiments and the interpretation of data. 

The Generai Engineering Branch, Signal Corps, is to be congrat- 
ulated for sponsoring this project and for releasing this introduc- 
tory review of the equipment and method of attack. 


AvuTHOR’s CLOSURE 


In Figs. 7 and 8 it will be noticed in connection with the band 
at 4.5 u that the long tail on the lopg-wave-length side is present. 
This long tail was a subject of considerable discussion at the re 
cent Symposium on Combustion, Flame, and Explosion Phenom- 
ena held at the University of Wisconsin during the week of Sep- 
tember 6. Papers presented by Shirleigh Silverman, of the Ap 
plied Physics Laboratory, Johns Hopkins University, and G. B. 
B. M. Sutherland, Pembroke College, University of Cambridge, 
indicated some interesting possibilities in connection with tem- 
perature determinations by the use of the radiation from carbon 
dioxide on the long-wave-length side of the 4.3 band! This mat 
ter will be discussed further in subsequent papers. 


* Assistant Director, Jackson Laboratory, E. I. du Pont de Nem 
ours & Company, Wilmington, Del. 


i@ 


ou 


> 
T 
less 
nd pre: 
{ per’ 
torr 
con 
- 
lata 
Tl 
j 
ns 
forme 
ASM 
the 
Co 
Ne 
inde 
: 


em- 
bon 
nate 


Pertormance 


Criteria 


The comparison of performance characteristics of posi- 
tive-displacement pumps and fluid motors on the basis 
of dimensionless performance coefficients and dimension- 
less efficiency curves is presented as a substitute for the 
present methods. It is shown that the coefficients describe 
performance adequately and are subject to significant 
interpretation in terms of the geometry of the unit. The 
dimensionless efficiency curve is shown to have advantages 
in presenting a wide range of data and in prediction of per- 
formance characteristics under any specified operating 
conditions. 


INTRODUCTION 


HE general confusion with regard to methods of presenting 

positive-displacement-pump and motor performance data 

with particular reference to lack of agreement in definition 
of terms led to the preparation of the method of performance- 
data analysis and comparison described in this paper. Clarifica- 
tion of definitions of efficiencies, and the introduction of coeffi- 
tients of performance and their definitions are attempted in order 
to provide a logical and adequate means of describing perform- 
ance. 


PERFORMANCE EQUATIONS 


The performance of a pump.can be described in terms of two 


| simple equations (1),? one of which expresses the delivery and 


the other the torque as a function of the pertinent variables. 
These equations are 


c,D AP 
Qru 
ApD D 
+ caDun +  — Sp + T,........ (2] 
Qn 
where 
Q = delivery in units of volume per unit time liao f 
D = displacement in units of volume per revolution 
n = speed of rotation in revolutions per unit time 
¢, = coefficient of slip 


4p = pressure differential across pump 
» = dynamic viscosity of the liquid 
Q, = loss in delivery due to cavitation in the neighborhood of 
the inlet 
T = torque required to drive the pump in units of force times 
distance 
= viscous-drag coefficient 
¢ = dry-friction coefficient 
‘President, South Dakota School of Mines and Technology; 
— Pump Division, Sundstrand Machine Tool Co. Mem. 
SME 
Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
, Contributed by the Hydraulic Division and presented at the 
‘emi-Annual Meeting, Milwaukee,. Wis., May 30-June 5, 1948, of 
HE AMerRICAN SocreTy OF MECHANICAL ENGINEERS. 
Nore: Statements and opinions advanced in papers are to be 
wieratood as individual expressions of their authors and not those 
ifthe Society. Paper No. 48—SA-14. 
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T., = frictional torque which is independent of speed and pres- 
sure 


Similar equations can be written for a fluid motor, differing only 
in the signs of the terms after the first on the right-hand side of 
the equations. In all cases the system of units used must be 
consistent. 

The power output Pu: and power input Pj, of the pump can be 
expressed directly from the equations for torque and delivery, 
making use of the basic relationships 

Pin = 2xTn 
The resulting equations for power are then : 


2r 


D D 
Pin = Ee + cg Dun + c — Ap + 
2x 2x 
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The ideal power P; of the pump is given by 
P; = ApDn 


The power output and power input can be written in terms of the 
ideal power thus 


Ap 
run 2r T, 


It is obvious that the power output is always less than the ideal 
power and the power input is always greater than the ideal. 

Efficiency can be defined in a general manner as the ratio be- 
tween an ideal and an actual quantity. This leads to the dis- 
tinguishing of three different efficiencies, namely, volumetric 
efficiency, torque efficiency, and over-all efficiency. 

The volumetric efficiency 7, is the ratio between the actual 
delivery and the ideal delivery, thus 


Dn 6, D/2e 
Dr 
or 
Q 


Dn 


In a similar manner the torque efficiency 7,7 is defined as the 
ratio between ideal torque and actual torque, thus 


Ap D/2x ) 
"7 ‘Ap D/2x + czDun + Sp D/2e +T, 
1 ‘ 
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The over-all efficiency » of the pump is defined as the ratio of © 100 
_ power output to power input which is expressed, from Equations 8 
> ~ 03 
——_ It can be demonstrated readily that the over-all efficiency is the : 
product of volumetric and torque efficiencies 3 
002 004 006 008 OO 12 OF 


[10] 


Ea The maximum efficiency which can be obtained with any par- 

ticular pump is determined by the equation for over-all efficiency, 

and is expressed in a very simple and significant form when cer- 

tain assumptions concerning relative magnitudes of terms are 

- made. If one assumes that Q, and 7, are zero, the efficieacy 
Equation [9] can be written in the following form 


| 
1— =. Se 
+ Ca Ap + 


This equation is interesting from the standpoint that the effi- 
ciency is expressed in terms of the coefficients c;, cg, and cy, and 
the dimensionless parameter (27 un)/( Ap) only, indicating that 
the maximum efficiency is a function of the coefficients only. 
The approximation made by neglecting 7, and Q, is very fre- 
quently valid. In addition, the neglect of these terms provides 
an expression for efficiency which may be used as a guide, giving 

_ as it does a measure of the maximum efficiency attainable with 
_ the pump so long as the clearances are unchanged. 

In order to obtain the expression for maximum efficiency, 

Equation [11] is differentiated with respect to the parameter 


me: /(Ap), and the result set equal to zero, thus 
Ap \?* A 
c,/2m ( E € 


\ un, 
2run 
l+e—— + 
Ap ( Ap “) 


When this value of (un)/( Ap) is substituted in Equation [11] 
_ there results for maximum efficiency, nmax, the expression 


1 


[13] 


It is significant that the maximum efficiency is dependent upon 
the product of ¢, and cg and not upon the value of each individu- 
; ly This makes possible the presentation of the maximum 

efficiency as function of the pump coefficients in the very simple 

‘manner indicated in Fig. 1. 


SIGNIFICANCE OF COEFFICIENTS 


7 _ The method of defining the coefficients c,, c,, and ¢ requires 
__ that they be dimensionless numbers which can be shown to be 


CALCULATED Maximum Over-ALL Erriciency Positive 
DISPLACEMENT Pump 


Fig. 1 


ratios of lengths involved in the geometry of the pump or fluid 
motor. Consideration of the slip coefficient and the general 
equation for flow between parallel plates reveals that the slip 
coefficient can be represented by an equation in the following 
manner: The general equation for slip flow, Q,, between parallel 
plates is (1) 


| 
Ap bse 


where b is the width of the passage, | is the length, and 6 is the 
perpendicular distance between the plates. Equating this to the 
second term of Equation [1], which is the slip 


The displacement is proportional to the product of the square of 
the rotor radius R and the length of the rotor L, hence 


wy 


which indicates the general nature of this coefficient. 

Since the coefficient of slip is a ratio of pertinent lengths in a 
pump or motor, it is descriptive of the effect of the geometry of 
the unit on the slip. A series of geometrically similar pumps 
would have identical slip coefficients, thus performing identically 
in so far as volumetric efficiency is concerned. 

A similar demonstration shows that cg, which is also a dimen- 
sionless coefficient, made up of geometrical ratios, identical for 4 
homologous series of units, can be expressed 


The coefficient ¢, is a function of the coefficient of friction be 
tween contacting metals, the dimensions of the unit, and its elastic 
properties; hence would not be expected to be identical for s 
homologous series. However, it is dimensionless and is useful it 
comparing performance of pumps and motors with particular 
reference to wear characteristics. 

The product of slip and drag coefficients c,cq is significant a8 § 
measure of the excellence of the design from the standpoint of the 
proportioning of the clearances which exist between various 
elements of the pump or motor. It has been shown (4) that it 
the case of a simple vane pump there is an optimum clearance fot 
operation at any particular value of the parameter (un)/(4?): 
This demonstration may be extended to include all types of 
positive-displacement pumps and motors as will be shown. 

In order to show that there is an optimum clearance for oper 
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tion at a particular value of the parameter (un)/(Ap), the effi- 
ciency equation is investigated, making use of the relationship 
between the coefficients c, and cg and the clearance just developed. 
For this purpose these coefficients are expressed 


A Cc, = Cc, Cg = Cg 


Substitution of these quantities in the general efficiency Equation 
{11} yields 


The form of the equation indicates that for any given value of 
(un) /( Ap), there is a value of 8 between zero and infinity which 
gives a maximum efficiency. 


1 — (Ap) /(2mun) | 


Rb 
( [ (2xun)/(Ap)] + 


DETERMINATION OF COEFFICIENTS 


The numerical value of the coefficients of the pump may be 
determined experimentally as will be outlined briefly. This pro- 
cedure has been discussed in greater detail elsewhere (2), and is 
reviewed here simply to provide ready reference. 

The torque and delivery of the pump should be measured under 
conditions of constant liquid temperature at the pump intake, for 
various pressures and speeds. The data are best plotted as 
shown in Fig. 2. The slope of the torque lines is c,Dy as indi- 
cated. The slope of the delivery lines is the displacement D. 
Knowing u, the value of c, can be calculated. 

} The torque at zero speed is found by extending straight lines 
through the plotted points for torque versus speed at constant 
pressure. This yields values of torque which are independent 
of speed and equal therefore to the sum 
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The delivery at zero speed is determined in a similar manner 
This delivery is negative and is the slip at the given pressure. 

If the torque at zero speed and the slip are plotted as indicated 
in Fig. 3, the values of 7, and c,, and c, can be found as indicated. 


The slope of the torque line is rr Se 


D 
2n 


the intercept on the vertical axis is T,, and the slope of the sli 


= 


#4 CONSTANT 


(b) 


pressure line is ¢,(D/u). Since D and yu are known, c, and ¢, cap 
be calculated. 


EXPERIMENTAL RESULTS 


In Table 1 are shown experimentally determined pump and 
motor coefficients which have been established by the procedure 
outlined. Pumps of several different manufacturers are included 
in the list. Most pumps were stock models, although some were 
in various stages of development. In no case were the pumps 
operated at a speed sufficiently high to indicate conclusively the 
magnitude of Q.. 

The value of the drag coefficient c, is of the order of magnitude 
which one would expect from a consideration of the dimensions 
of pumps of the type under consideration. Calculated values of 
viscous torque indicate that the coefficient cg will generally be of 
the order of magnitude of 10‘ to 10°, 

The slip coefficient in most cases is larger than would be ex- 
pected from calculated values of slip. However, the coefficient is 
extremely sensitive to clearance values, being a function of the 
cube of the clearance (3). It is not subject to great accuracy of 
calculation since tolerances are relatively large compared to the 
clearance. In addition, heating of the liquid in slip passages, due 
to high rates of shear, results in a reduced viscosity and increased 
slip. This causes an experimental determination of a slip coefti- 
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TABLE 1 PUMP AND MOTOR COEFFICIENTS 
Te Cale per’ 
Hydraulic unit Deuin./rev. in-lb cd Ce of Ce cd cosi 
Internal-gear pump 1.205 13 5.95 X 104 3.35 x 10 0 0.0199 ale 
B Internal-gear pump 2.965 0 9.77 X 104 1.02 xX 1077 0.0446 0.0100 79.0. 
C Spur-gear pump 2.965 0 10.25 X 104 0.48 10-7 0.179 0.0050 “4.30 
D Vane pump 2.865 0 7,30 X 10¢ 0.477 X 10-7 0.212 0.00348 74:1 
te pump 0.652 4 1.20 X 9.00 x 10-7 0.200 0.0108 69.0 desi 
F Piston motor 2.060 7 22.9 xX 104 0.067 
a G Piston motor 1.000 12 9.3 x 104 0.094 con 
nternal-gear pump ams 1077 0.075 0.0081 78. 3 
J Piston pump 3.600 0 16.8 X 104 0.15 X 1077 0.045 0.0020 : Mf t 
= iz ness 
less 
dat: 
bili 
40 2 
8 Pun 
w 653- 
20 3 
= 
0 2 30 40 60 70 8 9 100 ien 
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(a) O A E Pump B 
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performance is a function of the parameter (un)/( Ap) and not u, 


plotting is even more significant, showing as it does the actual 
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cient, based upon viscosity at the pump inlet, to include the heat- n, and Ap individually, an infinite number of combinations of “proy 
ing effect of the shear. these quantities is represented by a single experimental point mal 
fi The values of c; in many cases are excessive and indicate the giving an efficiency at a specified value of (un)/( Ap). part 
necessity for additional consideraiion of dry frictional drag by the Using the experimentally determined values of the performance pum 
designer. This coefficient is an indication of the occurrence of coefficients in Equation [13], the expression may be written for pum 
metal-to-metal contact, and it is to be expected that a pump or _ the efficiency of the given unit. From this equation a curve can mat 
motor which exhibits a large value of this factor will show signs be plotted. This curve can be used safely to extrapolate beyond com 
of wear in a relatively short time. the range of the experimental data, provided due consideration is tion 
The torque Tis very much like that associated with the coeffi- given to the possibility of reduced delivery due to cavitation in the 
cient c, differing only in the fact that it isindependent of pressure. the neighborhood of the inlet. lap 
It is desirable to eliminate it in all designs. With few exceptions, The calculated value of maximum efficiency, shown in Table |, stall 
the value of 7, has been kept down to a reasonable value. is obtained by assuming 7, = 0. Comparison of pumps on the In 
basis of this efficiency may be carried out if due allowance is made desi 
Diwenstoniess Errictency Curves for the effect of 7. Specifically, pumps A and E cannot attain will 
The plotting of performance data in the form of dimensionless the maximum efficiency indicated but will approach it when the 1 
efficiency curves is a means of presenting a wide range of datain _ pressure differential is very large. 2 
compact form as well as an excellent means of predicting per- The plotting of efficiency as a function of the parameter is illus- RA 
formance outside the range of the experimental data, that is, at trated in Fig. 4 where the efficiency of pumps, B, C, and D, and ry 
values of uz, n, or Ap not readily obtained experimentally. Since motorEareshown. Since 7’, is zero for each of these pumps, this Deer; 
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performance characteristic over a wide range of values of vis- 
cosity, speed, and pressure. 


CoNncLusIONS 

The use of the coefficients c;, cg, and c, and the torque 7’, to 
describe the performance of a pump or fluid motor, is a method of 
comparing performance on a common basis. 

The interpretation of the performance characteristics in terms 
of these coefficients and 7’, constitutes a method of isolating weak- 
nesses in design thus assisting in redesign for improved perform- 
ance. 

The presentation of performance data in the form of dimension- 
less efficiency curves offers a means of showing a wide range of 
data in compact form as well as a means of determining suita- 


bility of the unit for an intended service. 


1 ‘Rotary Pump Theory,” by W. E. W Trans. ASME, 
68, 1946, p. 375. 
2 “Method of Evaluating Test Data Aids Design of Rotary 


Pumps,” by W. E. Wilson, Product Engineering, vol. 16, 1945, pp. 
653-656. 

3 “Rotary-Pump Theory,” by W. E. Wilson, Trans, ASME, vol. 
68, 1946, p. 373. 


4 “Design Analysis of Rotary Pumps to Obtain Maximum Effi- 
ciency,”” by W. E. Wilson, Product Engineering, vol. 17, 1946, pp. 


138-141, 
Liscussion 


J. H. Mauve.’ It is interesting to note that the paper applies 
to all types of positive-displacement pumps, regardless of design 
type and the natural pressure limitation of each design. In gen- 
eral, and eliminating pumps of special manufacture, the engineet 
has learned to select a certain design type of pump according to 
maximum circuit pressure, and these limitations may be stated 
as follows: 


1 Gear pumps for pressures not exceeding 1000 psi. 

2 Radial vane pumps for pressures not exceeding 2000 psi. 

3 Radial piston pumps for pressures over 2000 psi, and gen- 
erally up to 3000 psi. Certain small and special pumps of this 
type may be obtained for even higher fluid pressures. 


In quite a number of pressing operations the ‘“load-deforma- 
tion” curve is of approximate parabolic form, somewhat similar to 
that given in a paper by the writer.‘ In a direct pumping scheme 
of press operation, a high-low dual pump set is prescribed, which 
provides a high-volume low-pressure pump in conjunction with a 
maller-volume high-pressure pump. During the preliminary 
part of the pressing stroke, the combined discharges of both 
pumps are employed up to the limit pressure of the low-pressure 
pump, after which the low-pressure high-volume pump is auto- 
matically by-passed, and the final part of the pressing stroke is 
tompleted by the high-pressure pump alone. By careful selec- 
tion of pumps and pressures, it is seen that it is possible to keep 
the motor efficiently employed up to its rated capacity throughout 
‘large part of the pressing cycle and thus make an economic in- 
“allation. 

In selecting such a high-low combination pumping unit, the 
designer must also have knowledge of the oils which these pumps 
vill handle: 


1 Gear pumps will pump any press circuit oil employed. 

2 Radial vane pumps will not operate on an oil heavier than 

‘Assistant Chief Engineer, Industrial Division, Dominion Engi- 
Wering Company, Limited, Montreal, Canada. 

“Principles in the Design of Modern Hydraulic Machinery,” by 
1H. Maude, Dominion Engineer, vol. 14, August, 1947, fig. 21, p. 12. 
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SAE No. 20W. Generally the oil is specified as 150-225 SUV at 
100 F. Heavy oils cause suction cavitation. 

3 Radial piston pumps require a heavy oil, sometimes as high 
as SAE 40 to 50, and having a viscosity of 9200SUV at 100 F. The 
internals of the pump obtain their lubrication from a prescribed 
leakage from the pistons operating in the bronze cylinder body, 
which leakage is limited to 3 per cent maximum of pump dis- 
charge. 


All eils for hydraulic circuits should possess temperature sta- 
bility so that there is as little reduction in viscosity with tempera- 
ture rise as is possible. 

From the foregoing it will be noted that a low-pressure radial 
vane pump cannot be used in association with a radial piston 
pump, because of the difference in circuit oil requirements. 

Referring to the author’s researches into what he terms “dry 
friction” and its magnitude, this is a variable factor depending 
largely upon manufacturing inaccuracies. All machines made 
along the lines of quantitative production are made to certain pre- 
scribed tolerances and allowances with selective assembly. Nev- 
ertheless, in assembly, small misalignments plus approaching high 
and low dimensions compound to give a pump not exactly to true 
standard, so that on test, it immediately develops undue heat. 
This is the “dry-friction” factor and the remedy is hand-fitting to 
bed in the mating parts. 


O. E. Tetcuman.’ The author of this paper is to be commended 
for applying dimensional analysis and similitude to the analysis of 
performance data of positive-displacement pumps and fluid mo- 
tors. The plotting of efficiency data, obtained from performance 
tests, against the dimensionless parameter (un)/( Ap) gives a very 
effective means for comparing a variety of operation conditions. 
The coefficients of viscous drag c,, slip c,, and dry friction c,, de- 
rived from the discharge-speed and torque-speed diagrams, give 
the designer a basis for evaluating various design features and 
their influence on the over-all efficiency. The diagram given in 
Fig. 1 of the paper, showing the maximum efficiency as a function 
of the product c,c, for various values of c,, is indicative for the 
limitations in performance of certain designs. 

From the simplifications made to obtain Equation [11] of the 
paper, as well as from the diagrams, Figs. 2(a) and (0), it is under- 
stood that only straight-line relationships of torque speed and dis- 
charge speed are used in the analysis. Experimental data usually 
show that there is only a limited speed range where this holds 
true. The term Q, in Equation [1] is a function of the speed 
causing, for the pump, a downward bend of the discharge- 
speed curve in the higher speed range. The torque-speed rela- 
tionship is linear only in the region of “perfect” lubrication. For 
low values of (un)/( Ap), imperfect film lubrication sets in similar 
to conditions as observed on journal bearings, where the co- 
efficient of friction and consequently the friction torque increase 
sharply below a certain minimum value of (un)/( Ap) for any given 
ratio of bearing diameter to clearance in the bearing. Under cer- 
tain conditions, this will affect the maximum efficiency obtaina- 
ble, giving a smaller nmax at a somewhat higher (un)/(Ap), as 
compared with the values corresponding to Equations [11] and 
[13]. 

Another uncertainty is attached to using viscosity values in 
the approach lines for (un)/(Ap), neglecting local heating and 
change of viscosity at the locations in the pump where the slip and 
torque losses occur. It will always pay to check these conditions 
before any extrapolation beyond the range of experimental data 
is applied. 

With regard to nomenclature, it should not be out of order to 


§ Supervisor in Fluid Mechanics, Armour Research Foundation, 
Chicago, Ill. Mem. ASME, 
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nection with Q,. Would it not Ae ties to reserve this term to 
conditions where ‘‘vapor-filled cavities’ are encountered, the 
collapse of which causes the phenomenon called ‘cavitation ero- 
sion?’ In oil-hydraulics, would not “aeration” or “separation” be 
better terms for the formation of cavities that are mostly filled 
with air? 


AUTHOR’s CLOSURE 


Mr. Maude summarizes present practice and general limitations 
on positive-displacement pumps and motors, opening as he does so 
the topic of the design of pumps and motors for special purposes. 
The limitations with respect to pressure and type of oil cited by 
Mr. Maude are to a considerable extent the result of standard 
practice with reference to clearances. The basic significance of 
the clearances built into a positive-displacement unit when fully 
appreciated should result in designs capable of performing satis- 
factorily under conditions now deemed outside the practical range. 

Mr. Maude’s observations on the significance and cause of 
dry friction are extremely pertinent. It it unlikely that the aver- 
age designer appreciates fully the magnitude of the energy loss as- 
sociated with relatively slight metal-to-metal contacts when high 
speeds are involved. 
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Mr. Teichman discusses several very basic topics, among 

which are imperfect lubrication, variation of liquid viscosity due 

to local heating, and nomenclature. As Mr. Teichman points out, 

the linear relationships — in this paper exist only for lim- 


ited ranges of the parameter ~ = Deviations due to breakdowns of 
p 


the lubrication are apparent in all experimental studies providing 
the low-speed high-pressure ranges are investigated. Much sig- 
nificant research remains to be done in determining completely 
the consideration which must be given to this fact in design. 

“The effect of viscosity variation on performance is a factor of 
prime importance in design. The complexities of the problems 
which arise in attempting to predict the effect under any given 
set of circumstances are so great that no major steps in formulat- 
ing a design procedure have been taken. A very promising field 
of research exists in this area. 

Mr. Teichman very properly questions the use of the word 
cavitation to describe the formation and decay of air-filled pock- 
ets. Prof. R. T. Knapp, authority on cavitation, has expressed 
the opinion that this phenomenon should properly be considered 
cavitation. It would seem that usage and custom must ultimately 
determine the choice of word. 
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Res 


Speed of response of the thermometer element is an im- 
portant factor in the accurate measurement and control 
of temperature for industrial processes. This paper dis- 
cusses the significance of the time constant as a basis of 
comparison of elements and shows quantitatively by 
means of data and curves the effects of varying the design 
factors such as socket size, materials, and internal ele- 
ment structure. The relation between the heat-transfer 
rate from the surrounding medium to the socket wall and 
the element response is shown by response data for a num- 
ber of designs tested in air and water. Methods are given 
for determining the temperature versus time response 
curves of elements in a medium whose temperature is 
changing suddenly, uniformly, and sinusoidally as a 
function of time. 


Sprep of Response AS A Factor IN TEMPERATURE MEASURE- 
MENT AND CONTROL 


N almost all applications involving the measurement and 
control of industrial processes, temperature is of funda- 
mental importance as a guide to the successful operation of 

these processes. Temperature of the medium is usually inferred 
from the temperature of an immersed element such as a thermo- 

couple, a resistance wire, or a bulb filled with expansible liquid 
or gas. This element is heated by any or all of the three modes 
of transfer, i.e., convection, conduction, and radiation. While 
conditions can be controlled in the laboratory so that tempera- 
tures can be measured and reproduced to an extraordinary pre- 
cision, such conditions do not generally exist in industrial proc- 

In many cases the heat-transfer rate to the temperature- 
measuring element or its protective socket is a factor determined 
by the process and is not controllable. Also, the thermal element 
must be sufficiently massive to withstand corrosion and me- 
chanical shock and is generally enclosed in a socket whose thick- 
ness and construction are determined by pressure and other 
factors. Several commercial-type socket assemblies for resist- 
ance-thermometer elements are shown in Fig. 1. The design and 
application factors determine the lag of the element temperature 
behind that of the medium and sizable errors may result under 
tonditions of change. Consequently an important consideration 
in the accurate measurement and control of the temperature of 
industrial processes is the response characteristic of the measur- 
ing element. 

A great deal of justifiable emphasis has been placed on those 
factors which are important to fundamental accuracy such as 
purity and reproducibility of thermocouple and _ resistance- 
tlment materials, aging and contamination of materials, in- 
ttrument accuracy, and the like. The application sources of 
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error including response lag are equally important but in many 
cases are neglected or minimized because of a lack of specific in- 
formation and data to enable the engineer to properly evaluate 
these factors in analyzing his special problems of temperature 


measurement. 


The importance of the response characteristic in the accurate 


measurement and control of temperature was recognized in cer- 
tain vital processes engaged in during the last war. Conse- 
quently a specific development was organized and carried out 
to determine the correlation between the physical factors and the 
speed of response of thermal elements and to design elements 
based on this study to have the fastest response consistent with 
all the other desirable features involved, such as mechanical 
strength, corrosion resistance, and minimum conduction and 
radiation errors. The physical factors include the thermal prop- 
erties of the medium as well as the geometry of the thermal ele- 
ments and the properties of the materials making up the element 
and its protecting socket. Since the completion of this develop- 
ment, further investigation has been carried out to determine 
additional data and to extend the methods and analysis to more 
general application. The object of this paper is to summarize 
these test results and to correlate these results to the physica! 
factors. The tests were made with various designs of elements 
and sockets in media ranging from stagnant air to flowing water 
in order to cover a wide range of heat-transfer rates. 

Although most of the response data were obtained using re- 
sistance-thermometer and thermocouple elements in metallic 
sockets, the method of analysis and the conclusions can be ex- 
tended in a general way to all types of thermal elements including 
thermal control devices. Certain differences in the design and 
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materials making up these elements will of course influence the 
characteristics. For example, the stem lag of partially immersed 
elements such as mercury thermometers is a complicating factor 
as discussed in an article by Noyes (5).2 However, in all cases 
the problem is fundamentally one of transient heat flow. A com- 
pletely general and rigorous mathematical solution is probably 
not possible and certainly not practical to the design and ap- 
plication engineer. The methods employed in this paper involve 
a combination of relatively simple theory of equivalent heat- 
flow circuits with heat-transfer data and specific response data 
to establish a basis for determining with reasonable accuracy the 
response of thermal elements. The present state of knowledge 
of heat-transfer coefficients and thermal properties of materials 
at various temperatures does not justify more rigorous methods. 
In a few cases where temperature of the medium can change 
frequently and rapidly, such as surrounding air temperatures of 
an aircraft, a knowledge of the response characteristic might be 
as important as steady-state accuracy. However, in most in- 
dustrial applications, approximate calculation of the response 
lag to 10 or 20 per cent is satisfactory. The problem, in gen- 
eral, is to obtain the highest speed of response in a specific heat- 
transfer medium and consistent with good design practice. 


Tue THERMAL Time CONSTANT AS THE ELEMENTARY Basis 
FOR COMPARISON 


A bare resistance thermometer element or thermocouple im- 
mersed in a heat-transfer medium can be considered as a single 
lumped thermal capacity exchanging heat through a single lumped 
conductance as shown in Fig. 2a. This circuit also approximates 
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Fie. 2 (a) Circuit oF THE ELEMENTARY THERMOMETER 
(6) ANaLocous Exectric Circuit or THE ELEMENTARY 
THERMOMETER 


that of a mercury-in-glass thermometer, bare gas-filled bulb, or 
thermostatic element of the expansion type. In many applica- 
tions it is also a reasonably accurate representation of the heat- 
flow circuit even when the sensitive element is enclosed in a pro- 
tecting tube or socket. A more general treatment of the element 
in socket case is considered later on in this paper, 

The thermal circuit is exactly analogous to the electric circuit 
shown in Fig. 2b in which the capacitor C is charged to a potential 
e through a resistance R from a source such as a battery or gen- 
erator. The source in either case is assumed to have an infinite 
capacity so that flow of current or heat into or out of it has no 
effect on the potential. This potential as represented by voltage 
or temperature is considered to be varying as some function of 
time denoted as 0, = F(t). bt 


The Serena equation for the thermal circuit is 


original steady-state value of % degrees to a new value of 0 de- 
grees, the temperature of the element at time ¢ is 

= + (8, — 64) (1 — e~*/RC) 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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The temperature lag expressed as a part of the total tempera- 
ture change is 


The product RC is the time constant symbolized as t. It has 
units of time and is numerically equal to the time required for the 
element lag to be reduced to 1/e or 0.368. In other words, when 
t = t, the element will have accomplished 63.2 per cent of the 
total medium temperature change. If the natural logarithm of 
L is plotted as a function of ¢ the resultant curve is a straight line 
having a slope equal to —1/te. 

Since thermal conductance U is a more familiar factor than re- 
sistance, the thermal time constant is perhaps better represented 
by the ratio of thermal capacity to thermal conductance. Syn- 
bolically, t = C/U. 

In very few industrial applications does the temperature of a 
process medium change suddenly enough to be considered in- 
stantaneous as assumed in this analysis. In test or laboratory 
work, temperature elements may be exposed to such conditions 
as, for example, when immersed suddenly in a bath or fluid stream. 
However, regardless of how the medium is changing, the time 
constant is the basic factor which determines the response of 
the thermometer element. 

A number of response equations for changing medium tempera- 
tures are listed as follows: hese solutions are based on the as- 
sumption of an elementary thermometer element, but apply with 
certain limitations to most applications. 

1 Condition. The medium changes at a constant rate of r 
degrees per unit time beginning at % deg at 0 time 


0, — O 


et/RC 


to a— 
t 


For large values of ¢ the lag in degrees is simply 
L,° 


2 Condition. The medium changes at a constant rate of r 
degrees per unit time for a period of t, units of time. 

In the interval from ¢ = 0 to ¢ = ¢, the response and lag are 
given by Equations [4] and [5]. Fromt = t, tot = the re 
sponse is given by the following equation 

—(t—ta) 
0’ = + rt, — rte (1 


and 


a — 

3 Condition. The temperature of the medium changes 4 
a periodic sinusoidal function of time about a mean value of 6 in 
accordance with the equation 0, = 0 + @,, sin (2rft). This might 
be the case with a hunting control cycling at a frequency of f 
cycles per unit time. The complete response equation is - 2 


0 = + 


1 + w? &? 


+ Vi + wt? sin (wt — tan~* wte)| 


dy 


At steady state 
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where w = 2x f and tan! (wte) is the lag angle of the tempera- led 0 435 tn 0.435 tn =" 


ture of the element behind that of the medium. 

Equation [10] is recognized more familiarly as that of the volt- 
age on a condenser in series with a resistance across an alternating- 
current power source. 

For large values of f and it is apparent from Equation [10] 
that the element will not measure instantaneous medium tem- 
perature, but rather the average temperature %. The ratio of 
the amplitude of the element temperature to that of the medium 


V1 + wl? 

the medium at time ¢ is given by Equation [11] 


whe 0,,, 1 
L° = ; Sin (w + tan) (11) 
0 


In general, if the known or assumed variation of the tempera- 
ture of the medium can be expressed as an analytical function, 
the response of the measuring element can be determined by solv- 
ing the differential Equation [1]. Conversely, the temperature 
of the medium can also be inferred from the response record of 
the temperature of the measuring element. 

The time constant t is the single constant of the elementary 
thermometer which determines its response. Since the response is 
an inverse function of ts, it is sometimes more convenient to com- 
pare elements on the basis of 1/t) which is defined in this paper 
as the response factor Rf. 


The lag in degrees between the element and 


EXPERIMENTAL PROCEDURE 


If the elementary thermometers at a uniform temperature 9%, are 
suddenly immersed in a medium at temperature 8,,, it is assumed 
that the response will be the same as if the element were immersed 
in a medium whose temperature is changed suddenly (@,, — 69) 
deg. Consequently, the response of an element determined by 
sudden immersion will be the same as defined by Equation [2]. 
The time constant can be obtained directly from the curve of per 
cent response plotted versus time by observing the time required 
for 63.2 per cent of the total change. A better method consists in 
determining the slope of the lag curve plotted on semilog co- 
ordinates. Equation [3] expressed in logarithm form is 


= men where In L = logarithm of L to base e 
InL 


Since the ordinates of the semilog paper are distributed ac- 
cording to logarithm to base 10, the expression for log L becomes 


0.435 
0 4 a 


n 


Where n = number of cycles of plotting. 
tn = time given by the intersection of the lag curve with 
the time axis. 
For example, assume that log L is plotted over the range 1 to 
0.01 in which case n = 2. and 


0.2175 in 
ob 

In determining test data it was found convenient to use an 
electronic-type recorder of the continuous-null-balance type such 
as described in a recent paper (10) by Dickey and Hornfeck. A 
round-chart instrument was used by speeding up the chart move- 
ment from 24 hr to 48 sec. A high-speed recorder mechanism 
was used to enable the recording pen to travel across the chart 
in less than 1.5 sec. The typical response curve on the round chart 
is a spiral record as shown in Fig. 3, and each test was run until 
the records overlapped indicating no further significant change 
in temperature. 

This equipment was generally quite satisfactory in obtaining 
response data of industrial-type thermometer elements. How- 
ever, fine-wire thermocouples and bare resistance thermometers 
in liquids and high-velocity air streams were found in some in- 
stances to have speeds of response greater than that of the re- 
corder. Since these are simple elements, it is usually possible 
to extrapolate actual test data of heavier elements or elements 


* * tog 1 — log 0.01 


3 


TypicaL Response Recorps OBTAINED WiTH A RounpD 
Cuart Recorper; Time Scare, 1 Hr = 2 Sec 


(Chart A, cooling curve of element in water; Chart B, cooling curve of 
same element in air at 50 fpm velocity.) 
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- 
in low-heat-transfer media to determine the response of lighter 
elements or similar elements in high-heat-transfer media. 

In making tests special effort was made to minimize such fac- 
tors which might falsely distort the response curve. These in- 
clude: 1, time of transfer of element to medium to initiate the 
response; 2, nonuniform heating or cooling of the element, par- 
ticularly the enclosed-socket type; 3, longitudinal transfer of 
heat down the socket or element leads to the head exposed to a 
different temperature from the medium: 4, variations in tem- 
perature of the medium during test; and 5, change in heat- 
transfer factors of the medium and thermal properties of the ele- 
ments over the range of temperature. 

The time required for full immersion was less than '/, sec and 
had negligible effect on the response tests except in a few instances. 
Factors 2, 3, 4, and 5 were minimized by making most of 
tests at or near ambient temperatures and the total rise or fall of 
temperature relatively small (generally under 100 F). In spite 
of these precautions certain deviations of the response curves 
from those predicated by simple theory were occasionally ob- 
served. 

In general, it is believed that the response data on the particular 
elements tested are accurate to +2 per cent in water and +5 per 
cent in the airstream. The accuracy with which these data can be 
extrapolated or interpolated to specific industrial installations 
depends on how accurately the heat-transfer coefficients and the 
effect of variations in design, i.e., shape and size of the socket, 
from those tested can be calculated. 


Response TrEst DATA 


Resistance Thermometers. The majority of the response tests 
were conducted on resistance-thermometer elements both bare 
and in protecting sockets. This is justifiable on the basis of the 
increased use of the resistance thermometers in industrial-process 
and aircraft applications where speed of response, sensitivity, and 
accuracy obtainable with this type of element are in many cases 
necessary or desirable. Furthermore, widespread use of the re- 
sistance thermometer for industrial applications is of relatively 
recent origin although it has been used as laboratory standard 
for precision thermometry for many years. Except for two re- 
cent papers (1, 2) little literature is available on the response lag 
and other sources of application error on this type of thermometer. 


TABLE 1 
MERCIAL 


4f element in round 


Low-pressure round unit 
stainless steel socket 


~ 4g stainless steel socket Integral unit socket not 
separable 

y 4h Integral unit for low pres- 

sure and temperature 


applications 


4h in */,-in. OD separa- 
ble brass socket 


Nore: Average temperature: 
100 F, water = 40 F; pressure: 
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EQUIVALENT TIME CONSTANTS OF 
RESISTANCE-THERMOMETER ELEMENTS 


AND WATER 
Time constant — t sec 
350 ft Air at Waterat 
-—- Element and socket per 950 ft 5300 ft 60 ft per in 
Reference figure Description min per min per min (approx) fa 

4a Bare flat element 5.6 4.1 2.6 at 1800 less than 1 sec 
4b Bare flat element with 

guard springs 34.5 24 15 at 1800 

» Element 4bin socket 4c Element in high-pressure . 
‘lat socket 136 

Element 4a in socket 4d Low-pressure high-speed 

unit 49 33.5 15.5 
Element 4e in round Silver springs aotieat 

stainless (18-8) socket 2 = 0.600 i 

dy = 0.563 i a. 55.5 40 16.5 
Same Same with Inconelsprings 81.0 65.0 42 
4e in brass socket Silver springs socket 

dz = 0.593 in 

d; = 0.568 in. 38.5 29.0 13.3 
Same Same with Inconel springs 67.5 55.0 38.0 
4e in aluminum socket Silver springs socket 


air = 130 F, water = 100 F; range of temperature change: 
atmospheric 29.6 in. Hg. (approx). 
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A number of commercial and experimental designs were ana- 
lyzed and tested. These are shown in Fig. 4. All but one of 
the designs tested used platinum wire as the sensitive element 
and because of the very small thermal capacity of the actual 
wire, the data would apply as a close approximation to copper or 
nickel wire elements. It will be noted from the figures that there 
are two basic types of construction: 1, the separable socket and 
element type (Fig. 4a to 4f) in which the internal element can be 
readily removed for replacement and repair, and 2, the integral 
type as shown by types 4g and 4h in which the sensitive element 
and the bulb form a single unit which cannot be disassembled, 
The first design has the advantage of permitting the use of 
standard internal element in all types of sockets whether for high 
or low pressure or corrosive or noncorrosive atmosphere. The 
second design, because of its integral construction, can be made 
to have a higher speed of response when applied alone but it has 
the major disadvantage of requiring a second protecting socket 
in many applications. 

The single time constant & defines the response characteristic 
of bare elements in any heat-transfer medium. While the re- 
sponse of an element in a socket may deviate from a straight 
line on a semilog graph, these more complex thermometers can 
be approximately compared on the basis of an equivalent time 
constant. Table 1 summarizes the data on the various thermome- 
ter elements tested in air and water. The data show the 
response of the elements for a wide range in velocity of the air. 

At low velocities the time constant of the element is deter- 
mined almost entirely by the heat-transfer coefficient to the 
socket and the thermal capacity of the socket. Consequently 
the response factor, 1/t for a particular socket is a function of the 
air velocity as shown by the curves in Fig. 5. The slopes of these 
curves in this region are theoretically equal to the exponent of the 
velocity term in the expression for the heat-transfer coefficient 
from air or other gases to round cylinders. The exponent in- 
creases somewhat with velocity as indicated by these curves. At 
high velocities it will be noted that the response curves begin 
to droop and if the velocity were increased indefinitely, the re 
sponse would ultimately become constant at a value equal to the 
conductance between the inner wall of the protecting socket and 
the sensitive element divided by the thermal capacity of the in- 
ternal element. This factor may be called the internal response 


SEVERAL EXPERIMENTAL AND COM- 
DETERMINED BY TEST IN AIR 
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4 BARE ELEMENT. FIG 4a 
ELEMENT & SOCKET FIG 4f 
ELEMENT FIG. 4e IN ROUND ALUMINUM SOCKET’ 
dz: .600 IN | 
ELEMENT & SOCKET FIG 4h 
ELEMENT 


SOCKET di:.563IN dr: 
“ELEMENT SOCKET FIG 4g 


| SAME UNIT AS FOR E-E BUT WITH 
INCONEL SPRINGS ON ELEMENT —_ 
UNIT SHOWN BY FIG 4h IN 


FIG 4e IN ROUND STAINLESS STEEL | 
10 | 
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factor. It will be observed that for integral units, which have diameter ratios. 
extremely small internal time constants, the response in- 
creases indefinitely with velocity over the test range. On 
the other hand elements which have an appreciable internal time 
constant show considerable drooping at higher velocities. 

In most liquids with the possible exception of relatively viscous 
oil the equivalent time constant is determined principally by the 
internal thermal conductance and capacity. Exceptions exist 
in the case where the socket wall thickness is very great for ex- 
tremely high-pressure applications and where the socket material 
is limited to metals such as stainless steel or to nonmetals which 
have a high thermal capacity and a low thermal conductivity. 
Consequently an excellent method to determine the internal 
time constant is to obtain the response characteristic in water. 
This is particularly accurate for very thin-wall sockets. In Fig. 
6 the time constant of the resistance-thermometer element shown 
in Fig. 4e enclosed in a round socket is plotted as a function of 


down to a wall 
there is relativel 


springs shows 


fluids. 


indicate that in 
and other equiv. 


ing lag is internal. 


me 8 SEPARABLE BRASS SOCKET 
di:.435 IN. dz=.675 IN. 
TEMPERATURES OF AIR =O, 80°F APPROX 


Fic. 5 Tue VarraTion oF Response Factor (Reciprocat or Time Constant) Air-STREAM VELOCITY 


This figure shows the relatively small effect vo’ 


socket thickness on response in a high-heat-transfer medium 
For example, the stainless-steel socket with silver conducting 
springs shows variation of time constant with socket thickness 


thickness of about 7/32 in., beyond which poin' 
y little change indicating that most of the remain 
The brass socket with Inconel conducting 
onsiderably less effect produced by changes in the 


socket size because the low thermal conductivity of the Inconel 
compared to silver increases the internal time constant. 

Table 2 shows the time constants of several elements in various 
In general, other things being equal, the heat-transier 
coefficient and the response factor will be approximately inversely 
proportional to some function of the kinematic viscosity, which is 
the ratio of absolute viscosity divided by the density. The dats 


most liquids the response is higher than in ai’ 
alent gases at even high velocity. 


TABLE 2 TIME CONSTANTS OF SEVERAL RESISTANCE THERMOMETER ELEMENTS IN VARIOUS HEAT-TRANSFER MEDIA 
Liquids at approx. 60 fpm Valesliy 


20 30 40 60 60 100 200 WO CO 
+ +e + +—+-+-+ 4+ 
+ 


| 


Element and socket Air Carbon + yl Lavite 
Reference ae 1800 Ace- tetra- yn- nz- ace- Heavy (molten 
figure Description fpm Water tone chloride thetic ene tate oil salts) 
4b less 
Bare flat element than 

. with guardsprings 15 1 2.5 2.5 2 

4b in 4c Flat element in high- . 
i pressure socket 76 23 23 

4a in 4d Low-pressure high- 

_ speed unit 24 1.3 3.1 2.2 Pe 9.4 
4f in Low-pressure round 

reund unit 

socket 18.5 5.1 8.7 8.5 8.7 
4g Stain- Integral unit 31.0 1.6 3.7 3.2 3.2 

less- 

socke 
4h Integral unit 19.0 9 2.6 2.5 2.7 2 


Nore: 
other liquids = 


air = 130 F, Lavite — 600 F, other liquids = 100 F; Range of temperature change: 


air = 100 F, Lavite = 4 


Fig, 
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‘THERMOCOUPLES 


Thermocouples either bare or in protecting sockets exhibit the 
same type of response characteristic as resistance thermometers. 
This is obviously true since the thermal circuit from the heat- 
transfer medium to the sensitive thermocouple element is basi- 
cally the same as that of the resistance thermometer. Table 3 
shows the time constants of various thermocouple elements. 


CURVE, 
A- BRASS SOCKET AND SILVER ! 


CONDUCTING SPRINGS 
B- STAINLESS STEEL (18-6) SOCKET AND 
SILVER CONOUCTING SPRINGS 
24 C- BRASS SOCKET WITH INCONEL —_ 
CONDUCTING SPRINGS 


O - STAINLESS STEEL SOCKET AND INCONEL 
CONDUCTING SPRINGS 


TIME CONSTANT - SECONDS 


lo 


Fic.6 Time Constants oF Socket-ENCLOSED ELEMENTS IN WATER 
AS A FuncTION oF Socket Size 
[Element shown in Fig. 4(e).] 


If the thermocouple does not touch the walls of the enclosed 
socket, the thermal resistance between the inner wall of the 
socket and the thermocouple element is high compared to the 
thermal resistance between the heat-transfer medium and the 


TABLE 3 
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EQUIVALENT TIME CONSTANTS OF THERMOCOUPLES 


outer wall of the socket. Consequently, as the data show, this 
type of instalJation is very sluggish under all conditions. If the 
thermocouple makes good contact with the socket or is welded 
or soldered into the end of the socket or, as in some cases, if the 
socket itself forms one of the thermocouple conductors, the in- 
ternal lag is generally small or negligible and the time constant 
is determined almost entirely by the thermal capacity of the 
socket and heat-transfer coefficient to it from the medium. In 
general, the bare thermocouple will have a response similar to 
that of the bare resistance-thermometer element except that addi- 
tional lag may be introduced by the support on which the re- 
sistance wire is wound. Since the bare thermocouples tested 
were of larger wire size than the resistance thermometers, they 
are somewhat slower as indicated by the specific data. 


DETERMINATION OF RESPONSE FRom Basic DaTa AND BY ExTRA- 
POLATION OF RESULTS 


The test thermometer elements have been compared on the 
basis of a single equivalent time constant. While this may not 
be mathematically correct in so far as defining the complete re- 
sponse curves, it does serve as a satisfactory criterion of com- 
parison. On the other hand if the response is to be predetermined 
by calculation from basic data or by extrapolating test data for 
new heat-transfer conditions, the equivalent time constant can 
be calculated only if the thermometer is physically equivalent to 
a single thermal capacity in series with the boundary resistance. 
Strictly speaking only a bare element can be so represented, but 
in practice the socket-protected element often has a response 
characteristic defined by a single exponential function. Conse- 
quently it is relatively easy to calculate the time constant of such 
an element providing the thermal capacity and heat-transfer 
rates are known. The time constant is given by the simple equa- 
tion 


iA 


p = density of material 

V = volume of element 

c = specific thermal capacity of element material (specific 
heat) 

A = surface area 

h = heat-transfer rate from medium to element surface. 


Thermocouple and socket 


Air 
Description 50 fpm 

Bare No. 14 wire iron-con- 

stantan 20 
Bare No. 19 wire chromel- 

alumel 12.5 
Same as No. 1 in round brass 

socket 7/sin. OD, */iein. ID 750 
Same as No. 2 in round brass 

socket §/sin. OD, 7/iein. ID 332 
No. 20 wire iron-constantan 

in §/g in. OD, 7/1e in. ID 

brass socket. Wire not 

touching wall. 362 
Same as No. 5 but thermo- 

couple silver-soldered to 

socket wall 282 
No. 20 wire iron-constantan 

couple soldered into !/4-in. 

brass cube 
Same as No. 7 but couple sol- 

dered to '/«-in. aluminum 

cube 35 

socket assembly 

wire in steel socket °/i¢ in. oi 


Note: 
water = 40 


Average temperatures: air = 130 F, water = 100 F; range of temperature: air = 100F 


Time constant — 
350 1150 3350 5300 Water at — 
fpm fpm fpm fpm 60 fpm _ 
13 8 7.4 5.3 Less than 1 2s 
7:7 3 Less than 
325 198 135 103 Erratic ; 


150 109 59 39 
283 171 lll 78 
144 77 38 30.5 
36 22.0 12 8 
19 14 6 4.5 
220 136 79 73 


; 
| 
8 
' 12 14 16 i8 20 22 
q no. St = 
4 
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_ Any consistent set of units may be used. Generally the time TTT TT 
constant is expressed in seconds and dimensions in inches. Con- T TH 1 
sequently it will be found convenient to express the foregoing | | 
= Btu/deg F-in*sec = Btu/deg F-ft?-hr X 1.93 A | i 4 
: a If, as usually is the case, the element consists of two or more : Au — pe r | | 
materials in close thermal contact, as, for example, a thermocouple « ‘SL 7 | ‘ 
: or a resistance element wound on a thin mica card, the total ther- fe — { 
mal capacity (C = pVc) must be determined by summing up the id ms sata th 2 
: To illustrate the accuracy with which the time constant can be S 7 | if | | (ase a 
calculated for the elementary. thermometer the integral-type ele- | 
ment shown in Fig. 4h is taken as an example. Specifically the curve Fic. 
response of this element as a function of air velocity is plotted in 002 oa | ae nwo 
Fig. 7 and compared against the test curve. In this case the cal- | | 
culations were relatively simple since nearly all the thermal ca- | | | ps | , 
pacity lies in the socket itself and the resistance is determined a —— ; 
2 3 45867869) 2 3 45 6786910 anc 
: almost solely by the heat-transfer rate from the air to the socket. : ‘i 
Occasionally it may be difficult to calculate the factor pVc/A in ~ VEE? 
Equation [13]. An example is a bare thermocouple which the Fic. 7 Test Curves SHow1ne THE Rexation tube 
proportions of the two metals are not known. In this case itis Berween THE Time ConsTaNT AND Arr-StREAM VELOCITY Fok stant 
usually a relatively simple matter to determine this factor from ELEMENT IN Fia. 4(A). 


a single response test under controlled conditions. By Equa- ; ae 
eVe temperature-lag curves for an elementary thermometer plotted 
tion [13], C/A = oe th where &% is the time constant de- jn terms of dimensionless time t/t. These curves apply to a ew 
termined by the specific test and h is the calculated heat-transfer medium whose temperature changes suddenly, continuously si m 
coefficient. The response or the time constant of thiselement can * uniform rate, or for a period of time at a uniform rate. From 
then be calculated for any other condition so long as the heat- these curves it is possible to determine the response of a specific 
element providing the time constant and the rate of temperature 

change of the medium are known. Fig. 9 is a calculated response 


CALCULATION OF THE ResponsE CurRVE FROM fs curve derived from Fig. 8 for a specific element having a time 


: ; constant of 20 sec subjected to a change in temperature of 2 deg In th 
Since the elementary thermometer response is determined by per sec for 40 sec. 


a single time constant and by the temperature change of the 


lengt 


medium to which it is exposed, a complete response curve can Socket AND ELEMENT Design Factors 
usually be calculated if these are known. Fig. 8 shows the general 1 Socket Mass. The effect of the mass of the socket is il- 


PER UNIT TEMP LAG L= 


PER UNIT TIME (1/19) UNITS 


Fic. 8 GENERALIZED TEMPERATURE-LAG CURVES OF AN ELEMENTARY THERMOMETER 
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T 
tt a=40 SEC—o 

eo Os=rtea 
t 

60 
< = 
/ 
a 
= 40 
| 

T 
% 20 40 60 80 700 120 
TIME ~ SECONDS 


140 


Fic.9 Derivep Response LaG CurVEsS FOR A Speciric 


MENT AND CONDITION 


(to = 20 sec, ta = 40 sec, r = 2 deg per sec.) 


lustrated in the curves in Fig. 10 which show the experimental 
and calculated relation between time constant, to, and diameter 
ratio d;/d;. These curves were obtained on the separable socket 
type of element shown in Fig. 4e enclosed in a round protecting 
tube. The internal element and the internal diameter are con- 
stant throughout the tests. Calculated results were obtained by 
determining the total thermal capacity of the complete structure 
including the internal element as well as the socket. The thermal 
conductance between the air stream and socket wall was calcu- 
lated from heat-transfer factors available in the literature (3, 4, 
7). The following equation was used to determine the equivalent 


time constant 


=C,/U; + C2/U, + C2/U2 


In this equation U, is equal to the thermal conductance per inch 


length between the heat-transfer medium and the socket wall, 


(a? — 1)dc, C; C; by 
where a = d;/d; 
c, = specific heat of socket per unit volume = pc ay 


and U; equals the thermal conductance between the inner wall i. 
of the socket and the sensitive element. . 7 
In terms of the sockets’ dimensions this equation is as follows _ : 


h = heat-transfer factor between medium and socket wall. 


As will be shown later this equation is only an approximation 
since the exact response of the complex element of this nature === 
cannot be calculated precisely by summing up the individual time | 
constants; but it does yield an equivalent total time constant. 

It is a fairly satisfactory basis for comparison of elements. For 
large sockets the last two factors of this equation become neg- 
ligible and the response is determined almost entirely by the 
socket itself. The intersection of the curve with the d./d; = 4g 
axis is the internal time constant ft, plus the mutual time con-— 
stant t: and is equal to the sum of the last two factors in Equa- | 
tion [16]. At higher velocities the conductance between the air — 
stream and the socket wall becomes greater than the internal — 
conductance of the element and consequently the response is — 
determined primarily by the internal time constant t,. 

2 Socket Material. The effect of the thermal properties _ ; 
of the socket on the response depends on the application, oa 
the heat-transfer rate from the medium to the socket wall. In 
any case the conductivity of the material is not important ex- — 
cept where the socket wall is very heavy or where a nonmetallic — . 
material such as a ceramic is used. 

In media such as air at low or moderate velocity where the 
heat-transfer rate is relatively small the specific heat of 
the socket c is important as indicated by Equation [16]. As the 
heat-transfer factor increases, the socket time constant becomes — 
less important and in water the response is determined primarily 
by the internal time constant. This is shown by data in Table 4. 

3 Internal Element Construction and Materials. In applica- 


oath 
DIAMETER RATIO 42/4, 
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(Element shown in Fig. 4(e) enclosed in brass socket.) 
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"TABLE 4 TIME CONSTANT AS A FUNCTION OF SOCKET MATE- 
RIALS USED IN SOCKETS AND ELEMENTS 
-~—Time constant 
Air Jater 
50 5300 60 
Element Socket material Ce fpm fpm fpm 


Fig. 4e with silver 18-8 Stainless 0.0348 90.5 16.5 7.5 
springs in round steel 
socket Brass 0.0292 76.2 14.2 6.0 
d: = 0.600 in. 
d; = 0.563 in. Aluminum 0.0178 55.0 12.0 5.0 


dium and the socket wall the internal time constant is of primary 
importance. This factor is determined by the total thermal 
capacity of the internal element and the equivalent ther- 
_ mal conductance between the inner socket wall and the sensitive 
_ portion of the element. In contrast to the socket the thermal 
- conductivity of the internal element is as important as specific 
heat. This is especially true of the electric insulating material 
which is always required in the resistance-thermometer element 
and generally in the thermocouple. Table 5 lists the thermal 
properties of more commonly used materials one or more of which 
- may form the internal element or the protecting socket. The 
conductivity and specific heat are given in consistent units for 
__ purposes of easy use in calculations of conductance and total 
capacity. 


TABLE 5 THERMAL PROPERTIES OF MATERIALS 


K = Thermal Cy = Specific 

Density conductivity eat 

lb per Btu-in. per Btu per 

Material in.* eco-°F-in.® 2 °F-in.? 
Aluminum 0.0975 x 10-3 


2 
3 
Brass 0. 1 
70% Cu 1 
30% Zn 
Copper : 5. 
5.05 
4 
3 
0 


Gold 
Monel 
Nichrome ‘ 
62 per cent Ni— 
15 per cent Cr 
80 per cent Ni— 
20 per cent Cr 
Silver 
Mercury 
Inconel 
Nickel 


to 


Platinum 

Steel (mild) 

Stainless steel 
(18-8) 


o 


oo 


Mica 

Glass 
Crown 
Pyrex 


oo 


14. 
16. 


Den 


The effect of changing one component material of the internal 
element shown in Fig. 4e is demonstrated by the test data in 
Table 6. 


TABLE 6 


-————Time constant — sec 
Air 350 Air 5300 Water 60 
Element Socket fpm fpm fpm 
Fig. 4e with 18-8 Stain- 55.5 16.5 7.5 

silver springs less steel 
d; = 0.563 in. 
dz: = 0.600 in. 
Fig. 4e with In- 3. 31.8 
conel springs 


The time constant using silver conducting springs is less than 
the value obtained using Inconel springs as would be predicted 
from the fact that silver has a much higher thermal conductivity. 
The proportional difference is much greater in water than in air 
since the internal time constant is the dominant factor in water. 


More Exact TREATMENT OF THE RESPONSE OF THE SOCKKI 
Protectep ELEMENT 


The use of a single equivalent time constant obtained by sum- 
ming the individual constants of a complex thermometer is only 
approximately correct in determining the complete response 
curve. This is particularly true if the constants t,, t2, and ty are 
approximately equal to one another. In the more exact analysis 
the thermometer cannot be represented by the simple circuit 


shown in Fig. 2 in which the total capacity and total resistance § 


are lumped into a single series circuit. In almost all applications 
involving the use of metallic protective sockets a reasonably good 
correlation between experimental and calculated response can be 
obtained by assuming a two-element type of circuit such as shown 
in Fig. 11. This equivalent thermal circuit is based on the as- 


Os = F(t) 


SOURCE PROTECTING INTERNAL 
SOCKET ELEMENT 


Fic. 11 More Exact Circuit or THe SocKet-Prorectep EvLement 


sumption that the actual element consists of two thermal resist- 
ances and two thermal capacities in series-parallel combination 
One resistance is formed by the thermal resistance between thi 
medium and the socket wall and the other resistance is the 
equivalent thermal resistance between the inner wall of the socket 
and the sensitive measuring element. Similarly one thermal 
capacity is that of the protecting socket and the other ther- 
mal capacity is that of the internal element. 

The differential equation for the circuit is given by 


F(t) =R (RiC, + + RC) [17 


The coefficients in Equation [15] may be expressed in terms 
of the various time constants defined previously. 


1769 10. 
F(t) = tl, + to 
If the thermometer element is subjected to a sudden change it 


temperature, (0,, — 9), the following response equation of ten 
perature as a function of time is readily derived 


0 = 0 + (6,, — %) [1 —e~™ (cosh bt + P sinh bt)] [19] 
te 


where 


V te? 
a and P = 


The per unit lag is as follows 


L= Dias = e~™ (cosh bt + P sinh dt) 
— 9 


Good correlation can generally be obtained by the use of the* 
equations to predict the response of the socket-protected ele 
ment. Calculated and test response curves are compared iD 
Fig. 12. It will be observed that the most serious error in usilé 
the simple response, Equation [2], would occur in the period oi 
initial change. The socket-protected element has a zero rate ° 
change of temperature during this period as compared to a ma" 
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mum rate of — of temperature of the elementary thermom- 
eter. This initial response lag is particularly serious from the 
standpoint of control since it is desirable that the instrument 
and consequently the control senses the temperature change of 
the medium immediately. 
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@6@=rt, + 


100 where t’ = t—t, 
3 Steady-state response for sinusoidal cycling tem- 
perature conditions with the applied temperature changing 
SB | in accordance with the following equation 
} 
| F(t) = 0 + 0, Sin [26] 
a 
; 60 The temperature of the internal element as a function of 
the constants of the equivalent circuit and the applied 
&* temperature of the medium can be calculated relatively sim- 
ply by alternating-current circuit analysis. The steady- 
7 state solution is given by the following equation 
8 30 CURVES ,- CONDITION = 
A = AIR VELOCITY = 1800 FT/MIN ~~ ada, 
B AIR VELOCITY +5300 FT/MIN 6 = 
TEMPERATURE CHANGE + (FROM 180 TO 80 F) — w'tyt,)? + wt? 


24 32 40 48 56 
t- TIME- SECONDS 
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SocKet-PROTECTED ELEMENT 


shown by Fig. 4(e) with silver springs in round aluminum socket. 


OD = 
600 in., ID = 0.563 in.] 


As in the case of the elementary thermometer the response 
equation for the complex thermometer can be calculated for any 
change in the temperature of the medium which may be expressed 
in analytical form. Several examples are given as follows: 


1 Medium temperature increases at a constant rate r begin- 
ning at a value of 6 deg. The function ¢ given in the general 
equation is F(t) = 09 + rt. 

Substituting this function in Equation [18] and solving for 6 
yields the temperature of the sensitive element at any time ¢, 
after the application of this function. 


The lag in degrees at any time ¢ is given by the following equa- 


tion 
ate — 


Atsteady state the response equation reduces to 


1 
) sinh bt + & cosh | + r(t — to) + % 


1 
) sinh bt + t cosh ult . [22] 


[23] 


and the lag is determined by the total equivalent time constant 
4, as shown by the following equation 


2 The temperature of the medium changes during the in- 
erval from ¢ ="0 tot = ¢, at the rate of r deg per sec. 
stant at a value rf, thereafter. 

For the oe from t = 0 tot = t, Equation [19] applies. 
When ¢ = , 9 = 0, = the value obtained by substituting ¢ = 
‘, in he ([21]. At this value of time the differential equa- 
tion for the response is the same as for a sudden change in tem- 
perature. The solution of this equation yields the following re- 
‘ponse expression for values of ¢ greater than ¢, 


It is con- 


{Curves based on a sudden change in temperature of the medium. an 


whe 
sin (w tan i— wits) [27] 


If the medium is changing in accordance with some 
other function, the response can be calculated in a similar 
way. However, these response expressions for the com- 
plex thermometer become somewhat cumbersome, and, in 
general, it is satisfactory to use the simple circuit for the ele- 
mentary thermometer and the total equivalent constant. 

This is particularly true because of the relative inaccuracy of 
heat-transfer data and the difficulty in determining the exact 
values of the various thermal resistance and capacities. 


THERMALLY MAssIvE SOCKETS AND ELEMENTS 


The simple theory based upon the heat-flow circuit shown in 
Fig. 2 and Fig. 11 has proved to be quite satisfactory for pre- 
dicting the response of thermometer elements in most ordinary 
applications. However, if the socket is quite massive or is con- 
structed of materials which have a high specific heat and a low 
thermal conductivity, the actual response may deviate con- 
siderably from the response predicted from the simple theory. 
Typical examples are extremely heavy-walled sockets for high- 
pressure applications and ceramic sockets for high-temperature 
applications. Other examples are gas or liquid expansion systems 
in which the sensitive medium is a relatively poor thermal con- 
ductor. All of these elements may be considered as being ther- 
mally massive. Exact analytical treatments to determine the 
response of these elements is difficult because the heat-flow path 
can no longer be considered as a simple circuit consisting of 
lumped constants. Approximations can of course be made by 
representing the heat-flow paths by a sufficient number of cir- 
cuit elements; but the derivation of a response equation based 
on such circuits is relatively difficult and yields complicated and 
cumbersome expressions. The use of a calculating system using 
electric-circuit analogy such as developed by Paschkis (8) is sug- 
gested as a means for determining generalized response curves. 

The effect on the response of a thermally massive unit is demon- 
strated graphically in Fig. 13, which shows the experimental 
and calculated response curves for a resistance thermometer 
element in a stainless-steel socket. It will be observed that the 
actual response curve deviates considerably from the calculated 
curve based on a single exponential and to a less extent from a 
calculated curve based on the more exact treatment, using the 
circuit in Fig. 11. The test curve shows no observable tempera- 
ture change of the sensitive element for the first several seconds, 
and this initial or transfer lag is the time required for the tempera- 
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Fie. 


ture wave to penetrate or be transmitted to the sensitive wire of 
the element. This lag might be called the initial or transfer 
lag and will increase with the thermal mass of the socket. If 
other factors remain constant, this initial dead time will be some 
function of the ratio of the specific heat of the socket material to 
the thermal conductivity and the higher this ratio the longer the 
dag. For example, an aluminum socket of the same dimensions 
as the stainless-steel socket tested under the same conditions 
shows no appreciable initial lag. 


Discussion AND CONCLUSIONS 

On the basis of the test results and analysis presented in this 
paper, it may be concluded that the equivalent time constant is 
a satisfactory basis for comparing the speed of response of totally 
immersed thermometer elements. A single time constant de- 

fines quite accurately the response of the bare or elementary 
thermometer and, less accurately but generally to a good approxi- 
mation, the response of the socket-protected thermometer. There 

is believed to be no justification for the use of some other factor 
such as the time required for 90 or 99 per cent of the temperature 
change to take place, particularly since these values of time have 
no direct relation to the physical constants of the thermometer 
and because they are relatively difficult to obtain experimentally. 

The relation between the thermal constants of the thermometer 
and the heat-transfer properties of the medium to the time con- 
_ stants and the response characteristics of thermometers is shown 
ss both experimentally and analytically. The data and analysis 
] _ show that only the bare or elementary thermometer can be com- 
pared under all conditions on the basis of a time constant ob- 
tained by a single test in a specific medium. It is not generally 
G > reliable to compare the socket-encased element response for all 
applications on the basis of a single test, as for example in water, 
since the equivalent time constant or over-all response is deter- 
mined by three individual time constants. It is possible and 
often the case that one element may be faster in water but slower 
in some other medium such as air. However, it is often possible 
to calculate the response of the socket-protected element for 
various conditions on the data obtained by a single test. 

It should be emphasized that the data and equations in this 
paper apply only to symmetrical and totally immersed elements, 
in which the temperature-responsive material such as the resist- 
ance wire or the thermocouple junction is heated or cooled uni- 
formly. Furthermore, investigation is also restricted to applica- 
tions in which the heat-transfer coefficient from the medium to 
_ the element and the thermal properties of the elements are con- 
_ stant and not affected by temperature over the change. This is 
not believed to be a serious restriction, since in most cases of con- 
- tinuous measurement and control, the response of the ther- 

- mometer to relatively small temperature Bares of the medium 
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is important. If the response of thermometers to very wide 
temperature changes, particularly at high temperature where 
the nonlinear coefficient of radiation becomes important, is de- 
sired, the data and method outlined in this paper must be modi- 
fied and amplified to obtain accurate response information. 
Unsymmetrical elements and elements which may exchange 
heat with the outside, as for example partially immersed glass- 
stem thermometers and socket-enclosed thermometers having 
large stem-conduction errors, are excluded by the foregoing re- 
strictions. Radiation elements such as thermocouple and re- 
sistance bolometers are also outside the classification of ther- 
mometers considered. These cannot be handled by the gener- 
alized analysis and data presented here, but usually must be 
treated in a more specialized and probably more complicated 


manner. 
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Discussion 


V. Pascukts.* The author presents an approach to the con- 
trol problems which is to be commended not only for the treat- 
ment itself but also because it recognizes the thermal aspect 0! 
the problem. 

From a heat-transfer viewpoint the following questions should 
be raised, which it is hoped will be clarified in the author’s closure: 


1 In the section “The Thermal Time Constant as an Ele 
mentary Basis for Comparison,” the author states that he made 
“most of the tests at or near ambient temperature and the total 
rise or fall of temperature was relatively small.” By arranging 
his experiments in this manner he obtains values of the boundary 
conductance h, which may be considerably different from thos 
obtained in actual practice. 

2 When comparing the resistance of the temperature-sens- 
tive element with that of the boundary layer, it would be helpful 
to introduce the ratio of the two resistances (film resistance 
internal resistance) which ratio is, in heat transfér, usually desig: 
nated by the letter m. A large number of experiments and 
ealculations can be reduced in presentation by using this dime” 
sionless parameter. 

3 In the “Calculation of the Response Curve From b0,” the 
author says that in the calculated values the boundary conduet- 
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ance which he calls “thermal conductance between air stream 
and socket” was calculated based upon literature, namely, his 
references (3, 4, 7). In order to check the author's procedure, 
it would be desirable to indicate the actual values he used. 

4 In the section “Socket Material,’ it is stated that the effect 
of thermal properties of the socket on the response depends upon 
the application. This again would be more easily explained by 
using the m value mentioned before. 


In the last section the author discusses the more complex cir- 
cuits required to calculate massive sockets. Without going into 
the question whether for the thinner sockets the representation of 
his Fig. 2(b) is permissible, the author agrees that for heavier 
sockets it is not. He suggests a circuit similar to Fig. 11 but it 
is questionable if it would not be necessary to represent both the 
protecting socket and the internal element by several sections. 
As the author points out, such circuits become mathematically 
unmanageable. The electric-analogy method lends itself readily 
to the solution of the more complex circuits.‘ 


D. G. Prinz. The method described in the paper employs a 
slep input function. As an alternative, it is suggested to 
makg use of an input function consisting in a short impulse. 
Experimentally, this would involve the transfer of the ther- 
mometer from a low-temperature medium to a high-temperature 
medium for a brief interval, and its immediate return to the 
original medium. 


The advantages gained from this modification are due to the 
fact that the response to an impulsive input is (apart from a con- 
stant factor) equal to the derivative (with respect to time) of 
the response toastep input. A point ofinflection in the step-input 
response curve corresponds to a maximum in the impulse-input re- 
sponse curve, and this maximum can be located much more 
accurately. 


Considering the initial shape of the curve, i.e., 
mediately following t = 


the part im- 
0, it is seen that the response curve to 
step input makes a sharp angle with the t-axis for a single-capac- 
ity system, while for a two-capacity system this curve is rounded 
off, starting tangentially to the t-axis. A third time constant 
does not alter qualitatively the character of the curve. 

For an impulse input, the response curve shows an infinitely 
| steep rise for a single-capacity system, and a finite rise, forming a 
sharp angle with the t-axis, for a two-capacity system; the 
presence of a third time constant can, in this case, be detected by 
the same “rounding off’ which characterizes the step response in 
the two-capacity case. Actually, a certain amount of rounding 
off will always occur due to the finite duration of the pulse, 
but this can, in principle, be reduced to any desired extent by 
decreasing the pulse duration. 

A quantitative method for the determination of the two time 
constants characterizing a two-capacity system can be based on 
the following construction: 

The response curves to unit impulse are calculated for various 
values of the ratio m = 7',/T2 of the two time constants. These 
curves will show maxima A,, occuring at times ¢,,. Altering the 
lemperature and time scales by division with A,, and ¢,,, respec- 
tively, a new set of curves is obtained in which a maximum of 


‘“A Method for Determining Unsteady-State Heat Transfer 
by Means of an Electrical Analogy,” by V. Paschkis and H. D. 
Baker, Trans. ASME, vol. 64, 1942, p. 105. 


‘Ferranti Ltd., Instrument Department, Moston, Manchester 10, 
England. 
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height 1 occurs at the value 1 of the argument, independent of 
the parameter m. 

Any experimental pulse-response curve of a two-capacity sys- 
tem can now be redrawn to a scale in which its maximum co- 
incides with one of the maxima of the calculated curves. It 
will then entirely coincide with one curve of this set, and the 
value of m for this curve, together with the scale factor, deter- 
mines the time constants 7’; and 7%. 

The method suggested here should be useful for the study of 
other types of multicapacity systems; the experimental proce- 
dure becomes particularly simple when the input pulse can be 
produced by the rapid turning on and off of a power supply. 

It is regretted that details of the calculations (which were 
carried out in England), and a diagram of the response curves 
cannot be made available in time for this discussion; 
to publish them at a later date. 


it is hoped 


AUTHOR’s CLOSURE 


The author wishes to thank both Dr. Paschkis and Dr. Prinz 
for their kind comments. Their suggestions indicate the need and 
value of additional investigation concerning the response of ther- 
mometers and other control elements. There is an ever-increasing 

need for such information in practical and useful form for engi- 
neers who are responsible for the design and application of instru- 
ments and control. 

The following comments are made in reply to the specific ques- 
tions raised by Dr. Paschkis: 

1 The test conditions were purposely restricted to obtain con- 
sistent data unaffected by factors such as the change of the 
boundary conductance A with temperature. 

2 The use of dimensionless parameters m defined by Dr. 
Paschkis as the ratio of the socket film resistance to the internal 
resistance may have simplified and also made more general some 
of the data and curves presented in the paper. Better still the 
ratio of the two time constants involving both thermal capacity 
as well as resistance might have been employed to advantage. 
It is interesting to note that if this ratio is either much larger or 
much smaller than unity, the response reduces to the simple ex- 
ponential function. 

3 Most of the heat-transfer data for air to the sensitive-ele- 
ment protecting sockets was obtained from curves given in ref- 
erence (7). It is felt that the presentation of detailed calculations 
of heat-transfer data was beyond the scope of this paper. 

4 The author did not intend to imply that the circuit shown 
by Fig. 11 is a mathematically complete representation for heavy- 
wall sockets. However, the analysis was limited to this circuit 
and the simpler one shown by Fig. 2 because the more complex 
representation becomes, in the words of Dr. Paschkis, ‘‘unmanage- 
able’’ and yields response equations of little practical value to the 
engineer. 

It is indicated by the discussion of Dr. Prinz that the impulse 
method for obtaining response may have certain advantages in 
some instances over the step input method used by the author. 
This appears to be particularly the case if it is desired to obtain 
the separate time constants of a multicapacity system. The 
method whereby the impulse-response data is obtained and the 

anner in which the curves are plotted is not made entirely clear 
by this discussion. One serious objection to this method as 
compared with the method used in the paper might be the diffi- 
culty in obtaining experimental data. 

It is hoped that the details of Dr. Prinz’s method will be pub-— 
lished soon. It should be a valuable contribution to this field. y 
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High-frequency induction-hardening methods are being 
incorporated in the production of industrial parts to a 
greater extent than ever before. The design requirements 
are fairly rigid if the best results are to be obtained. These 
design principles are given specific treatment by the au- 
thor. Special fixtures and machines for a variety of ap- 
plications of the- process have been developed and these 
are described at some length. The discussion includes 
metallurgical aspects of the induction-hardening process. 


RIGINALLY the production engineer was assigned the 
() problem of adapting the technique of high-frequency 

induction hardening to the part being manufactured. 
Now, however, the induction-heating process has progressed to 
the point where the design engineer is requested to design the 
part so that induction-heating methods can be used to meet the 
hardening requirements. 

Many design problems found in high-frequency induction- 
heating applications are going unanswered because there are 
too few engineers trained for this type of work. Also, because 
of the accelerated pace during the war, application and designing 
engineers, since, have had little opportunity to study, reorganize, 
and assimilate the technical advances made. 

Then, too, the engineer seems reluctant to adopt induction- 
heating for hardening because some latent fear exists of using a 
tool so startling in its application, and misapprehension of the 
requirements for its operation. It can be said that the combined 
subjects of metallurgy, and electrical and heat-transmission 
engineering do present a formidable obstacle to the new user of 
induction-heating machines. 

The field is unique indeed. The metallurgist finds that he 
tan no longer ignore such terms as kilocycles, kilowatts per 
square inch, kilovolt amperes, a&d power. As in the case of the 
inetallurgist, the mechanical and the electrical engineer must 
become familiar with such terms as microstructure, austenite, 
martensite, and hardness depth. 

Applications for high frequency induction-heating are in- 
teasing rapidly and already have been widely used in such fields 
%s hardening crankshafts, camshafts, gears, piston pins, wearing 
surfaces of many kinds, guide rails, knife-edges, and many others. 
Examples of parts which have been induction-hardened are 
‘town in Figs. 1 and 2. The designing engineer assigned to the 
job can be qualified if he is familiar with the fundamental heating 


requirements, metallurgical fundamentals, and types of fixtures 
how in use. 


DEFINITION OF INDUCTION HEATING 


Simply stated, induction heating is “the heating of a nominally 


‘Commercial Engineer, Tocco Division, Ohio Crankshaft Com- 
any, 

Contributed by the Machine Design Division and presented at the 
‘emi-Annual Meeting, Milwaukee, Wis., May 30-June 5, 1948, of 
#E AMERICAN SociETY OF MECHANICAL ENGINEERS. 

_ Nore 8: A companion paper, ‘Design and Manufacture for Profit,” 

vH.B. Osborn, Jr., was presented at the same session and published 

0 Mechanical Enginesring, vol. 70, 1948, pp. 805-810. 

tatements and opinions advanced in papers are to be understood 
individual expressions of their authors and not those of the Society. 
Paper No. 48—SA-32. 
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conducting material due to its own J?R losses when the material 
‘is placed in an electromagnetic field.” Thus if a steel rod is 
inserted in an inductor coil, Fig. 3, which carries an alternating _ 
current, the varying magnetic field caused by the ampere turns _ 
of the coil, couples the steel rod and induces a voltage which — 
in turn causes a circulating current, the same as it would induce — 
a current in a closed loop of copper wire. Once the bar is posi- 
tioned properly in the inductor, the depth to which the heat 
penetrates into the rod is a function of the physical characteristics _ 
of the steel, that is, the metallurgy of the steel, the frequency | 
of the current, and the power used. 


PuysicAL CHARACTERISTICS AND METALLURGICAL CONSIDERA-— 
TIONS 


Fundamentally, to obtain an acceptable hardness in a magnetic 
steel bar, the material must be heated to a temperature above 
its upper critical point and quenched within a limited time, in 
order to convert the austenitic solution into a final structure 
known as martensite. Since martensite is considered the hardest 
component of steel, it becomes most desirable as the end result. 

Thus if we were to assume that an annealed steel rod were 
to be made from SAE 1045 specification, that is, a steel con- 
taining approximately 0.45-0.48 per cent carbon, we would note 
from the iron-carbon equilibrium diagram that the temperature 
of the steel must be raised to 1450 F in order to obtain complete 
austenitic solution. Of course increasing the carbon content of 
the steel, or adding alloying elements varies the critical tem- 
perature at which austenite forms. From the time-temperature 
transformation curve, commonly known as the S-curve, we would 
note that the steel must be quenched from the austenitic state 
within a definite time and at a certain minimum rate, in order to 
make the conversion to martensite possible. The reasons for 
martensite forming are still a matter of discussion among metal- 
lurgists and are not of concern in this paper, except for the fact 
that the hardened area to be metallurgically correct must consist 
of a martensitic structure. 


DEPTH OF HaRDNEss 


Subsequent discussion may be simplified by reviewing briefly 
the general understanding of hardness as shown in Fig. 4. When 
a bar is heated inductively, the surface tends to reach the critical 
temperature first and, if the heating cycle is short, as in the case 
of hardening, the temperature in each succeeding layer drops 
rapidly to the point where the core may still be at room tempera- 
ture. Fig. 4 shows a cross section of a steel rod made from SAE 
1045 material which has been hardened inductively, using 10,000- 
cycle frequency and quenched with water. Owing to the varia- _ 
tion in temperature, there exists a demarcation zone below which _ ‘ 
there has been no change in previous microstructure. The depth ; : 


measured from the surface to the demarcation zone, indicated 
by the letter Z, is known as the heated depth. If the hardness of | 
the heated depth were checked with a Rockwell tester, the reading 
would indicate maximum hardness at the surface and a very low 
hardness at the demarcation zone. The hardness reading takes 
a decided drop after the demarcation zone and records the original 
hardness of the unchanged core. 

In this ‘paper, the depth, referred to i in 
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meiner: TEMIN—DESIGNING FOR HIGH-FREQUENCY INDUCTION HARDENING | 


Fie. Steet Bar Insertep 1x A Muttirurn Inpuctor 
LocaTED ON A HiGH-FReEQqUENCY INDUCTION-HEATING MACHINE 


ROCK."C": 


HEATED DEPTH: MINIMUM DEPTH 
BELOW THE SURFACE WHERE THERE 

HAS BEEN NO CHANGE IN PRIOR =. a 
MICROSTRUCTURE » bois 


HARDENED DEPTH: BASED ON ROCKWELL 
TESTER AND CONSIDERED TO BE THE 

DEPTH BELOW THE SURFACE WHERE THE 
HARDNESS HAS DECREASED TO 50 ROCK "C" 


x HARDENED DEPTH: ZONE WHERE THERE HAS 
e— BEEN ACCOMPLISHED APPR. 100% TRANSFORMATION 


Grapation or Harpness In Inpuction-Heatep SAE 1045 
(Diameter 1 in.; frequency 10,000 cycles.) 


OF ‘THE HOMOGENOUS AUSTENITE TO MARTENSITE > 


there appears a mixture of softer constituents. Although this is — 
not completely correct metallurgically, for all practical oneal 
metallurgists consider this structure acceptable. 

The hardened depth indicated by the letter X is known as the 
metallurgically correct structure for maximum hardness, and the © 
structure is approximately 100 per cent martensite. Because — 
of its high hardness and resistance to wear, martensitic structure _ 
is desired in applications where the surface is subjected to con- — 
tinuous wear, such as, bearing surfaces, guiding surfaces, cam 
surfaces, piston pins, knife-edges, raceways, and ever so many 
other applications. 


IMPORTANCE OF TIME IN INDUCTION HARDENING 


A point worth noting is that the transformation into the aus- 
tenitic solution does not take place immediately but is a function — 
of time as well as of the previous structure of the steel. In gen- 
eral, the previous structures of most steels can be grouped into — 
four classifications, namely, annealed, spheroidized, normalized, — 
and quenched and drawn, or heat-treated. The annealed state, 
containing a mixture of pearlite and ferrite, takes the longest 
time to go into austenitic solution, and the heat-treated state, 
consisting of fine sorbitic structure, takes the shortest time. 
In fact, when heating the annealed or spheroidized specimens, it 
is often necessary to increase the temperature and time to obtain 
the solid solution. 

Since the time required for induction hardening is short, the — 
conversion into the austenitic solution must be quite rapid. 
For example, Fig. 5 shows crankshafts with pin-throw areas of 
various diameters. The diameters vary from 3/, in. to 23/s in. 
and the heating time varies from 1!/2 see to 5'/. see. Thus in | 
part (a), an acceptable hardness was obtained by heating the | 
bearing surfaces to the austenitic temperature in 1!/, see and 
quenching. This is quite a contrast with previous methods of 
heating where time was measured in terms of minutes, hours, 
and days. 


TIME = |. SSEC 


+ 
WO. =.567 


KW= 30 
(b) TIME = 3 SEC. im, 


0.0.= 2-3/8 


Fic. 5 Revative SHortT HEatTiInG TIME IN 
ING BEARING SURFACES ON VARIOUS CRANKSHAFTS 


two specimens of different heat-treatment were to be heated 


iliion heating, is considered to be the depth below the surface 
Where the hardness, as indicated by the Rockwell tester, has 
decreased to 50 RC or approximately 50 per cent martensite, 
ind is indicated by the letter Y. Owing to the gradation of the 
mperature, complete solution was not obtained in the areas 
Yhich did not reach the critical temperature. Consequently, 
% cooling, in place of approximately 100 am cent martensite, 


and quenched for the same period of time, we would find a dif- 
ference in the hardened depth. Thus by way of illustration, Fig. 

6 shows two steel bars; one is annealed and the other has been © 
previously heat-treated. If the two specimens are separately 
heated, but under the same hardening conditions of power density _ 
and heating time, the heated depth will be the same, but the 
hardness sees of the quenched and drawn part, due to the aaa 
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conversion into the solid solution, is greater than in the an-" Si onan 


nealed specimen. 
What is more important to the user, however, is the now 
apparent fact that since there is a rapid transition into the aus- 


ANNEALED QUENCHED AND DRAWN 


HARDENED DEPTH 


HEATED DEPTH 


Fic. 6 DeptH HarpNness VeRSuS Previous Struc- 


TURE IN SAE 1045 Steet SPecIMEN 


(10,000-cycle frequency, 1*/s in. diam; same density, kw per sq in.; same 
heating time, sec.) 


QUENCHED AND DRAWN vis 


ANNEALED 


MINIMUM HEATING 
TIME 


Fie. 7 RELATIONSHIP OF MiIniMuM HEATING TIME 
BETWEEN ANNEALED AND QUENCH-DRAWN SPECIMENS IN OBTAINING 
Equa. Deptu HARDNESS 


(SAE 1045 steel rod; diameter 13/sin.; 10 ,000-cycle frequency; power used 
approximately 15 kw per sq in.) 


tenitic state with a resulting increase in hardening depth, the 
heating time can be decreased and the quenched and drawn 
specimen quenched faster to obtain a shallower hardness depth 
than is possible with any of the other three types of steels 
previously structured. This point is illustrated in Fig. 7 which 
again shows two specimens, one annealed, and one quenched 
and drawn. In order that the end results may be comparable, 
it is assumed that hardness depth in each case is 0.010-0.015 in. 
below the surface, and that depth is composed of approximately 
100 per cent martensite. The two specimens are then heated 
under identical conditions and power density and, as indicated 
in the sketch, the quenched and drawn specimens require a 
minimum time of 0.97 sec and the annealed specimens require 
a minimum time of 1.5 sec or almost twice the time of heating. 


POWER AND HARDENED DeptTH 


Of equal importance to the design engineer is his understanding 
of the effect on hardened depth due to increasing the energy 
input to the work part. Generally speaking, increasing the en- 
ergy increases the hardness depth. Thus, illustrated in Fig. 8, 
are three specimens of an SAE 1045 annealed-steel rod showing 
the hardness depth with various energy inputs. The hardness 
depth, denoted by the letter Y, increased from 0.096 in. to 0.132 
in. to 0.132 in. as the energy input increased from 22.5 kw-sec 
per sq in. to 39 kw-sec persqin. In order that the data presented 


have the tests were on basis. 
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50 ROCK."C" ROCK."C" 


50 ROCK. "C" 


KW-SEC 


lOKW=2.8 SEG, 


Y= HARDENED DEPTH BASED ON ROCKWELL TESTING AND 
CONSIDERED TO BE DEPTH BELOW THE SURFACE WHERE 
i THE HARDNESS HAS DECREASED TO 50 ROCKWELL "C" 


Fic. 8 ReELatTive HarpNess Deptu Various 
Enercy Input Into Test Part 


(SAE 1045 steel part; diameter 1'/sin.; 10,000-cycle frequency; annealed 
previous structure.) 


of the surface containing an acceptable metallurgical structure 
consisting of complete martensite for a depth of 0.010 in. to 
0.015 in., denoted by the letter X. 

However, to complete the general picture, it is necessary to 
analyze the results and the conditions under which the tests 
were performed. Thus, for example, the first specimen in Fig. 8 
shows that 0.096 in. hardened depth was obtained with 22.5 
kw-sec per sq in. applied energy; that is, the specimen was heated 
using a power density of 15 kw per sq in. and a heating-time 
cycle of 1.5 sec. If the heating cycle were increased to 2.6 sec, 
to produce a total energy input of 39 kw-sec per sq in., an energy 
input similar to the third specimen, the possibilities are that the 
depth hardness of 0.132 in. would not be obtained, nor would the 
martensitic depth be the same. In fact, increasing the time 
may result in the surface overheating, causing grain growth, and 
resulting in a decrease in surface hardness. 

The same method of analysis can be used for the third speci- 
men, where hardness depth is given as 0.132 in., when the energy 
input was 39 kw-sec per sq in. Thus the power density was 
5 kw per sq in., and the heating time 7.8 sec. If the heating 
time were to be decreased to 4.7 sec to produce a total energy of 
22.5 kw-gec per sq in. similar to the first specimen, in all likelihood 
the depth hardness of 0.096 in. would not be obtained. In fact, 
laboratory tests show that the time would be insufficient for the 
previous microstructure to go into solution. As a result of this 
underheating, no martensite would be obtained, the resulting 
hardness would be very low, and the metallurgical structure 
might be unacceptable. 


FREQUENCY CONSIDERATIONS 


The effect of frequency on hardness depth is an equally im- 
portant factor to be considered. Due to the phenomena of skin 
effect, the induced current tends to hug the surface. The higher 
the frequency, the greater the tendency for the current to hug 
the surface, the less depth heated, and the shallower the depth 
hardness. 

When reference is made to hardness depth, as a result of the 
higher-frequency currents, it is necessary to consider the added 
effects due to the heat transmission in the steel specimen; for 
although electronic frequencies may produce an almost instant 
critical temperature on the surface, the heat will tend to be con- 
ducted toward the center of the bar at a rate which is a function 
of the characteristics of the steel. If the part is not quenched 
within an extremely short time, instead of obtaining a surface 
hardness with the electronic frequency, the net result would 
be a hardness depth equivalent to using the lower frequencies. 
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DIA. OF STEEL ROD (INCHES) 


TRANSIENT THERMAL TIME 


Fia.9 TRANSIENT THERMAL Versus Bar DramMetTerR 


Fig. 9 shows a theoretical curve which illustrates quite clearly 
the importance of conduction in a steel bar that is being induction- 
hardened. The curve is plotted to show the transient thermal 
time versus diameter of the steel bar when the surface of the bar 
is assumed to be, and maintained, at 1650 F. The transient 
thermal time indicates the time interval for the heat to be con- 
ducted from the surface of the bar to the center. For example, 
if we were to inductively heat a steel bar !/2 in. diam, and the 
temperature of the surface of the bar were to be raised in almost 
zero time to 1650 F, in approximately 0.8 sec, the temperature 
of the center of the bar will also be raised to 1650 F. Conse- 
quently, if it is desired to obtain a surface hardness that is metal- 
lurgically correct, the bar must be quenched in less than 0.8 
sec. However, we have seen that a lapse of time is necessary 
fer the previous structure to be converted into the solid-solution 


phase; hence if solid solution is not obtained in 0.8 sec, through- 
hardness will be obtained in quenching. Again, if solution does 
take place in less than 0.8 sec, then split-second quenching will 
be required with precision mechanical setup so that no delay 
exists. 

. Types or HARDENING PROCESSES 


A helpful guide for designing parts with surfaces to be in- 
duction hardened is to become familiar with the various types of 
inductors already available, and the methods in which they are 
employed. Fig. 10 shows a few of many types of inductors, 
each designed for a particular heating application. Parts that 


are to be designed for induction-hardening may fall into any one, 
or all, of the four general induction-heating classifications: 


1 Stationary heating method. 
2 Progessive heating method. 
3 Continuous heating method. 
4 Oscillatory heating method. 


Often the type of heating process used is governed by the 
production requirements as well as by the metallurgical limita- 
tions. Whichever proéess is used, the inherent advantages of 
induction-hardening should not be misused. Fixtures must be 
designed for precise control of the heating and quenching cycle. 
The operation must be dependable to insure proper location at all 
times, and the loading and unloading time must be at a minimum. 
As previously pointed out, the quenching requirements are some- 
times a split-second operation and a delay either way, quenching 
too soon or too late, may result in a metallurgically incorrect 
specimen. 
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DESIGNING Parts FoR STATIONARY HARDENING 


Stationary heating for hardening is the most common form of 
heating, and parts must be designed with finished locating areas 
to permit exact positioning. If various parts, similar in dimen- 
sions, are to be hardened, considerable savings in tooling cost 
can be realized by designing standard locating areas. Stationary 
positioning is adapted to heating short length, eccentric, and 
miscellaneous contours. Fig. 11 shows a simple post-type fixture 
designed to locate a spherical head stud accurately in an inductor 
block. The inductor is machined for cooling and quenching, and 
for obtaining a surface hardness over the spherical surface. 


Fie. 11 Post-Typre Fixture anp Inpuctor BLiock DESIGNED FOR 
HARDENING SPHERICAL SURFACES OF Batu Stups 


The heating and quenching cycle is controlled accurately by 
timers on the induction-heating machine, and the purpose of the 
fixture is merely to provide proper positioning during the very 
short heating cycle. The ball stud is located manually in the 
fixture by the operator and can be loaded from the top by in- 
serting the part through the block and positioning the threaded 
end in the locators of the fixture. After the heating and quench- 
ing cycle the operator merely forces the plunger up, a process 
which raises the stud and locator and permits the operator to 
remove the stud and replace it with a green part. 

To avoid the “‘fishtail’”’ effect occurring at the split section of 
the inductor block, the part to be hardened should be rotated 
during the heating operation. Consequently, if at all possible, 
the parts should be designed symmetrically to permit rotation in 
the inductor. If the metallurgical requirements are critical, 
and the fishtail effect must be avoided, the ball stud may be 
rotated simply by mounting the plunger in a bearing and twisting 
the knob of the plunger during the heating cycle. 

There are various post-type fixtures which can be adapted for 
stationary heating. If the production requirements are small, 
limiting the amount of funds that can be allocated for tooling, 
then post-type fixtures similar to Figs. 12 and 13 can be used to 
advantage. 


Stationary positioning is of course not limited to the fixtures 


of the post type. There are many stationary fixtures whose 
designs are limited only by the ingenuity of the designer. Where 
the parts are long, yet require selective hardening, V-fixtures 
can be used to advantage. For example, Fig. 14 shows a simple 
V-type fixture which supports a two-throw crankshaft during the 
heating and hardening of one of the pin areas. The shaft ex- 
tensions on either side of the eccentrics are long enough so that 
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Fie. 12 Post-Type Fixture Wits S.Lotrep Locator 


Fic. 18 InpuctTor anp Frxture AssEMBLY FOR HARDENING Bot 
tom SLot on ApsusTiInc Screw Wuicu Is 
Into INDUCTOR 


(Part was previously carburized, and trouble was encountered with ‘‘ears’ 
heating off. Now made of SAE “— machined, and then hard- 
ened. 


area is used for the locating surface in order to position the area 
to be heated in the inductor. Any slight variation in position 
may cause the hardened contour to shift, and, in addition, a los 
of power will exist by the heat being dissipated into the cheeks 
Consequently, parts should be designed for finished surfaces #! 
the time of induction hardening, so that areas to be heated cal 
be located accurately. 

If the design calls for a massive part to be located, the V- 
supports can be positioned on dollies similar to Fig. 15. The 
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entire dolly assembly is then rolled into position, locating the 
area to be heated in the inductor. Large crankshafts with many 
crankpins, such as those used on automobiles, Diesel engines, 
and for ship propulsion, can be processed on tunnel-line induction- 
heating assemblies as shown in this illustration. The crank- 
shafts are positioned on V’s assembled on dollies and are rolled 
on their tracks from one station to the next, processing one throw 
area at a time. 

Holes, slots, narrow widths, and sharp edges are to be avoided 
when designing an area to be hardened inductively. Since a very 
high current circulates around the area, an obstruction may cause 
a very high current density at a particular point and result in 
that area overheating. Thus, for example, the oil holes in the 
crankshaft, shown in Fig. 15, present a critical area, but cannot 
be avoided since the oil holes must be drilled in the area before 
hardening. In order to prevent the areas surrounding the holes 
from overheating and cracking, the holes are plugged with copper 
tubing or steel inserts, and sometimes wooden plugs 
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Parts designed for induction-hardening, using stationary 
heating methods, offer the following advantages among others: 


1 Inductors can be contoured to eccentric and nonsymmet- 
rical surfaces. 

2 Inexpensive fixtures can be used. 

3 Fixtures can be designed readily to locate and position parts. 

4 Quench nozzles and quench chambers are located more 
readily. 


Locating cannot be too strongly stressed, not only for stationary 
setups, but for all types of heating methods. Parts should be 
so designed as to permit stops and positioning devices on fixtures 
to locate from finished dimensions at the time of hardening. 
The air gap between the surface to be heated and the inductor 
should remain constant during the heating cycle. When a 
magnetic material is heated inductively, there is a magnetic 
force exerted on the part until the temper.ture of the part has 
reached and passed the Curie point and the part has ceased to be 
magnetic. Also to be considered, a fact often overlooked, is the 
continued existence of electromotive force above the Curie point. 
Consequently, the part should be designed to permit the locating 
section to be gripped firmly by the fixture. A slight movement 
of the part may cause one side of the part to overheat and the 
opposite side to underheat, resulting in a nonuniform hardness 

and a varying hardened pattern. 


PROGRESSIVE HARDENING 


Cylindrical bars, rods, splines, pins, and shafts of various 
diameters and lengths are well adapted to induction-hardening, 
using the progressive heating method. A practical rule to follow 
is that if the length exceeds 2'/; in., it is desirable to harden the 
section progressively. For example, if a shaft 2 in. diam and 
2'/, in. long were to be surface-hardened, using a stationary 
fixture, the area to be heated would be approximately 15.7 sq 
in. Assuming that a heating factor of 10 kw per sq in. is re- 
quired to obtain a satisfactory hardness contour and hardened 
depth, a machine rated for approximately 150 kw would be 
required. 
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If, however, we resort to progressive hardening, an inductor 
block can be machined for cooling and quenching, and designed 
to scan the entire area. Thus if the block were to be #/: in. wide, 
the total area heated at any one time would be approximately 
3 sq in. Assuming the same heating factor of 10 kw per sq in. 
to apply, a 30-kw machine would be sufficient. 

Fig. 16 illustrates a special progressive type of fixture capable 
of processing shafts up to 36in. long. The shaft is held stationary 
between the centers, and the inductor block scans the surface, 
heating and quenching the shaft as the block progresses up the 
shaft. Vertical fixtures of similar type can be designed to proc- 
ess bars as long as 7 and 8 ft. In most applications where the 
part must be supported, center holes should be machined in the 
ends so that simple center locators can be used. 

A progressive-type fixture recently designed varies from the 
foregoing in that the inductor is fixed, and the part to be hardened 
is passed through the inductor. A fixture incorporating this 
type of design is shown in Fig. 17 and is known as the “Tocco- 
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trol’ fixture. Of particular interest is the electronic contro] 
device, Fig. 18, incorporated with the fixture and controlling 
the entire heating and quenching cycle. With added controls 
it is possible to regulate the speed of the shaft through the 
inductor as well as to regulate rotation of the shaft, and, at the 
same time, to limit the time the power is on and off. The cam 
arrangements and limit switches on the control rack can be preset 
for several heating and hardening sequences during a single 
down-travel of the carriage. Once the cycle has been set, all 
functions are automatic, and the only requirements of the opera- 
tor are to locate the shaft between the centers on the carriage 
and to press the starting button. 

This type of fixture can be used for stationary and selective 


‘*ToccoTROL”’ PROGRESSIVE HARDENING FIXTURE 
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Open PANEL View oF ELEcTRONIC CONTROLS FOR “Tocco 
TROL” PROGRESSIVE FIXTURE 


Fig. 18 
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hardening as well as for progressive hardening. Its unusual 
versatility and flexibility make this fixture adaptable for a wide 
variety of induction-heating applications. 

In designing parts to be hardened by induction-heating and 
using the progressive-type fixtures, care must be exercised that 
no protruding area interferes with the inductor as the part passes 
through the block, or as the block scans the part. Should such 
obstructions occur in the design, the inductor must be increased 
in diameter for clearance and consequently cause a loosely 
coupled circuit, resulting in an inefficient process. An alternate 
step would be to use a split-type inductor, as shown in Fig. 14. 
In many cases, however, production requirements may not permit 
the loss of time in opening and clamping the inductor. Metal- 
lurgical requirements also may call for a hardened surface up to 
the shoulder of the protruding area, but because of this pro- 
trusion the quench water will not pass over the heated area and 
consequently the result will be a nonhardened surface. 

Although the technique has been developed satisfactorily to 
harden irregular surfaces, such as slots, threads, splines, grooves, 
and the like, using induction-heating methods, caution should be 
exercised in the design which combines such areas with straight 
surface hardening. Unless inductors are specifically designed 
to harden irregular surfaces, for example, a slot or a splined area, 
difficulties may be encountered not only from the overheating as 
previously mentioned, but also from the erratic splashing caused 
by the quenching water on the irregular surface. 

One of the outstanding features of induction-hardening is the 
tendency to minimize distortion, especially where a long bar is to 
be surface-hardened. Tests on many parts indicate that dis- 
tortion can be minimized further by rotating the part during the 
heating and quenching operation. If, however, the surface to 
be hardened contains an obstruction or irregular surface, as 
mentioned, rotation may have to be eliminated because of the 


Invariably the costs of the tooling required to harden a part 
continuously is greater than the tooling costs for induction- 
heating methods using stationary or progressive fixtures; but in 
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APPLICATION 


TEMIN—DESIGNING FOR HIGH-FREQUENCY INDUCTION HARDENING 


450, 


many cases this cost is justified by the increased production and 
minimum labor requirements. Continuous fixtures include, 
among others, conveyers, rotating tables, pushers, and indexing 
and cam control mechanisms. If parts can be designed for 
hopper feeding and chute spills, Fig. 19, manual loading can be 
eliminated, making the entire process completely automatic. 
Whatever method is used, the designer must exercise caution 
so that the part can be positioned properly and located during 
heating. Tooling is often the greatest burden in a manufacturing 
process; consequently, in designing a part, consideration should 
be given to the fact that continuous loading and unloading will 
cause locators to wear. Locating areas should provide sufficient 
length and clearance, so that spring or tension devices used on 
fixtures can be insulated from any heat which possibly may des- 
troy its elasticity. At. all times it must be kept in mind that 
induction-heating is a direct result of the magnetic lines of force 
or flux produced by the inductor, and that any metal passing 
through the magnetic field, be it the part to be processed, or be 
it the fixture, will be heated. Although the fixture may be de- 
signed to resist high temperature, close coupling of metallic parts 
of the fixture to the inductor may absorb power, and as a result 
destroy the heating cycle and cause the part to be underheated. 
Fig. 20 shows a continuous-hardening fixture of the rotating- 
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table fype. The application consists of hardening the ball end of 
the stud. The stud end is sufficiently long in this case for the 
locator to be designed well below the magnetic field of the coil 
and still locate the ball head in the induction coil. With a 
shortened stud extension, the table locators would have to be 
raised in order for the ball end to enter into the channel inductor. 
Consequently the locators would have to be made of non- 
magnetic material, such as stainless steel, brass, or ceramic 
material. 

Fig. 21 illustrates a continuous roll-type fixture which is used 
for hardening and annealing round bar stock. The minimum 
length which can be processed with this type of fixture is 43/, in. 
The cross section of the bar stock may vary from the round to 
rectangular, or polygonal cross section, and the same fixture can 
be used, except for a change in roller design. 

The following example illustrates to the design engineer how 
the hardness requirements can be met through the practical 
applications of metallurgical fundamentals and simple fixture 
design, when the design of the part to be hardened ‘is fixed: 
Shown in Fig. 22 is a unique rotating cam fixture mounted on a 
achine, used 


000-cycle high-frequency induction-heating m 


i) 


. 
i Fic. 20 R 
\ 
| 


Ro.ier-Tyre Continuous Frxture Usep ror HARDENING 
Bar Stock 


21 


Fic. 22 GeneraTep CaM-Feep Fixture Usep ror HarpENING 
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for hardening small link pins for chain conveyers. Thousands 
of link pins per day were required, and the metallurgical speci- 
fications were exacting, necessitating precise control over the 
heating cycle. 

The pins were approximately 1 in. long and */;. in. diam, made 
of heat-treated SAE 4065 steel. Specifications required maxi- 
mum surface hardness of good metallurgical structure over the 
center body, and approximately '/; in. at each end was to remain 
soft. The soft ends were necessary for a riveting operation 
during the assembly of the chains. 

The pins were fed through a funnel opening and passed down 
through a long tube into an inductor block machined for cooling 
and quenching. The pins rode on the periphery of a generated 
cam and consequently progressed downward at a constant rate 


as } the of the cam As the full 
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of the pin _— the pin was flicked out by the cam notch 
and the following pin automatically rode on the maximum 
outside diameter of the cam. The production rate was governed 
by the revolution and the number of notches in the cam. 

Obviously, with the heating cycle set for continuous operation, 
the entire Jength of the pin would be hardened unless the power 
was cut off as the ends of each pin entered and left the inductor, 
This would be undesirable in view of the mechanical difficulties 
to maintain breakers and relays which must operate more than 
4 times every second to maintain a production approaching 
15,000 pins per hr. 

The problem was solved by taking advantage of the fact that 
time and temperature are required for the previous microstruc- 
ture of the pin to go into the austenitic solution, in order that on 
quenching, the hard martensitic structure can be obtained. The 
generated cam was redesigned so that the periphery decreased 
at a greater rate at the end of the heating cycle, thus causing an 
increase in vertical speed of the pin at the precise instant 
the ends of the pins passed through the inductor. Since the 
power cycle was set for one speed, any increase in speed would 
cause the pin at that particular time to be underheated. Con- 
sequently, on quenching, the previous microstructure of the 
pin would not convert to a hardened structure. 


Parts DesIGNED FOR OscILLATORY HEATING FOR HARDENING 


Parts designed with flat surfaces and valleys to be hardened 
may require an oscillating heating method since it may not be 
possible to obtain a uniform temperature over a wide surface by 
the methods described. Wall-thickness variations, drilled holes, 
grooves, and the like may cause areas to overheat while adjacent 
areas have not reached the critical temperature; consequently, 
an inductor is passed over the surface of the part at a predeter- 
mined frequency until the heat has soaked into the part long 
enough to result in a uniformly heated surface. Oscillating heat- 
ing is not usually recommended because of the experimental 
work required to obtain an acceptable heating cycle. In addi- 
tion, considerable setup time is necessary with automatic equip 
ment, and relatively long heating cycles. 


CoNCLUSION 


In view of the accelerated production requirements, high- 
frequency induction-hardening methods are being incorporated 
more and more in the design specifications. Considerable 
progress already has been made in the development of fixtures 
and machines for a variety of applicatiéns. A review of the 
technique involved can serve as an excellent background for the 
designing engineer. 

In summarizing, it has been pointed out that factors such s 
production requirements, metallurgical limitations, and fixtur | 
designs exert their influence on the final part to be hardened. 
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Discussion 


A. 8. Jr.? This discussion is from the point of vie* 
of the user of the equipment described, and without too specifi 
knowledge of the fine points of heat-treating. 

The frequencies used for this process are mentioned only twice 
and, with the large difference between 10,000 cycles and 450,00 
cycles, one.is led to wonder about the significance of the fre 
quency and why such variations exist. 
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In mentioning the construction of the locators or work-holding 
devices, the author states that nonmagnetic materials, such as 
stainless steel, brass, or ceramic materials may be used. During 
the war the writer was familiar, in detail, with two types of high- 
frequency heating units, one of which (a Tocco machine) was 
used continuously for soft-soldering of two parts of a brass dia- 
phragm assembly, and the other of which was used for general 
heat-treating, as well as for silver-soldering two brass pieces. Al- 
though it may be possible to use metallic nonmagnetic work 
holders at some frequencies, it has been the writer’s experience 
that ceramic, bakelite, formica, or asbestos board had to be used 
for locators or work-holding fixtures. ; 

With these exceptions, the paper presents in simplified form the 
type of work which can be handled by high-frequency induction- 
hardening in a manner that can be understood readily by one 
not too well versed in the subject. 


D. C. K. Mrrcnety.’ In the hardening of steel by the usual 
furnace practice, a quenching temperature of approximately 
1450 F is normally contemplated, depending upon the analysis of 
the material. With induction surface-hardening, it is not unusual 
to employ temperatures around 1600 F, and, in some cases even 
higher, which is often surprising to persons familiar with the older 
furnace practice. 

Normally, we associate higher temperatures with increased 
grain growth from our experience with furnace practice. How- 
ever, we should bear in mind that grain growth is a function of 
temperature and time, and therefore where the surface to be 
hardened is brought up to temperature in the very short period of 
time usually attendant upon the induction-heating process, grain 
growth does not have time to take place. 

Experience has shown that with a given analysis of steel, two 
similar parts, the one hardened by conventional furnace methods 
and the other surface-hardened by induction, a finer grain struc- 
ture may often be expected in the induction-hardened sample, 
even though the surface temperature at the time of quenching 
may have been 150 to 200 F higher than that used for the fur- 
nace-hardened sample. 


J. B. Wapuams.‘ Clarification is submitted of the depth to 
which heat penetrates under the heading ‘Definition of Induction 
Heating.” 

Once the bar is properly positioned in the inductor, the depth 
to which the heat penetrates into the bar is a function of the 
physical properties of the bar, such as its size, shape, molecular 
density, specific heat, resistivity, permeability, thermal -and 
electrical conductivity, and previous metallurgical structure, as 
well as the frequency of the currents induced therein, the power 
absorbed, and the time consumed. 

Further clarification of the interpretation of Fig. 9 seems in 
order: 

For example, when bars to be surface-hardened by induction 
are of the order of !/: in. OD or less, one might draw the con- 
clusion that the use of higher-frequency energy should suffice to 
produce light case depths. This is not always the case because of 
the limiting heat-conduction factors which occur when the bar 
or load size is small. 

Fig. 9 of the paper is a calculated plot of bar diameter in inches 
for a medium-carbon steel versus time of application of tempera- 
ture to that bar. The curve drawn is the product of a loga- 
rithmic and Bessel function. Its derivation springs entirely from 
physical and thermal considerations. This characteristic is ob- 
tained by assuming that the outer surface of a given bar size was 


‘Induction Heating Specialist, Rudel Machinery Company, Inc., 
New York, N. Y. 
‘The Ohio Crankshaft Company, Cleveland, Ohio. 
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raised instantaneously from room temperature to 900 C and held 
at this condition. The abscissas were computed to determine 
how much time would pass under the foregoing surface condition 
before the center line of the bar was likewise raised to 900 C by 
conduction. 
occur in practice, nevertheless, it is a useful tool in guiding the 
engineer when the problem of surface-hardening small-diameter 
bar stock exists. The term “‘transient thermal time” was picked 
for lack of a better definition for this time interval. Therefore 
this curve might be considered as obtainable by the use of induc- 
tion energy, where its power density is very large but finite, and 
its frequency infinite, so that the initial depth of current pene- 
tration would be zero. 

In practice, it is recommended to use this interpretation of 
transient thermal time. If one is able by induction to induce 
sufficient power at a given high frequency into a small-diameter 
bar to surface-harden it, then it is necessary to interrupt the heat 
and quench immediately before this transient thermal time has 
passed; otherwise the bar will be through-hardened upon quench- 
ing. 

Several points on this characteristic have been well borne out 
in practice. For one example, */;s-in-OD pins 1 in. long have been 
surfaced-hardened in a stationary position by using 500-ke energy 
with power densities of the order of 50 to 100 kw per sq in., and 
heating times of a fraction to 1 sec. It was found that if the 
heating cycle were lengthened 1/1 sec, through-hardening of the 
pin resulted, everything else being the same. This result tends 
to verify the transient thermal time for this size of bar diameter 
as shown in Fig. 9. 


AuTHOR’s CLOSURE 


The author welcomes Mr. Mitchell’s comments and field ex- 
perience which verify the fact that an induction-hardened bar 
under limited conditions will have a higher hardness reading than 
can be obtained by the conventional furnace method. To ex- 
plain this superhardness, it is necessary to consider the reasons 
for hardness in a martensitic structure. These are still contro- 
versial in nature and, to date, have not been explained completely. 
It may be due to the extremely homogeneous austenite resulting 
from the rapid carbide diffusion and, as Mr. Mitchell points out, 
with an attendant small grain size. It may be due to internal 
strain setup, owing to rapid cooling with a backing of unaffected 
metals. J. B. Austin® refers to the theory that the hard- 
ness is associated with the tetragonal structure of martensite and 
is essentially a structure distorted by the principles of carbon 
atoms and possessing no planes on which gliding is easy. What- 
ever explanation is used for the resulting high hardness due to 
induction hardening, we who have worked in the laboratory do 
not find it unusual; in fact, we view it as commonplace to pro- 
duce a hardened surface with a few points higher hardness read- 
ings than can be obtained under ordinary conditions. 

To Mr. Hamilton, we should like to say that it was not our 
intention to limit the manufacture of the locator to ceramic mate- 
rials only. Many types of materials, such as ceramics, refractor- 
ies, and plastics are used under specific conditions. It is to be 
noted, however, that there are very few plastics or fibrous mate- 
rials which can stand up in service when heated to 600 F or over. 
Since the temperature for induction hardening approaches 1600 
F, materials used for locating devices may deteriorate rapidly 
and become a maintenance problem if too closely located to the 
heated area. For example, transite is used in great quantities 
in making housings and fixtures supports as well as locators in 
induction applications. Transite, a composition of cement and 
asbestos, will nick up 15 per cent moisture and eventually may 


5 “Current Theories of the Hardening of Steel Fifty Years Later,’ 
by J. B. Austin, Metals Progress, vol. 54, August, 1948, p. 201. m 
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become waterlogged and disintegrate if placed within a water- 
quenched area. Although varnish is often used to coat the trans- 
ite to make it water-repellant, heat and service eventually cause 
the varnish to wear off. 

Where the locators can be positioned at a distance from the 
area heated, various types of materials, as pointed out by Mr. 
Hamilton, can be used and are used by us in our laboratory and 
in the many fixtures which we design. If in locating an area to 
be heated the locator must come in-contact with material at high 
temperature, a critical problem exists which few plastics, refrac- 
tories and ceramics can meet. It is for this reason, in many 
continuous heating applications, for example, slug heating, that 
Nichrome tubes are used. Nichrome will stand high temperature 
and is nonmagnetic. In addition, if the diameter of the Nichrome 
tubing is small in comparison to the part that is heated, little 
power will be absorbed. A second example is found in locating 
ball-bearing races which are through-heated and hardened one 
at atime. The ball-bearing races are heated to over 1800 F and 
oil-quenched in position. Our experience shows that locators 
made from stainless steel are very satisfactory, and the knife- 
edges which support the race have a high service life. 

Frequency has little to do with the type of material used in 
making fixtures. It is necessary of course to use caution when 
high voltage, which is associated with electronic frequencies, is 
used. For example, some electronic high-frequency sets have 
stud posts with over 10,000 volts across their terminals, and these 
studs appear in the working area. Materials used in fabricating 
the inductor housing of integral locating fixture must have high 
dielectric strength and corrosion-resisting properties in order to 
minimize any voltage breakdown during service. 

Discussion in this paper was limited to 10,000 and 450,000 
cycles because these two frequencies are standard and are used 
in industry. Standard equipment is now available with most 
induction-heating manufacturers, and these frequencies can be 
adapted to over 90 per cent of all induction-heating applica- 
tions. Frequencies used in induction hardening range from as 
low as 1000 cycles to as high as 3,000,000 cycles. In specific in- 
duction-heating applications, frequencies as low as 60 cycles are 
being used. 

The points for clarification, as presented by Mr. Wadhams, 
are gratefully received. All too often users of induction-heating 
equipment and induction-heating designers neglect to consider 
fant bend is affected by the heat conducted 
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through the part. The importance of heat transmission has 
been emphasized by Dr. H. B. Osborn, Jr.,* which illustrates 
that the heated depth is due to the depth of high-frequency- 
current penetration and the additional depth from thermo heat 


(heating to 1600 F minimum) 


D, = W4/F 
0.00157 
D, + Dz 


= depth in inches of metal in which most of heat generated 
frequency in cycles per second 
additional depth in inches resulting from thermal heat 
flow 
= heating time in seconds. 
= total depth 


The author wishes to state that there does not exist today an 
accepted common definition of hardened depth. In this paper 
we have considered the hardened depth to be that depth at which 
the hardness range has decreased to 50 RC and experimental 
work was with steel containing 0.40-0.50 per cent carbon. It is 
to be noted that steels with lower carbon content are also induc- 
tion-hardened, but because of insufficient carbon may not reach 
50 RC, even on the surface. Yet these heat-treated materials 
are considered to have a hardened depth. 

In some circles, the hardened depth is considered to be the 
depth below the surface at which the hardness reading has de- 
creased to one half of the over-all range of hardness. For ex- 
ample, if the surface of the steel is 47 RC and the core is 15 RC, 
the hardness range is 32 RC. The hardened depth would then 
be considered to be that point below the surface where the hard- 
ness has decreased to 31 RC, 

Where the steel is carburized, carburized depth often becomes 
the hardened depth. Many manufactureres consider the hard- 
ened depth to be that depth at which the microstructure has been 
affected to show a hardness reading greater than the hardness 
of the original core. It should be pointed out, however, that, in 
a majority of cases, the user maintains a hardness-depth speci- 
fication which is governed by proved service of the part to with- 
stand wear. 


6 “Design and Manufacture for Profit,”” by H. B. Osborn, Jr. 
Mechanical Engineering, vol. 70, 1948, oo. 805-810. 
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Heretofore unrecognized effects of high impact pressures 
developed by forging steel in closed dies have been studied. 
Mechanical properties ‘are compared for conditions of 
varying restraint to metal flow. Forging tests have been 
devised to permit analysis of impact pressure with and 
without accompanying plastic flow as separate effects. 
High impact pressures developed in drop forging contrib- 
ute substantially to the improvement in ductility and 
notched-bar toughness. This is demonstrated under 


conditions of negligible plastic flow. 
I 

M ences to the effects of forging upon the physical proper- 

ties of steel. Heretofore, maximum emphasis has been 
placed upon development of grain flow with directed methods of 
hot-working. The refinement of crystalline structure from that 
occurring in the original ingot and the increase in ductility and 
toughness, particularly in the direction of greatest plastic flow 
have been discussed. 

It is the purpose of this paper to evaluate the effect of the 
hot-working method upon, the physical properties of steel. The 
scope of the investigation includes the effect of hammer-forging 
for reductions increasing from zero to 96 per cent, when open 
dies are used. In order to evaluate more completely the effect 
of forging upon properties, steel was forged under conditions of 
restraint employing closed dies. In the closed-die studies, 
billet material reduced 80 and 92 per cent by rolling was em- 
ployed. The effect of forging ingot material in closed dies was 
observed in order to evaluate more completely how the high 
pressures used in drop-forging influence properties of steel. 


INTRODUCTION 


STALLURGICAL literature contains numerous refer- 


NATURE OF ForGING MetTHODS 


There is at best among designers only a general understanding 
of the effect of hot-working upon physical properties. It is 
likely that designers of heavy equipment, using components 
forged directly from the ingot, have confronted more 
seriously with the effect of hot-working upon directional proper- 
ties than have designers of forgings made in drop hammers em- 
ploying closed dies. 

An ingot is a casting which possesses inherent weakness spring- 
ing from the solidification mechanism. The resultant structure 
8 somewhat coarse and may vary from a massive columnar 
trystallization at its periphery to an equiaxed crystalline structure 
within the body of the ingot. The solidification of such a large 
ass proceeds relatively slowly, resulting in some segregation. 
Voids due to entrapped gas and shrinkage cavities can exist. 
Nonmetallies are distributed in varying degree in accordance 
with the. mechanism of solidification. The mechanical design 
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of an ingot is such as to promote maximum soundness throughout 
the body of the cast form and to concentrate imperfections in a 
special easily removed section called the hot top. Ingots, par- 
ticularly those designed for subsequent forging, thus represent 
the maximum in metallurgical quality obtainable by freezing 
molten metal masses of the sections typically used. 

Hot-working an ingot, whether by forging or rolling, has not 
only the object of producing a desired geometry, but also that of 
altering structure, breaking up segregates, and actually welding 
cavities or voids. The nonmetallic segregate is distorted and 
broken up and, to some extent, redistributed, and the inherent 
coarsely crystalline structure is reduced to one that is finer. 
Direction of metal flow and amount of reduction affect distribu- 
tion and shape of the nonmetallics, imparting a definite influence 
on the grain flow associated with wrought steel. 

To the users of various types and sizes of forgings, the term 
‘forging’ may have widely different meanings. To the de- 
signers of large industrial equipment, a forging is a large shape 
up to several feet in diameter, hot-worked directly from an ingot 
which may be as large as 110 in. diam and weigh up to 500,000 
lb. Ingots are forged in hydraulic presses of up to 12,000 tons 
capacity using flat dies, and the shape produced must be deemed 
a crude approximation of the finished component. Tooling and 
equipment required in the production of such forgings are large, 
and the process involved is costly. However, the insurance of 
greater uniformity in dynamic properties and internal soundness 
has convinced engineers that greatest ultimate economy and 
satisfactory performance are to be had through the use of such 
forgings. Steam-turbine spindles, generator rotors, marine 
propulsion shafting and pressure vessels for the power, oil, and 
chemical industries are a few examples of forgings made directly 
from the ingot. 

To other users of forgings, the process implies use of steam 
hammers equipped with flat dies and employing material which 
has received prior plastic work from the original ingot by rolling. 
The kinetic energy developed by the freely falling weight of ram, 
rod, and piston, accelerated by pressure of expanding steam in the 
cylinder, is released quickly when die contact is made with the 
steel being forged. Steel is hot-worked by the high impact 
pressures developed when the kinetic energy developed by the 
falling weight is absorbed in a very small time interval. The 
contour of the forging produced is a rough approximation of 
the finished part. Forgings vary in weight, ranging from a few 
ounces to several thousand pounds. This method of production 
is particularly adaptable where quantities involved do not war- 
rant sinking dies, or where dimensional geometry precludes the 
production of a drop forging. 

Steam drop hammers are the principal source of large quantity 
production of forgings whose shape resembles closely the design 
of the finished component. Drop forgings are used for most 
dynamically loaded aircraft parts, in heavy-duty truck and 
tractor applications, in the automotive industry, and for deep- 
well drilling tools, to mention but a few of their many uses. 
The size of drop forgings may vary from several ounces up to 
3500 lb. Ratings of the steam drop hammer range from a few 
hundred pounds up to 50,000 lb. High kinetic energy, de- 
veloped by falling weight of ram, rod, and piston whish:t is ac- 
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celerated by pressure of expanding steam, is dissipated suddenly 
on contact with the steel being forged. The unique manner in 
which the high impact pressures build up as forging proceeds 
will be developed further in this discussion. 

Board drop hammers are used to a large extent in the produc- 
tion of smaller drop forgings. Kinetic energy is developed by a 
freely failing weight from a constant height for successive strokes. 
Energy dissipation and impact pressures developed follow the 
same pattern as in the case of the steam drop hammer. Since 
terminal velocity developed in the board drop hammer is purely 
a function of height of fall, a few comparisons may be made with 
the steam drop hammer. Terminal velocities of 30 fps have 
been measured for steam drop hammers having a stroke of 4 ft. 
An equivalent terminal velocity in the board drop hammer re- 
quires a free fall height of approximately 16 ft. Since length of 
stroke for equivalent terminal velocities is much greater with the 
board drop hammer, the number of blows per unit time is less. 
However, in practice, it is not practicable to design and operate a 
hammer having a free fall height sufficiently great to give a 
terminal velocity equal to that of a steam drop hammer. Me- 
chanical difficulties also limit the falling weight that can be used 
economically in a board drop hammer. Actual forging practice, 
then, limits the size of board drop hammers used with the result 
that steam drop hammers constitute the source of impact-forging 
equipment developing maximum kinetic energy. 

Forging in closed dies, however, may be done using several 
types of equipment in addition to the drop hammer. Me- 
chanical and hydraulic presses are used widely for production 
of contour or closed-die forgings of relatively small size. Forging 
machines, often referred to as upsetting machines, likewise may 
be used to produce certain of the shapes made with presses and 
hammers. The design of the forging machine and its manner of 
operation make it especially valuable for forging only a portion of 
a bar as in a pinion shaft. It also affords a most economical 
method of gathering stock for subsequent final forging operations. 
Where the production quantities and staudardization of forgings 
warrant, highly specialized forging equipment has been designed 
for the performance of specific tasks. Such equipment as rock- 
bit pointing and mushroom-valve forming machines are ex- 
amples of specialization in the production of forgings made in 
closed dies. 

It is not the purpose of this paper to discuss the choice of 
methods of forging as they are affected by economies of produc- 
tion or design. All of the forging equipment has its sphere of 
usefulness in the forging industry. Each is used to meet the 
problems posed by forming of specific shapes and sizes in 
various quantities. However, we may consider the manner in 
which certain of these various tools work steel in the forging opera- 
tion, 


q 
OPERATING PRINCIPLES OF PRESSES AND HAMMERS 


_ Presses, whether mechanical or hydraulic, and forging machines 

when used to operate closed dies, impart an increasing pressure 
upon the steel reaching a maximum at the end of the stroke. 
Energy available is a function of a definite mechanical linkage 
or piston relationship. Rate of energy dissipation is, in general, 
much slower than that with impact forging tools. 

The steam hammer, whether flat die or drop hammer, differs 
in operating principle from press or forging machine. Energy 
obtained by the falling weight of ram, rod, and piston, is increased 
by pressure of expanding steam against the piston. The amount 
of energy may be varied within wide limits by regulating the 
length of stroke and pressure cycle employed. The gravity 
drop hammer, however, differs from the steam hammer in that 
energy is received only from the freely falling weight of the ram, 
ed from a mathe constant for successive e blows. 
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When steel is forged in open dies, regardless of method, the 
only restraining action is resistance of the hot metal to the forces 
acting upon it and friction between metal and die surfaces, 
Where action is slow and time of contact is long, the dies exert a 
chilling effect upon the steel. When the action is fast and die 
contact time is short, as in the steam hammer, chilling effect is 
minimized. 

When steel is forged in closed dies, regardless of method, mate- 
rial flows in a fashion affected by its internal resistance to de- 
formation and the frictional relationship of steel and die surfaces. 
As the steel fills the die impression, resistance to metal flow in- 
creases and a condition approaching complete restraint to metal 


flow is developed. Excess metal is forced out as flash, cooling Aitch 
quickly and increasing the resistance to further flow. analy 
We may at this point compare the relative action of different “— 
types of forging equipment when the die is filled and the forging 13*/s 
is almost at desired thickness. A condition of great restraint to Cente 
metal flow exists as just mentioned. Mechanical and hydraulic the as 
presses or forging machines require increased power to perform —_— 
the finishing operation. This increase is due to internal resist- was ti 
ance to metal flow because of drop in temperature and the r tested 
straining action imposed when excess steel is forced out of the 0.063, 
impression as flash. Maximum pressure is built up, gradually — 
increasing to a maximum at the end of the stroke. 0 
Enercy ANAtysts or Drop HAMMER Izod \ 
An analysis may be made of the energy dissipated upon impact 4 1 
when using a drop hammer. If we consider the terminal velocity Aitchi 
of a 50,000-lb steam drop hammer at a measured value of 30 fps, er ce 
kinetic energy available at the moment of impact is about 700,000 ilies 
ft-lb. Measurements of die-contact time with the steel pose ; 
several problems which have not been solved at present. How- 
ever, we know that in the final finishing blows a forging may be eae 
reduced as little as 0.005 in. Considering total deflections in the 
hammer and its foundation, it has been approximated that the Conditi 
striking mass of 50,000 Ib is brought to rest in about 0.020 in. 7 — 
This would result in the short contact time of only 0.00011 sec., + eae 
resulting in a dissipation of more than 10,000,000 hp. ‘Tt is doubt- 
ful if any other metalworking equipment produces as great force 
on the metal being forged as does a steam drop hammer when Mec 
steel is struck under conditions of great restraint.) It is the very and yi 
high rate of release of energy which produces this extreme pres Improy 
sure on forging in closed dies. greater 
Previous investigators do not appear to have considered sepa- — 
rately the two factors of high impact pressures and metal flow in > ag 
studying the effects of forging. As will be shown herein, these ba red 
> mum i 
effects can be separated for investigational purposes. It will be Hen 
demonstrated that pressure alone contributes a substantial pro- = 
portion of the improvement gained through forging. __ vip 
2 Aite! 
vol. 111 


In1T1AL Stupies oF Foraine Errects 


While grain flow is associated with open and closed-die forg- 
ings, as with other methods of producing wrought shapes, a 
impression appears to exist among some users of forgings that 4 
difference exists in strength parallel with and transverse to the 
direction of grain flow. It will be of interest to analyze facts 
revealed by past and present experimental work. Competent 
investigators, as early as 1925, have shown that while differences 
in static tensile strengths in various directions are small, im- 
provement in ductility and dynamic strength is produced it 
all directions by forging. Moreover, improvement in notch 
toughness and endurance values is consistently greater in the 
direction of maximum plastic flow. 

Data may be referred to at this time illustrating the effect © 
on and transverse propert ies 
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Aitchison and Johnson’ studied directional properties of several 
analyses. Data for a carbon steel are shown in Table 1. The 
original material used in this study was trepanned to obtain a 
13'/:-in-diam section from the center of a 28-in. octagonal ingot. 
Center location was chosen to obtain only equiaxed material in 
the as-cast condition. Reductions of 75, 87.5, and 96 per cent, 
respectively, were made by open-die-forging methods. Material 
was tested after normalizing at 1562 F (850 C)., Composition 
tested was as follows: Carbon 0.34, manganese 0.79, sulphur 
0.063, phosphorus 0.046, silicon 0.13, nickel 0.15, chro- 
mium 0.22. No appreciable difference was found for longi- 
tudinal or transverse ultimate strength, elastic limit, and yield 
point. The difference between longitudinal and transverse 
Izod values was found to be greater than the variation in duc- 
tility. 


t In fatigue tests on the foregoing material and other analyses, The closed-die forging was forged in a 12,000-lb hammer em- 

. Aitchison and Johnson’ observe d a maximum deviation of 17 ploying 8 blocking and 11 finishing blows, and the finished forging 

; per cent fatigue strength of longitudinal and transverse speci- was air-cooled from a temperature of 2040 F. Properties ob- 

mens. The results of their fatigue tests are shown in Table 2 tained from each forging are given in Table 3. 

x Noticeable particularly is a major improvement in transverse 

: TABLE 2 EFFECT OF REDUCTION JIN FORGING UPON ENDUR- ductility obtained by forging in closed dies under conditions of 

great restraint and with extremely high impact pressures. 

" Condition Longitudinal = Transverse A second experiment of similar nature was performed em- 
+29200 +28300 i NE istry 

lh. 75 per cent reduction........... +36300 Ph) ity $33700 plo ying alloy steel of NE S744 chemistry and following forging 

: 87.5 per cent reduction......... +36300 00 = +30300 with heat-treatment to obtain higher mechanical properties. 

: 96 per cent reduction........... +35800 +33700 Results of this series of tests are given in Table 4. 

m These results indicate likewise a distinct improvement in trans- 

: Mechanical properties such as ultimate strength, elastic limit, verse ductility when forging in closed dies. The strength proper- 

“ and yield point showed little variation with forging direction. _ ties in both tests show no substantial difference with variation in 

4 Improvement in ductility, toughness, and fatigue strength was direction. 
greater in each case for longitudinal tests than for transverse Having obtained initial information showing increased trans- 

‘ specimens. While the average endurance limit observed for the verse ductility in the closed-die forging, as compared with open- 

in as-cast material was +28,700 psi, the average endurance value _ die forging, a question arose regarding the effect of impact without 

‘ for reduction of 75 to 96 per cent was +34,300 psi. The mini- appreciable plastic flow. In order to evaluate the effect of high 

be mum improvement in endurance was approximately 7 per cent. pressure without plastic flow versus high pressure with plastic 

Eo Hence the effect of forging upon fatigue strength is equivalent flow, a third experiment was performed. : “a> 

*“The Effect of Grain Upon the Fatigue Strength of Steels,”’ by Reps billets vd SAE X-4340 were machined into .doangrn 2S 

L, Aitchison and L. W. Johnson, Journal of Iron and Steel Institute, 3*/4 m. diam x 8 /s = long. A second group of test pieces was me 
vol. 111, 1925, pp. 351-378. machined into cylindrical form 4!/2 in. diam X 6 in. long. All ; 

TABLE 3 COMPARATIVE EFFECT OF FORGING IN OPEN AND CLOSED DIES UPON ME- 

al CHANICAL PROPERTIES 

ta — Open-die forging ~ Closed-die forging 

he Direction of specimen axis —-—Longitudinal— Transverse -—-Longitudinal— Transverse 

; Location of specimen..... . Surface Center diametral Surface Center diametral 

cts Ultimate strength, psi... .. 83500 73700 69250 80500 74000 74200 

: Yield point, psi........... 54400 48000 48750 56800 47700 52000 
1 Elongation in 2 in., per cent 32.4 35.5 11.0 36.2 38.5 26.0 
3 Reduction of area, per cent. 70.2 63.3 13.7 73.2 73.7 48.4 


————Open-die forging Closed-die forging 
the Direction of specimen axis —-Longitudinal—~ Transverse -—-Longitudinal— Transverse 
Location of specimen..... . * Surface Center diametral Surface Center diametral 
: Ultimate strength, psi..... 127000 124500 122000 127300 130300 
o! Yield strength, 0.2 per cent 98000 97000 100000 9 101300 
Elongation in 2 in., per cent 19.6 18.5 5.0 20.2 9.0 
Reduction of area, per cent 60.5 49.3 13.4 58.9 52.9 


_ ss DIXON, FOLEY—HOW FORGING ACTS TO ENHANCE METAL PROPERTIES M9 
; TABLE 1¢ EFFECT OF CROSS-SECTIONAL REDUCTION IN FORGING UPON MECHANICAL ; 
PROPERTIES 
per cent ingot 
Longi- Trans- Longi- Trans- Longi- Trans- Longi- Trans- 
Test direction tudinal verse tudinal verse tudinal verse tudinal verse 1-7 
Elastic limit, psi...... 36900 36700 45300 44000 46800 46800 45000 42400 a 
Yield point, psi....... 45600 41000 47500 8300 47500 47500 46200 43300 7 _ 
Maximum stress, psi. 86000 87500 81600 82000 79600 80000 80800 ‘0 8 
Elongation, per cent... 19.7 18.2 30.8 29.0 33.4 22.2 33.1 28.5 _ 
R tion of area, per 
25.8 23.6 57.4 48.4 58.3 23.8 58.7 43.5 
16.7 17.0 34.0 27.3 61.7 30.0 74.0 29.0 
Original data of Aitchison and Johnson* converted from tons per square inch to psi. 


TABLE 4 COMPARATIVE EFFECT OF FORGING IN OPEN AND CLOSED DIES UPON ME- 
CHANICAL PROPERTIES 


to substantial improvements in life or maximum load under _ 
conditions of widely fluctuating stress. 


CoMPARISON OF OpEN-DIE AND CLOSED-D1E ForGING 


About 4 years ago, initial data obtained by forging equivalent 
shapes in open dies and in closed dies gave a first quantitative 
indication of the greater improvement in toughness and ductility 
resulting from closed-die forging as compared to open-die forg- 
ing. In this experiment two shafts were forged to 41/, in. diam 
using 4-in. round-cornered square billets of the following chemis- 
try: Carbon 0.23, manganese 0.90, phosphorus 0.022, sul- 
phur 0.026, silicon 0.018. 

The open-die shaft forging was made under a 2500-lb hammer 
using flat dies. The forging was air-cooled from a finishing 
temperature of 1850 F, using 75 blows to make the forging. 


i 
= 
] 
. 
* 
aS 
4 
: 
é 


test pieces came from the same bar. A set of forging dies was 
sunk with the bottom die machined so as to contain snugly the 
4'/,-in-diam pieces when heated to forging temperature. The 
top die was flat. Total pressure was confined to the specimen 
being forged by means of a suitable cold cylinder used on top of 
each piece to transmit all of the impacting pressure to the test 
specimen. In this manner the 3*/,-in-diam pieces were upset 
to the diameter of the die cavity and then subjected to repeated 
impacts. The 4!/,-in-diam test pieces were not upset ap- 
preciably for they just fitted the cavity. These latter pieces, 
however, were subjected to impact pressure with negligible plastic 
flow. Tensile tests made on these specimens, illustrating the 
relative effect of impact pressure with and without accompanying 
plastic flow, are shown in Table 5.) The SAE X-4340 tested in 


TABLE 5 MECHANICAL PROPERTIES OF UPSET AND COMPRESSED 
PARED WITH ORIGINAL BILLET MATERIAL 


Yield 
strength 
0.2 offset 


strength, 

Condition i 
Rolled 
4 pset 

Compressed 


ens 


Direction 


Longitudinal 
Longitudinal 
Longitudinal 
Transverse 
Transverse 
Transverse 


the heat-treated condition, represented a condition of higher 
strength properties. Included for comparison are data on rolled 
billet material tested in the heat-treated condition. 

The results in Table 5, taken as the average of three deter- 
minations in each case, indicate clearly that transverse ductility, 
as measured by reduction of area, and toughness, as determined 
by the notched-bar test, are improved by closed-die forging. 
Of particular interest, however, is the fact that these properties 
are improved primarily by the high pressures developed in the 
closed-die forging. This is brought out in the test where the 
material was compressed by high impact pressure with negligible 
plastic flow. 


CURRENT EXPERIMENTAL PROGRAM 


The tests described provided sufficient background on hereto- 
fore unrecognized phases of the effect of closed-die forging to pose 
new and unanswered questions. Engineers are constantly con- 
sidering designs that will empley forgings which can develop 
high dynamic strength and endurance properties. It is obvious 
that the strength values, as determined by static tensile tests, 
are not the only criteria of successful performance, but are 
related to and depend upon the resultant dynamic properties 
and ductility developed. Construction of large drop hammers 
with ratings as high as 50,000 lb have permitted engineers to 
design, as drop forgings, components weighing up to 3500 lb. 

Keeping in mind the nature of trends in engineering design, a 
long-range experimental program has been developed to study 
effects of closed-die forging upon mechanical properties. In- 
cluded for study are such phases as the following: 


1 Trend shown by the dynamic properties, endurance strength, 
and notched-bar toughness, for steels developing highest 
strength in static tensile tests. 

2 Effect of varying prior plastic work by rolling, with em- 
phasis on lower cross-sectional reduction from ingot. 

3 Effect of increased pressures developed by hammers of 
higher rating. 

Since the scope of such work is necessarily large, a portion of 
the work undertaken and completed at present may be discussed 
at this time. Tests were devised to evaluate effect of open-die 
forging with increasing reduction upon mechanical properties 


of an alloy steel to an ultimate of 165, 
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TESTED AS Cast PROPERTIES 
FOR OP EW DE REDUCTIONS usee FOR DE FORO NG 
OF 20-96 PER CENT WITH NEGLIG BLE PLASTIC FLOW 


Fia. 1 EST LOCATIONS FOR A 25-IN, 
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DIAGRAM SHOWING Foraina T 
INGOT 


SAE X-4340, COM- 
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Elongation, area, 
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impact, 


185,000 psi. Comparison was established with properties in the 
original ingot. Material which had received 80 and 92 per cent 
prior plastic work, respectively, in rolling was forged in closed 
dies. A portion of the closed-die forging was done permitting 
20 per cent upset. Forging was.also done with negligible plastic 
flow to observe effects of impact pressure alone. In order to 
gather background on effect of closed-die forging, where little 
prior work had been done by rolling, ingot material was forged 
in closed dies with negligible plastic flow. The portion of work 
completed at present is based upon static tensile, bend, and pre- 
liminary Charpy notched-bar studies. Endurance tests, while 
under way, are not included in this paper. 

Material used in this investigation was electric-furnace steel of 
the following composition: 


0. 015 

0.025 


Manganese... . 
Phosphorus. . . 
Sulphur 


One 25-in. ingot of 8500 lb weight was employed to provid 
cast material for test and for forging to varying reductions using 
an 8000-lb double-frame steam hammer equipped with flat dies. 
Fig. 1 illustrates per cent reduction and location of test material. 

One 25-in. ingot was rolled to 7-in. round-cornered square 
billets. Another 25-in. ingot was rolled to 16-in. round-cornered 
square billet, although none of this section was used in this 
investigation. The balance of the heat was rolled from 25-in. 
ingots to 11-in. round-cornered billets yielding 86,210 Ib in this 
size. Thus the 7-in. and 11-in. billets represent 80 and 92 per 
cent reduction, respectively, by rolling as prior plastic work. 

Specimens were machined from 7-in. and 11-in. billet material 
for forging tests in closed dies employing a 5000-lb steam drop 
hammer for the closed-die tests. A schematic representatior 
test-specimen shape, per cent reduction, and direction of wor 
with respect to grain flow is shown in Fig. 2 

The specimens used for closed-die tests, permitting 20 per « 
upset, were cylindrical. Those specimens used for the 0 
cent upset tests were machined as a frustrum of a cone. All 
ance was made so that the specimen when hot just dropp 
snugly into the die. This permitted forging the specimen und 
complete restraint with negligible metal flow. Location of t 
machined specimen, with respect to its — position i in the bil 
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was maintained by use of stainless-steel pins located in the 
bottom of the piece. An unheated machined cap was placed on 
top of each forging specimen after it was dropped into the lower 


die. The purpose of this cap, or cold top, was to permit ready 


20 PER CENT UPSET | © PER CENT UPSET 


Fic. 2. DiaGrRam or CLosep-Die-ForGinc ProcepurRE, SHOWING 
AmMouNT OF PLastic WorkK, ForGING, AND ORIGINAL GRAIN-FLOW 
D1RECTION 


removal of the specimen from the lower die after forging. Lock- 
ing of the cold top to the specimen was achieved with a few light 
hammer blows, upsetting the forging around the cone on the 
cold top. An illustration of a forged test piece with attached cold 
top is shown in Fig. 3. 

A total of 36 test pieces were forged by this method, 8 of which 
were of heat-resisting alloys not tested as of this writing. All 


after forging. 
Surface, mid-radius, and center sections with longitudinal and 
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closed and open-die forgings of SAE 4340 were cooled slowly - 
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transverse grain flow were prepared for each stage of reduction, 
where obtainable, from the material forged in open dies. The 
material was cut into slabs approximately 3 X 8 X 1'/s in. 

Material forged in closed dies was sectioned into slabs 1'/s 
in. thick to provide test material from surface, mid-radius, and 
center sections, where obtainable, and possesing longitudinal and 
transverse grain flow. 

All material was heat-treated by normalizing, hardening, and 
tempering. The complete thermal history, including forging 
temperatures, is summarized as follows: 


Forging: 2175 F-2230 F; cooled at 10 F per hr 
Normalize: 1625 F; cooled in air 
Heat: 1525 F; quenched in oil at 130 F my 
Hardness: 3.10-3.20 Bhd, or 363-388 Bhn 


After heat-treatment, standard 0.505-in. tensile test bars were 
machined and tested. Bend tests were made using specimens 
having */s X #/,¢-in. cross section, and a bend radius of !/ in. 
Impact tests were made using standard Charpy specimens with a 
milled notch. 


RESULTS OF CURRENT EXPERIMENTAL WORK 
In order to establish preliminary trends in this investigation, 
properties at the mid-radius test location, with reference to the 
original billet or ingot, were determined. These are included in 
the results obtained to date. Results of longitudinal and trans- 


verse tensile tests for various cross-sectional reductions in open- 
die forging are shown in Fig. 4. 
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CROSS SECTIONAL REDUCTION IN OPEN DIE FORGING — (PER CENT) 
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No apparent difference exists between longitudinal and trans- 
verse ultimate strength or yield strength from the original ingot 
through increasing stages in reduction by open-die forging. 
Significant variation in ductility is noticed, however. Improve- 
ment in ductility is greater in the longitudinal direction for in- 
creased cross-sectional reduction in open-die forging. Reduction 
of area appears to be a more sensitive indication of ductility than 
does elongation for steel heat-treated with resultant ultimate 
strength of 120,000 to 180,000 psi. This has been observed in 
many tests performed on die blocks and piston rods where little 
variation in ductility as measured by elongation is noted. How- 
ever, low reduction of area has been observed in those components 
having unsatisfactory service life, yet possessing elongation com- 
parable with material giving satisfactory performance. 

A comparison of the effect of forging methods is illustrated in 
Table 6. Ingot material was tested from a mid-radius location. 
Material from the same ingot location was forged in closed dies 
with negligible plastic flow. A marked improvement in ductility 
may be noted due to impact pressure alone. Closed-die forging 
with negligible plastic flow and with 20 per cent upset, likewise 
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TABLE 6 


TRANSACTIONS OF THE ASME 


COMPARATIVE STATIC TENSILE bh TS FOR OPEN AND CLOSED-DIE FORGING AND INGOT MATERIAL FROM 


{1D-RADIUS TEST LOCATIONS 


Cross- 
section 
reduction 
from ingot, 
per cent 
As-cast ingot 
Ingot material, closed die, zero per cent upset. . 
Open die 
Closed die, zero per cent upset 
Closed die, 20 per cent upset 
Open die 
Closed die, zero per cent upset 
Closed die, 20 per cent upset 


Ultimate 
strength, 0.2 


shows an increase in transverse ductility over open-die forgings 
for comparable cross-sectional reductions from the original ingot. 
It may be noted that impact pressure alone causes a marked 
improvement in transverse ductility. 

Effect of cross-sectional reduction and forging method upon 
Charpy impact strength is shown in Table 7. 


TABLE 7 VARIATION IN CHARPY IMPACT STRENGTH WITH 
FORGING METHODS FOR MID-RADIUS TEST LOCATIONS 


Cross- 
sectional 
reduction, 
per cent 


-——Charpy impact, ft-lb—— 


Forging method Longitudinal Transverse 


As-castingot - 

Closed die, zero per cent upset 
Open die 

Closed die, zero per cent upset 
Closed die, 20 per cent upset 
Open die 

Closed die, zero per cent upset 
Closed die, 20 per cent upset 


The greatest improvement in notched-bar toughness over 
as-cast material is shown in the longitudinal direction. Closed- 
die forging on ingot material with negligible plastic flow has 
resulted in a distinct improvement. 

Bend tests were performed on mid-radius material using bend 
bars with */; X °/j-in. cross section and a bend radius of 
1/,in. Mid-radius ingot bend bars broke at 56 and 89 deg for 
longitudinal and transverse directions. Longitudinal and trans- 
verse specimens taken from comparable ingot material, forged 
in closed dies with negligible plastic flow, withstood the 180- 
deg bend test satisfactorily. All wrought steel, forged by open 
and closed-die methods, was bent 180 deg without failure. 


SUMMARY 


The purpose of this investigation has been to study the effect 
of reduction and of forging method upon the mechanical proper- 
ties of steel. Neither amount of reduction nor method of forging 
alters the strength properties at a given hardness level with regard 
to direction of grain flow. A successive series of experiments on 
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Yield 
Elongation Reduction 


cent, psi 


_ design of the finished part. 
advantage cannot be taken of higher ductility, because of inability 
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Ultimate 


oa, Elongation Reduction 
strength, f 


0.2 per in 2 in., of area, 
cent, psi per cent per cent 
8.0 


of area, 
per cent 


per in 2 in., 

per cent 
6.0 
11.0 
16.0 
16.0 
15.0 
15.0 
15.5 
16.0 
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steel treated to varying ranges of strength show superior trans- 
verse ductility and notched-bar toughness developed by the 
extremely high pressures used in closed-die forging. That pres 
sure alone in closed-die forging effects an improvement in trans. 
verse ductility has been demonstrated by tests in which amount 
of plastic deformation was negligible. It is felt that this aspect 
of the high pressures developed in closed-die forging has been 
overlooked heretofore. 

The advantage that may be realized from this method of hot- 
working lies in the ability to improve properties in regions oj 
highest stress. Such effects may be realized by drop-forging 
the process yielding shapes whose geometry follows closely the 
While some designers feel that ful 


_ of a design to function with high deflections, very often operating 
stresses of a high order or overload conditions require deforms- 
tion for a very small gage length. Such condition can arise ins 
fillet. If the resulting deformation in the restricted area is met 
by ample ductility, the result is satisfactory performance.  h 
the contrary, low ductility in such a region can result in a pre 
liminary crack leading to ultimate failure. The operation of gas 
turbines has shown that bucket wheels possessing highest cen- 
ter ductility have attained the best performance, again illus 
trating the relation of ample ductility to service life. 

The nature of the results obtained to date on the effect of forg 
ing method point definitely to the need for further work in this 
field. Inasmuch as high pressure with no appreciable plasti 
flow has shown a material improvement in ductility of ingo! 
material, the question has arisen concerning effect of closed-die 
forging on billet material of large cross section with less plastic 
work from the ingot stage. This is of decided importance it 
view of the growing demand for forgings produced by the larges 
steam drop hammers. Further investigation is needed to show 
the effect of higher pressures, tested by using hammers of greate 
rating. Studies of effect of closed-die forging on endurance ” 
perties in fatigue are in progress at the present time. 
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By A. I. DAHL! anp E. F. FIOCK,! WASHINGTON, 


In gas turbines, the gases are normally much hotter 
than the surrounding walls, so that radiation from a 
thermocouple in the gas stream to the walls may cause 
considerable error in observed values of gas temperature. 
Effective radiation shielding of the measuring junction 
can be accomplished by pressing a small tubular shield of 
silver, gold, or platinum directly on an oxidized junction of 
base-metal thermoelements. The construction, calibra- 
tion, and performance of junctions with pressed shields 
of low surface emissivity are described, and the results to 
date of service tests in gas turbines are discussed. Experi- 
mental results on the rate of response of various junctions 
to sudden changes in temperature, and means for in- 


creasing this rate are presented. 


HE recent development of the gas turbine as a practical 

power plant for applications on land, sea, and in the air 

has been accompanied by the wide use of thermocouples for 
indicating gas temperatures in the range up to approximately 
2000 F. Many problems related to this application have assumed 
considerable importance, in both the evaluation of power-plant 
performance and in the development of satisfactory controls. 
These include evaluation, in terms of indicated temperature, of 
the heat transfer to or from the sensing element by conduction, 
convection, and radiation, the effects of gas velocjty, and the rate 
of response of the element to sudden changes in temperature. 
Of these diverse problems, this paper deals only with the control 
and evaluation of the radiation corre¢tion, and with the response 
rate of thermocouples. The experimental work was done at the 
National Bureau of Standards, with the Bureau of Ships, De- 
partment of the Navy, as sponsor. 


INTRODUCTION 


GENERAL CONSIDERATIONS 


The temperature attained by a thermocouple junction, im- 
mersed in a stream of hot gas, is seldom identical with the tem- 
perature of the gas, but instead is characteristic of a steady state 
at which the rate of heat transfer from the gas to the junction by 
convection, impact, and friction is equal to the rate of heat trans- 
fer from the junction to the surroundings by radiation and con- 
duction. If the junction can ‘‘see”’ the flame, it may also receive 
heat by direct radiation over a limited solid angle. Assuming 
that the gas is transparent to radiation, the following equation 
holds at a steady state 


MT, — T,)Ar +1 + — = 
+ (bAs/a)(T; — 


inwhich 
h, = coefficient of heat transferby convection 
T = absolute temperature pebis 
A, = surface area of junction 
j= 

' Physicist, National Bureau of Standards. 

Contributed by the Heat Transfer Division and presented at the 
Semi-Annual Meeting, Milwaukee, Wis., May 30—June 5, 1948, of 
Tae AMERICAN SOCIETY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
ithe Society. Paper No. 48—SA-29. 


Shielded Gas Tavbines 


D. C. 


= surface emissivity of junction 
= emissivity of flame 


xz = fraction of total solid angle over which junction sees the _ 


flame 
k = coefficient of thermal conductivity of thermocouple wires 
A; = cross-sectional area of thermocouple wires j 
= depth of immersion of junction 


Subscripts s, i, w, and f mean static, indicated, wall, and flame, 
respectively, and refer to the gas, junction, wall, and flame. 

The quantity J represents the rate of heat transfer to the junc- 
tion due to directed motion of the gas, and is the resultant of 
directed impact and friction in the boundary layer of gas around 
the junction. The magnitude of J depends primarily upon the 
velocity and heat capacity of the gas, and to a lesser extent upon 
the configuration of the junction and the nature of the flow around 
it. The discussion which follows is limited to gas velocities suffi- 
ciently low that J can be neglected for practical purposes. 

The stem conduction term may be conservatively approxi- 
mated by (kA:/a)(7,— T,,). Its effect may be made negligibly 
small by proper attention to thermocouple design and installation 
(1, 2),? by the use of small wires, and by adequate immersion. 
If it is assumed also that the junction cannot see the flame, the 
foregoing equation becomes simply 


T.—T; = (ee/h — Te). 


which expresses the departure of the temperature indicated by 
the junction from the static temperature of the gas, resulting 
from radiation alone. 


peratures experienced in gas turbines. 

The use of shields to reduce the radiation correction has been 
common practice for many years. The most common type con- 
sists of coaxial tubes surrounding the measuring junction (3, 4), 
and the effectiveness of such shields increases with the number 
employed. Units of this type, however, are difficult or impossible 
to install in many locations throughout a gas turbine; they create 
undesirable disturbances to gas flow, and are slow to respond to 
changes in temperature. 


Another well-known method of reducing the radiation error a 
= = 


(5) is to decrease the emissivity of the surface of the junction it- 
self, that is to decrease the value of ¢ in the equations given. This 
approach seemed to offer the most promise for the development 
of an instrument having the characteristics desired for service in 
gas turbines, and therefore was followed in the present investi- 
gation. 


Test EquIPMENT 


The equipment used to produce streams of exhaust gas in which 
these tests and calibrations were made is shown diagrammatically 
in Fig. 1. It consists essentially of a blower supplying air to a 
single combustor from a German Jumo 004 turbojet engine, with 
controls for inlet air and fuel, and a bleed line in parallel with the 
test section on the burner discharge. 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


Since the radiation intensity increases as 


the fourth power of the absolute temperature, the correction due __ 
to radiation losses assumes considerable importance at the tem- —_ r 


Gas temperature is ad- 
justed by controlling the inlet air and fuel rates, and the velocity 

in the test section can be varied by means of the valve in the _ 
bleed line. 
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The test section is a 4-ft length of 6-in. standard iron pipe, 
provided with three hatches for convenience in installing various 
instruments, and located far enough downstream from mixing 
and flow-straightening devices that the temperature and velocity 
are sensibly uniform over a central core 3 in. diam. Numerous 
junctions peened into the test section are used to indicate wall 
temperatures. 


The equipment provides gas flows from 2 to 7 Ib per sec ft? and 
gas temperature up to 1500 F. It is anticipated that the range 
of the present measurements will be extended considerably with 
new equipment now being constructed. 


Fie. 1 D1acram or ComBustTIon SystTeEM 


JuNcTIONS WITH PRESSED SHIELDS 


Theory and Construction. From Equation [2] it will be seen 
that the effect of radiation to the surroundings is directly pro- 
portional to the surface emissivity e, of the thermocouple junc- 
tion. The emissivities of base-metal thermocouple materials 
(oxidized surfaces) range from about 0.80 to 0.95. The emissivity 
can be reduced temporarily by polishing the junction, but the 
surfaces reoxidize rapidly at elevated temperature. However, 
silver and gold have an emissivity of from 0.03 to 0.05 and plati- 
num from 0.12 to 0.18. Since these metals are not subject to 
oxidation, they retain their effectiveness as radiation shields at 
all temperatures below their melting points. 

Thus by covering the junction of a chromel-alumel thermo- 
couple with a layer of silver, the rate of heat transfer by radiation 
from the junction to the surroundings will be reduced by a factor 
of about 18, with only a slight decrease in the rate of heat trans- 
fer from the gas to the junction by convection. Fig. 2 illustrates 
the construction of such a silver-shielded junction. 

A junction is made between the base-metal thermoelements in 
a conventional manner, such as by autogenous welding. The 
resulting bead is dressed to the form of a disk having a thickness 
about equal to the diameter of the wires. A */,-in. length of 
fine silver, gold, or platinum tube, '/; in. OD X 0.020 in. thick, 
is flattened so that it will slip freely over the disk and the wires. 
After the disk and about '/2 in. of the adjoining wires have been 
oxidized by heating to a dull red in a mild air-gas flame, the disk 
is inserted to the approximate center of the flattened tube. The 
flattening of the tube is then continued in a press or vise until the 
junction is held firmly by the tube, which becomes about 0.2 in. 
wide and 0.04 in. thick when No. 22 thermocouple wires are used. 

Such a shielded junction is simple to construct, reasonably 
rugged, and has small physical dimensions, so that it is easy to 
install, it creates little disturbance to flow, and it responds rapidly 
to sudden changes in gas temperature. 
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Protection and Mechanical Stability of Shielded Junctions. Al- 
though shielded junctions of the type described, supported only 
by two-hole porcelain insulating tubes, are suitable for laboratory 
use, some mechanical protection is essential for service applica- 
tions. For use in exhaust gas, it has been found that a guard 
tube of Type 347 stainless steel, slotted to permit the flow of gas 
over the shield, meets this need. Fig. 3 shows an unguarded 
junction, and two with guards of the type mentioned. From the 
standpoint of ease of installation, the advantage of making the 
guard the same diameter as the support tube is obvious. Nu- 
merous tests have shown that these guards have no significant 
effect upon the calibration or the performance of the shielded 
junctions. 

Preliminary service tests of silver-shielded junctions made of 
No. 22 chromel-alumel wire in operating gas turbines showed that, 
while the mechanical strength was adequate in one unit, the wires 
failed between the silver and the porcelain tube in another. The 
obvious methods for increasing the strength are to increase the 
size of the thermocouple wire, to decrease the thickness and 
length of the shield, and to provide mechanical support in addi- 
tion to that of the wires themselves. 

The use of large thermoelements has the disadvantages of 
larger heat loss by conduction and of decreased rate of response. 
The first of these is not serious, and the second is of little impor- 
tance in some applications. Hence shielded junctions of No. 14 
chromel-alumel have proved satisfactory in one rapes in 
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have been tried. However, the method which seems most satis- = 
factory, both from the standpoint of construction and perform- => 
ance, is that shown in Fig. 4. A lower support is provided by — 
inserting a nichrome loop in the end of the flattened shield tube — 
before the latter is pressed to final shape. The nichrome support — 

is then passed through appropriate holes in a disk anchoredin the _ : 
end of the guard tube. Thus the nichrome limits the — _ 
movements of the shielded junction to an extent which virtually 

eliminates failure of the wires by fatigue. 

Preliminary tests of silver-shielded junctions in an operating | 
gas turbine indicate a life of several hundred hours in all locations 
except between the combustor and the turbine. At the latter 
location the junctions fail in less than 50 hr of continuous service, 
regardless of the gas temperature. 

The leading edge of the silver shield of a junction that has 
failed is badly pitted, and both the chromel and alumel elements 
have deteriorated within the shield and for some distance up the 
porcelain insulating tube. The direct impingement of incandes- 
cent carbon particles on the shield, and possible effects of sulphur 
in the fuel, are being investigated at present. 


Steel Tube 


Thermocouple 
Wires 


Porcelain 
insulator 


+ 
|| — Silver Shield 
which those made from No. 22 wires failed. In this case addi- 
tional mechanical support, as well as the larger wire, was required 
because of the severe service conditions. ' | 
The use of pressed shields of silver, gold, or platinum less than | ' | \ 
about 0.02 in. thick is not recommended from the standpoint of ' ' ! 
strength, because these metals become relatively soft at the tem- ' iL ! 
peratures under consideration. Steel Di 
ee! Disk 
To study the effect of shield length, the performance of various === 4 a <KX 
shielded junctions was compared with that of a junction having a ' on | Paty: 4 N 
shield */, in. long. The relative magnitudes of the corrections ANA 


With shields of various lengths are given in Table 1. Tt will be ‘ > 
Front View 


TABLE1 RELATIVE MAGNITUDE OF RADIATION CORRECTION 


noted that little advantage is to be expected from making the 
shield longer than */, in., but that the radiation error increases 
appreciably as the length of the shield is reduced below this value. 

For increased mechanical support, various methods, including 
anchoring the shield to the porcelain insulating tube and to a 
similar porcelain tube, supported from the end of the guard tube, 
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DETERMINATION OF RADIATION CORRECTIONS 
Laboratory Standard Thermocouple for Gas-Temperature Meas- 
urements. If the effects of radiation are to be determined ex- 
 perimentally, the first requirement is a laboratory standard in- 
7: strument which is free from such effects. Fig. 5 shows a py- 
rometer in which a bare thermocouple junction is surrounded by a 
cylindrical shield, the temperature of which can be controlled by 
a second electrically heated shield. The inner shield is a silver 
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Gas TEMPERATURE 


tube 5!/2 in. long X lin. OD X 0.04 in. thick. The outer shield 
of stainless steel is provided with a heating element of nichrome 
ribbon, insulated from the tube with mica. The heating element 
is divided into three approximately equal sections, each section 
being provided with individual current control. Three chromel- 
alumel junctions peened into the silver shield are used to indicate 
its temperature. By adjusting the heat supplied electrically to 
each section of the steel shield, the temperature of the silver shield 
can be brought to uniformity and to equality with that of the 
junction. When this condition prevails, the junction tempera- 
ture approaches that of the gas, since there can be no appreciable 
heat interchange by radiation. 

It will be apparent that much time and care are required in the 
use of such a laboratory standard instrument. After it had been 
used for the careful calibration of several silver-shielded chromel- 
- alumel junctions, it became evident that a more convenient 
oe ae z a standard could be devised by making use of a junction with a 
pressed shield. 

i Secondary Standard. This instrument consists simply of a 
silver-shielded junction mounted centrally within two coaxial, 
unheated tubes, as shown in Fig. 6. The inner silver tube is 6 in. 
long X lin. OD X 0.04 in. thick, and the outer Inconel tube 
is 7in. long X 2in. OD X 0.04 in. thick. The shielded junction 
can be inserted and removed without disturbing the tubes. Junc- 
tions peened ante the silver indicate the mporeny of the inner 
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After a direct intercomparison of the primary and secondary 
standards showed that there was no choice as to performance, the 
latter was used exclusively, because of its greater convenience. 

Calibration of Junctions With Pressed Shields. These junctions 
are made from wire for which the temperature-emf relation is 
known from previous calibrations (6). The actual temperature 
of any junction is determined by measuring its emf with a semi- 
precision potentiometer, applying the correction thereto for the 
calibration of the wire, and reading the temperature correspond- 
ing to this corrected emf from a standard table (7). 

During a calibration experiment, various junctions are located 
in the test section as shown in.Fig. 7. Those at locations 1, 2, and 
3 are silver-shielded junctions used for control purposes. The 
junction to be calibrated is used at location 4, the calibration being 
accomplished by a substitution method using the secondary stand- 
ard with a silver-shielded junction made of the same wire as the 
test junction. The procedure is as follows: With the test junc- 
tion at location 4, a measurement is made. The secondary stand. 
ard is then substituted for the test junction, and a second meas- 
urement is made at identical operating conditions, as indicated by 
the junctions at locations 1, 2,and3. Thus one run of each pair 
gives the temperature attained by the test junction, and the 

second gives the true temperature of the gas at the same location 
and under identical conditions. The difference thus observed i is 
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the temperature drop due to radiation from the test junction. 
Errors which might otherwise arise from conduction along the 
wires and from wire calibration are avoided completely by this 
method. Runs of this type were made for both silver and 
platinum-shielded chromel-alumel junctions over the following 
ranges: Wall temperatures, 700 to 1400 deg F; gas tempera- 
tures, 1000 to 1500 F; and gas flows, 1.5 to 7 lb per sec ft?. 

The results obtained for silver- 
shielded junctions are presented graphically in Fig. 8. To 
illustrate the use of this figure, assume that a silver-shielded 
junction in a gas stream indicates 1379 F, when the wall tem- 
perature is 1165 F,, and the gas flow is 3 
point on the base ne corresponding to 1379 F, proceed vertically 
to the curve which would correspond to a wall temperature of 
1165 deg F. This involves interpolation between the curves for 
Then proceed horizontally to the right until 
the flow line representing G = 3.8 is reached. From this point, 
proceed vertically downward to the base line, where the correc- 
tion, amounting to 4 deg F, can be read. 

It is believed that the corrections for radiation loss determined 
from Fig. 8 will be in error by less than +2 deg F, when the cor- 
rection is less than 10 deg F, and by less than '/; of the correction 
when the latter exceeds 10 deg F. It is emphasized that the cor- 
rections are applicable to silver-shielded junctions of the size and 
shape specified. Small changes in dimensions are probably un- 
important, but large changes would involve changes in the value 
f convection coefficient, and hence also in the corrections. 

\lthough it has been found that silver-shielded junctions may 
be used in gas streams having uniform temperatures up to 1700 F, 
the large variations which usually exist at the turbine inlet make 
it inadvisable to use silver shields when the average temperature 
is thought to exceed about 1500 F, since local temperatures may 
at times exceed the melting point of silver. 


Silver-Shielded Junctions. 


.8 lb per sec ft?. 


1100 and 1200 F. 


Platinu m-Shielded Junctions. 
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Silver shields which are burnished when new, quickly assume 
a whitish bloom upon exposure to exhaust gas at elevated tem- 
It is probable that this change at the surface takes 
place before a calibration can be made, so that the results in _ 
Fig. 8 actually apply for this type of surface. 
change in radiation correction has been detected with the length 
or conditions of service. The expected deposition of products of 
incomplete combustion upon the shields has not oécurred in the 2 
test system, and has not been reported in service. 

Gold as a Material for Radiation Shields. 
same emissivity as silver, but melts about 185 deg F higher. 
Therefore gold-shielded chromel-alumel junctions should be use- 
ful in exhaust gas of uniform temperature up to about 1900 deg F, 
or at the turbine inlet in streams with an average temperature 
of about 1700 F. Because the greater cost of gold does not seem 
to be justified by the small extension of the useful range which it 
provides, and because, even though gold were used, advantage — 
could not be taken of the full useful range of base-metal eel 
couples, no attempts have been made to calibrate gold-shielded 


At any rate, no — 


Gold has about the 


Platinum, with a melting point 
of 3225 F, is more than adequate from this standpoint as a shield 

for the common base-metal thermoelements. As a shielding ma- 
terial it has at least two disadvantages over silver and gold, 
namely, its emissivity is about 0.18, or approximately 3.5 times 

as high; the well-known ability of platinum to catalyze reactions 
must not be overlooked. The first of these means merely that the _ 
radiation correction, under given operating conditions, will be — 
about 3.5 times that for silver. Even so, the correction for a — 
platinum-shielded junction is only about '/; that for a bare junc- E 


It was considered desirable, in the course of the present 
work, to investigate the possibility that heat developed by sur- 
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face reaction would change the temperature of a platinum- 
shielded junction. 

Thege studies consisted of direct comparisons of silver- and 
platinum-shielded junctigns in exhaust gases of various com- 
positions and temperatures. During these comparisons the radia- 
tion correction for both junctions was reduced to zero by making 
the temperature of the gas and of the walls identical. This could 
be accomplished in the apparatus, Fig. 1, by running gas at 
1500 deg F through the well-lagged test section until the wall tem- 
perature reached a value previously selected, then quickly reduc- 
ing the gas temperature to this same value by reducing the fuel 
rate. 

The composition of the gas passing over the test junctions was 
varied by adding metered quantities of hydrogen or of propane 
far enough downstream from the burner so that the excess fuel did 
not ignite. Samples of the gases passing through the test section 
were withdrawn through a water-cooled sampling tube and 
analyzed in a mass spectrograph. 

Briefly summarized, these tests showed that at relatively low 
gas temperatures, the platinum-shielded junctions reached a 
steady-state temperature more than 25 deg F above the gas tem- 
perature. This difference increased with the percentage of either 
hydrogen or propane, and decreased as the gas temperature was 
raised. Slightly below 1200 deg F, the difference in temperature 
indicated by the two test junctions became zero, regardless of the 
amount of raw fuel added, and it remained zero at temperatures up 
te 1400 deg F, which was the highest wall temperature that could 
be maintained. It is not expected that surface reactions will have 
a significant effect upon the temperature attained by a platinum- 
shielded junction above 1200 deg F, but this will be checked ex- 
perimentally when new test equipment becomes available. 

It is concluded that platinum-shielded chromel-alumel junctions 
may be used in the range 1200 to 2000 deg F without fear of error 
from surface reactions. Radiation corrections for such junctions 
were determined by direct comparison withsilver-shielded junctions 
in the range of gas temperatures from 1200 to 1500 deg F, and over 
the ranges of wall temperatures and flows mentioned previously. 
The correction for a platinum-shielded junction can be obtained 
by getting the correction for a silver-shielded junction from Fig. 
8, then multiplying this value by 3.5. 

Comparison of Radiation Corrections for Various Pyrometers. 
Fig. 9 presents a comparison of the radiation corrections for five 
difference instruments at a mass flow rate of 6 lb per sec ft? and a 
_ temperature difference of 200 deg F between the gas and the walls. 


a2 Rates OF RESPONSE OF THERMOCOUPLES 


If a thermocouple is to be used for control purposes, such as to 
limit the gas temperature at the turbine inlet to a safe value, it 
must respond rapidly to sudden changes in temperature but need 
not indicate the true temperature of the gas. The rate of re- 
sponse of a thermocquple is usually expressed as its characteristic 
time r, which may be defined as the time in seconds required to 
undergo 63 per cent of the change in temperature to which it is 
subjected instantaneously. This definition comes from the equa- 
tion 


= — T) (1 — [3] 


expressing the increase A7’, in the temperature of the junction 
with time ¢, when the temperature of the gas in which it is im- 
mersed is:increased instantaneously from 7'; to 72. Furthermore 


in which C; is the heat capacity of the junction, and the other 
quantities have the meanings assigned previously, 
It will be noted that the characteristic time of a given junction 
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Fie. 9 RaptaTion Error ror VARIOUS JUNCTIONS 
varies with the coefficient of heat transfer by convection, and 
hence with the rate of gas flow. 

Various types of thermocouples have been subjected to sudden 
changes of temperature in the apparatus shown in Fig. 10. The 
direct emf of the test junction is chopped, amplified, and recorded 
on a direct-inking oscillograph, typical records being reproduced 
in Fig. 11. Some of the results are summarized in Table 2. 


TABLE 2 CHARACTERISTIC TIMES OF THERMOCOUPLES I) 
EXHAUST GAS 


Shield 
Wire thickness Time, se 
Type of junction gage in, 
Silver-shielded Ch-Al...... 22 0.020 8.1 2.2 § 
Silver-shielded Ch-Al...... 22 0.014 
Silver-shielded Ch-Ai...... 22 0.008 os ‘ 1.1 
Silver-shielded Ch-Al 4. 22 0.005 1.¢ 
18 2.2 1.6 1.2 
22 1.3 1.0 0.8 
ces so 28 0.54 0.41 0.34 
36 0.17 0.12 0.1 
0% 66.60.0006 40 0.11 0.08 
eae 44 0.07 0.05 0 


Not even the bare junctions which are sturdy enough to wit! 
stand operating conditions, i.e., those made of wire at least a: 
heavy as No. 22 gage, respond quickly enough for some control 
applications. For this reason, certain combinations of junction‘ 
which respond more rapidly than single junctions have been in- 
vestigated. 

One possible way of obtaining a greater change in emf in 5 
given time is to use a multijunction thermocouple of the type 
illustrated in the insert of Fig. 12. Junctions a, b, and ¢ are close 
together, so that all are at essentially the same temperature 
during steady-state operation. At all times the resultant em! 
(E,,) of this unit is the sum of the individual values Z,, F,, an¢ 
E., proper account being taken of polarity. Thus for the system 
shown, Z,, = E, + H,—E, When all junctions are at the same 
temperature, E,, = E, = E,, and the steady-state emf of the unit 
approaches that of a single junction at the same temperature. 

It can be shown that the resultant temperature change 47, 
indicated by the multijunction when subjected to an actus 
temperature change AT’ is 
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Fig. 12 is a plot of AT,,/ AT’, against time, for an assumed 


6 7 a 9 rr) 
Time, Seconds 


ee” 


constant value of A7’, and for the following assumed values of r: 
For all curves r, = +; = 1. For curves A, B, C, and D, r, = 
1, 2, 3, and 4, respectively. Curve A is identical with that for a 
single junction, and it can be seen that the time required to reach é ral 
the line marked 63 per cent decreases as 1, is increased, i.e., as the ie 


in junction c becomes greater. 
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On the basis of this theory the three types of multijunctions 
illustrated in Fig. 13 were constructed and tested. In type A the 
lag of the intermediate junction was increased by using heavier 
wire for this junction. In types B and C, one and two inter- 
mediate junctions, respectively, are embedded in alundum cement 
which provides the thermal lagging. The results obtained with 
these units confirm the theoretical values indicated in Fig. 12, 
namely, that the response time of the multijunctions is approxi- 
mately one half that for a bare single junction made of the same 
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SUMMARY 


In gas turbines, the gases are normally much hotter than the 
surrounding walls, so that radiation from a thermocouple in the 
gas stream to the walls may cause considerable error in observed 
values of gas temperature. Effective radiation shielding of the 
measuring junction can be accomplished by pressing a small 
tubular shield of silver, gold, or platinum directly on an oxidized 
junction of base-metal thermoelements. The construction, 
calibration, and performance of junctions with pressed shields 
are described, and the results to date of service tests in gas tur- 
bines are discussed. Experimental results on the rate of response 
of various junctions to sudden changes in temperature, and means 
for increasing this rate, are presented. 
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Discussion 


Frorence F. Buckanp.* Equation [3] of this paper gives the 
rate of response of the thermocouple. It might be helpful to pur- 


3 General Engineering and Consulting Laboratory, General Elec- 
tric Company, Schenectady, N. Y. Mem. ASME. 


sue the definition of the characteristic time 7 a little further 


where c is specific heat of the assembly, p is weight density, h is 
surface-heat-transfer coefficient, A is surface area, and V is vol- 
ume. 

For control purposes, it is desirable to make 7 as small as pos- 
sible. It may be reduced by decreasing c, p, or V, or by increasing 
hor A. Fora solid cylinder of a given material in an air stream 
with a known velocity and temperature, the response time is pro- 
portional to the 1.4 power of the radius. However, the assembly 
is not solid, nor is it a cylinder, so there is some leeway in the de- 
sign that might be used to advantage. There is the possibility of 
putting fins on the shield (a watchmaker’s job) or perhaps making 
the shield of 20-mil wire wound tightly about the thermocouples 
so that the area for heat transfer is greater by 1/2 and the weight 
less by x/4. This arrangement might play havoc with the neces. 
sary mechanical strength, but if it were feasible, the respons 
time should be one half as long. 


T. P. Kirkpatrick.‘ The authors are to be commended for 
their work in developing a very helpful improvement in thermo- 
couples suitably designed for measuring the temperature of hot 
gases traveling at relatively high velocities. 

The writer has been privileged to collaborate in the first tests of 
silver-shielded thermocouples in the Allis-Chalmers 3500-hp gas 
turbine at the U. S. Naval Engineering Experiment Station at 
Annapolis, and in the subsequent application of thermocouples of 
this type for measurement of the gas temperature in this turbine 
plant. 

A brief review of the steps leading to the adoption of the silver- 
shielded thermocouple for this application may be of interest. 
Conventional shielded-thermocouple designs were rejected after 
analyses of installation difficulties and the uncertainties regarding 
their ruggedness in gas streams with velocities in the order of 100 
fps, which correspond to mass flows in the order of 12.5 lb per see- 
ft?, and temperatures up to 1500 F. Early trials of a completely 
enclosed thermocouple design indicated errors of undesirable 
magnitudes. 

A protected tip or single-shielded thermocouple design was ther 
developed. This, together with the graphical method for deter- 
mination of the thermal correction, developed by Dr. Warren M 
Rohsenow,® was adopted. 

The first trial of the silver-shielded thermocouple in this tur- 
bine produced striking results. One of the four single-shielded 
thermocouples in the 1350 deg F inlet-gas duct was replaced by the 
silver-shielded couple. At the time the inner walls of the duct 
were 25 deg F cooler than the gases at the thermocouple locations 
near the center of the duct. The silver-shielded couple indicated 
temperatures approximately 10 degrees hotter than the semi- 
shielded couples. The fuel supply was then abruptly cut off. This 
reduced the gas temperatures below those of the hot walls. The 
silver-shielded couple reflected the expected reversal in radiatiot 
by indicating lower temperatures than the single-shielded couples 
Computed radiation corrections applied to the single-shielded 
couples brought the temperatures into agreement within 1 or ? 
deg. 

When the Allis-Chalmers gas turbine was reinstrumented sul- 
sequent to its installation in a new laboratory building, nineteet 
silver-shielded thermocouples were installed for measurement 0! 
gas temperatures at stations where accurate temperatures wert 
of greatest importance to the performance test data. Design de 


4U. 8. Naval Engineering Experiment Station, Annapolis, Md. 
Authors’ Bibliography (1). 
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Fic. 14 Bureau OF STANDARDS SILVER-SHIELDED THERMOCOUPLE 
tails for these thermocouple assemblies are shown in Fig. 14 of 
this discussion. 

Three couples were equally spaced around a 3-in. circle concen- 
tric with the center of the duct at each station. This was done to 
provide a better average of the gas temperature and for insurance 
against casualty to a couple during a test run. The nineteenth 
couple was installed in the turbine where space did not permit the 
use of three. 

In the past 10 months, silver-shielded couples have been used 
| during something over 1100 hr of turbine testing. Over 100 hours 
of this testing have been with 1500 F inlet-gas temperatures. 

Test results have indicated a gratifying reduction in the spread 
of data, much of which must be credited to the silver-shielded 
couples and refinements in calibration developed for us by the 
authors at the Bureau of Standards. 
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Deterioration of silver shields experienced in this service has 
been due principally to two undesired and abnormal conditions: 


(a) Soot, resulting from incomplete combustion, will tarnish or 
darken the silver and reduce its ability to minimize radiation ef- 
fects. 

(b) Abrasive matter in the gas stream such as silica or metal 
scale tends to honeycomb and darken the leading edges of the 
silver. 


Where such abnormal conditions are not present, the silver 
shields quickly gain a bright granular surface bloom and appear 
to retain their brightness as long as the gas remains clean. 

Cross-sectional microphotographs of silver-shielded thermo- 
couples recently removed from the gas turbine disclose much 
higher rates of intergranular attack on the chromel and alumel 
wires than experienced on similar wires without the silver shields. 
This is particularly true of the alumel wires. 

As far as known at this time this intergranular attack does not 
seriously impair calibrations of the thermocouples until shortly 
before complete failure occurs. It does shorten the useful life of 
the silver-shielded couples, and it is hoped that the authors’ future 
investigations will provide means of minimizing or eliminating 
this tendency. 


AuTHors’ CLOSURE 


The use of fins on the thermocouple junction, as suggested by 
Mrs. Buckland, has been tried. On small junctions the mechani- 
cal difficulties incident to the use of fins would seem to make the 
scheme impractical, despite the resulting increase in response 
rate of the junction. 

Recent data obtained on silver-shielded chromel-alumel junc- 
tions in both the Allis Chalmers gas turbine at NEES and at the 
NBS have shown that the deterioration of the shielded junctions 
referred to by Mr. Kirkpatrick resulted from sulphur in the fuel. 
With fuels of low sulphur content, no deterioration of the shielded 
junction has been observed. 

The authors are deeply grateful for the co-operation and as- 
sistance of the gas-turbine laboratory, NEES, Annapolis, in pro- 
curing service test results. 
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This report is a continuation of Progress Report No. 1 
which was presented in 1947 before the Society. The in- 
vestigation is principally concerned with the effects of cut- 
ting speed upon cutting temperature, chip thickness, and 
chip hardness, when steel at various hardness levels is ma- 
chined with cemented-carbide tools. In most of the tests 
conducted, a steel-cutting grade of carbide tool was used. 
This type contained tungsten, titanium, and tantalum 
carbides and is referred to as a triple-carbide tool. A 
straight tungsten-carbide tool was used in one series of 
tests in order to compare the performance with that of the 
triple-carbide composition. The cobalt content of each 
grade was normal for the particular type and intended 
cutting service. Details of the tests are given in this paper. 


MEASUREMENTS 


HE cutting temperatures of the tests to be discussed in the 
present paper were measured in the same manner as those 
which were reported previously, and they are subject to 
the same interpretation as indicated in Progress Report No. 1 
1). The discussion of the present results must take into account 
some revisions of the cutting temperatures previously reported. In 
the preceding paper it was pointed out that the carbide-tool 
insert, the carbide contact rod, and the carbide calibration bar 
must all be of the same chemical composition. If this condition 
exists, the temperature-millivolt relationship established in 
calibrating the steel-carbide thermocouple applies in the deter- 
sample 


Duplicates 


3 


mination of temperatures from the tool-chip millivolt data. 
Conversely, if the calibration bar and carbide insert were not 
chemically alike any temperatures so determined were potentially 
in error, 

Subsequent to the presentation of Report No. 1, it was estab- 
lished that the carbide calibration bar and carbide insert were 


TABLE 1 


Carbide Manu- 


facturer Carbide type 
Triple carbide 
Triple carbide 
Triple carbide 
Triple carbide 
Triple carbide 
Triple carbide 
Tungsten carbide 
Tungsten carbide 


Duplicates 


6 From calibration test in Report No. 1 (1). 


‘A Profenser, Department of Mechanical Engineering, University of 
Illinois. Mem. ASME. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Research Committee on Metal Cutting Data 
and Bibliography and the Production Engineering Division and 
Presented at the Semi-Annual Meeting, Milwaukee, Wis., May 30- 
June 5, 1948, of Tae AMERICAN Society OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
ofthe Society. Paper No. 48—SA-51. 


By K. J. TRIGGER,' URBANA, ILL. 


TEMPE RELATIONSHIPS OF VARIOUS CEMENTED CAR- 
BIDES WITH MILL-ANNEALED NE9445 STEEL 


@ Tocorrect to same reference temperature as sample No. 1 add 0.09 mv. 


Reference- 
junction 
temperature, at me 

eg F 1000 F 1200 F 1300 F 
61 11.70 13.84 14.91 
672 Cs 11.60 13.74 14.82 
75 7 10.62 12.57 13.54 
74 11.03 13.07 14.10 
68 9. 91 11.78 12.78 
9.84 11.71 12.70 
12.80 15.44 16.70 
66 14.12 16.95 18.30 


© To correct to same reference temperature as sample No. 5 add 0.07 my. 
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of the same grade but not of the same composition. Therefore 
the millivolts “generated” at the tool-chip interface could not 
be converted, accurately, to temperatures by use of a steel- 
carbide calibration curve when the calibration bar was different, 
chemically, from the carbide insert. (When the carbide materials 
were obtained, it was understood that they were from the same lot 
of carbide mixtures. ) 

During the entire course of this investigation, many calibration 
tests have been conducted and the variation in the temperature- 
emf relationship may be observed by a study of Table 1. The 
chemical composition of any given grade of cemented carbide 
is probably controlled within reasonably close limits, but ap- 
parently, slight changes in chemistry may have a rather large 
effect on the temperature-emf relationship. Furthermore, it is 
conceivable that the method of pressing (hot versus cold) may 
have a significant effect upon the loss of cobalt and thus alter 
the thermoelectric effects of the carbide. 

It may be observed from Table 1 that duplicate carbide samples 
have the same temperature-millivolt characteristics. Com- 
parison of samples 1 and 2, or 5 and 6, when corrected to the 
same calibration reference temperature, indicate virtually iden- 
tical emf for a given temperature. On the other hand, samples 
2 and 3, for example, show from 1 to 1'/2 mv difference for the 
same temperature even though of the same grade and manu- 
facture. Comparison of samples 2 and 5 reveals about 13/, to 
2 mv difference at the same temperature. These samples are of 
the same type of carbide but of different manufacture. Some 


variations in chemistry are undoubtedly present. A similar 
trend is noticed in samples 7 and 8, which also reveal the marked 
difference between the temperature-millivolt relationship of 
tungsten carbide as compared with the triple-carbide compo- 
sition. 

In order to appreciate the significance ef the difference in 
chemistry, consider a case in which the carbide tool insert con- 
sisted of sample 2, Table 1. During cutting an indicated 13.74 
mv generated at the tool-chip interface would correspond to a 
cutting temperature of 1200 F. If, however, the calibration bar __ 
were of different composition, e.g., sample 3, this 13.74 mv _ 
would be equivalent to about 1320 F. The error, 120 F, is 
due to the difference between samples 2 and 3 which, while of the 
same grade and manufacture, are of considerably different tem- 
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As a consequence of these deperyailiki all of the tests herein 
reported are based upon the use of carbide inserts, contact rods, 
and calibration bars which were not only made from the same 
lot of carbide mix but which were al] cold-pressed and all sintered 
alike. ,Therefore any error due to chemical variation should 
be at an irreducible minimum. 

An assumption in Report No. 1 must also be modified. Based 
upon one preliminary test it was assumed that the heat-treated 
condition of the steel member had little effect upon the calibra- 
tion curve. The magnitude of difference reported previously 
was about 0.10 mv for a calibration with the steel in the annealed 
state as compared with the steel quenched and tempered to 1050 
F. Duplicate subsequent calibrations with the new carbides 
have indicated that the difference is somewhat greater, about 
0.25 mv, for the heat-treated steel and that it becomes progres- 
sively greater as the tempering temperature is lowered to 950 F 
and 850 F. Accordingly, this report takes into consideration the 
effect of heat-treatment upon the temperature-emf relationships. 
Some of the cutting speed-cutting temperature tests previously 
reported have been repeated, and some new tests are included 
in this report. 

In Fig. 1 are shown the various calibration curves of the triple 
carbide-steel thermocouple for the different heat-treatments of 
the steel member. In each calibration a new steel member was 
prepared and heat-treated as indicated. Check calibrations 
were conducted in most instances and the curves were, if possible, 
based upon the same reference-junction temperature. It is 
apparent thet the heat-treatment of the steel does have a sig- 
nificant effect upon the temperature-millivolt relationship, par- 
ticularly in the tempering range of 850 F to 950 F. The curves 
in Fig. 1 were used to determine the cutting temperatures for all 

tests in which the triple carbide was used. The millivolt data 
obtained during a cutting test (at the existing cold-junction tem- 
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perature) were corrected to the reference-junction temperature 
of the calibration curve by use of the appropriate curve at the 
right of Fig. 1. 

Fig. 2 compares the temperature-millivolt relationship of the 
triple carbide with the tungsten-carbide composition. The 
steel member was in the same condition in each test. The much 
greater emf of the tungsten carbide-steel couple is obvious. At 
1200 F the difference is in excess of 5 mv. Curve 2, Fig. 2, was 
used to determine cutting temperatures in those tests involving 
the tungsten-carbide tool. 


The general method of testing was the same as that eal 
used. The feed was held constant at 0.01 in. per revolution 
the depth of cut was 0.100 in. and the tool shape was held con- 
stant with the specifications as follows: Back rake, 0 deg; sid 
rake, 4 deg; end relief, 7 deg; side relief, 7-deg; end cutting. 
edge angle, 8 deg; side-cutting-edge angle, 0 deg; and nos 
radius */ in. The setting angle was 90 deg in al} tests; the too 
was finished with a 400-grit diamond hone and was set on 
center line of the workpiece. All tests were conducted witl 
coolant. The test stock consisted of NE9445 mill-anneal 
183 Bhn and quenched and tempered at 850 F, 950 F, and 105 
F to 401, 352, and 311 Bhn, respectively. The test logs w 
3 to 5 in. diam, and 1!/, to 2 ft long. During the tests, chips 
were collected from each run and measurements of chip thickness 
and hardness were obtained. 
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Cutting Speed-Cutting Temperature Tests. The results of the 
cutting speed-cutting temperature tests are shown in Tables 2 
3, and 4, and the relationships are plotted on logarithmic co- 
ordinates in Figs. 3 and 4. 
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: TABLE 2 CUTTING SPEED-CUTTING TEMPERATURE RESULTS; VARIABLE HARDNESS : 
Steel: NE9445. 
wh Tool: Triple carbide. 0-4-7-7-8-0-*/e. 
Feed: 0.01 in. per rev. Depth of cut: 0.100 in. Cut: Dry 
 ¢ Quenched and Tempered at 
— -———-Mill annealed 183 Bhn 1050 F to 311 Bhn 
paren -————Cold-junction temperature, 75 F - Cold-junction temperature, 80 F 
Cutting Chi Cutting Chip 
Cutting temper- thick- Cutting temper- thick- 
: ; speed, Corrected ature, ness, speed, Corrected ature, ness, 
sfpm deg F in. sfpm mv deg F in. 
101 10.19 1030 0.044 55 10.16 1003 0.041 
10.92 i103 10:80 1070 0.034 
‘ (414 .92 1105 10.80 .034 
= 164 11.14 1128 0.037 90!/2 11.20 1110 0.031 
7 i 189 11.63 1180 0.035 104 11.41 1131 0.028 
oe 227 12.02 1218 0.032 124 11.74 1165 0.025 
12.36 1255 0.030 147 12.12 1203 0.023 
Want tae 312 12.84 1304 0.029 170 12.42 1233 0.022 
Qe B65 13.24 1345 0.028 200 12.88 1282 0.021 
13.70 1393 0.027 237 13.29 1324 0.020 
14.22 1445 0.026 272 13.72 1367 0.019 
321 14.25 1422 0.018 
= wai @ Millivolt readings corrected to calibration reference-junction temperature. 
| 
) : TABLE 3 CUTTING SPEED CUTTING TEMPERATURE RESULTS; VARIABLE HARDNESS 
Steel: NE9445. 
Tool: Triplecarbide. 
mes Feed: 0.0lin. perrev. Depth of cut: 0.100in. Cut: Dry. 
hall Quenched and tempered at { Quenched and tempered 
950 F to 352 Bhn 850 F to 401 Bhn 
Cold-junction temperature, 69 F Cold-junction temperature, 78 F 
ai Cutting Chip Cutting Chip 
e Cutting temper- thick- Cutting temper- thick- 
Pa? speed, Corrected ature ness, speed, Corrected ature ness, 
au sfpm mv deg F in. sfpm deg F deg F in. 
<i) ; 43 10.13 970 0.036 37 10.16 957 0.034 
wild ei 9 50 10.49 1006 0 032 44 10 71 1012 0.029 
59 10.82 1 2 1050 0.027 
tle 11.15 1073 0.028 61 11.42 1085 
11.81 1138 0.024 86 12:07 1150 0210 
ined, 12.19 1177 0.022 100 12.40 1183 
12.59 02 2.75 121 0.019 
«al 13.40 129 -019 13. 1294 0.017 
13.81 1340 0.018 192 13.96 1341 
14.24 1383 0 
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TABLE4 CUTTING SPEED-CUTTING TEMPERATURE RESULTS 


Steel: NE9445 mill-annealed = Bhn 

Tool: Tungsten carbide. 0-4-7-7-8-0-3/e 

Feed: 0.01lin. perrev. Depth of cut: 0.100in. Cut: Dry 
Cold-junction temperature 76 F 


Cutting Chi 


p 
Cutting speed, Corrected temperature, 
F 


In Fig. 3 the type of carbide, tool shape, depth of cut, and feed 
are held constant, and the hardness of the steel is varied. The 
cutting speed-cutting temperature relationships are all straight 
lines on logarithmic co-ordinates and are of the form T = CV". 
The equations of the various lines are as follows: 


Equation 
183 387 
311 459 V0. 195 
352 466 V0-197 

401 fai 499 [0-188 


These relationships are of the same form as those previously 
reported though the constants are appreciably lower and the 
exponents slightly different (0.001 to 0.006). 

An increase in the hardness results in a higher cutting tem- 
perature at any selected cutting speed. Considering only the 
quenched and tempered steels, it is seen that at a selected cutting 
temperature, 1200 F, for example, the cutting speed decreases 
linearly with an increase in the hardness. This is shown in the 
lower curve of Fig. 5. If the curve were extended to include the 
annealed steel, the straight-line relationship does not hold. 
However, it appears reasonable that extrapolation to some 
quenched and tempered hardness level, say 250 Bhn, is justified 
since the structure is of the same kind, namely, tempered mar- 

tensite, whereas the annealed structure consisted of fine sphe- 
roidized carbides in ferrite. In view of the chemical difference 
in the carbide materials previously used and the unwarranted 
assumption in Report No. 1, Figs. 3 and 5 are submitted as the 
revised effect of hardness upon the cutting speed-cutting tem- 
perature relationship. 
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Fig. 4 compares the cutting speed-cutting temperature relation- 
ship for annealed N9445 when cut with two types of carbide 
tools. The upper curve is for the triple carbide tool and the 
lower curve is for the tungsten-carbide composition. The 
triple carbide was a standard steel-cutting grade while the tung- 
sten carbide was primarily intended for cast iron, aluminum, 
magnesium, and all materials other than steel. 

The equations of the straight-line portions of the curves are 
T = 387 V°-*!2 and 7 = 333 V°-2?9 for the triple-carbide tool and 
tungsten-carbide tool, respectively. Evidently, lower tempera- 
tures result with the tungsten-carbide tool, though there were 
some characteristics of the chip which may have caused the 
difference. Consider the lower speed range and dotted portion 
of the curve for the tungsten-carbide tool. It may be noted 
that the cutting temperature for the 101-sfpm test is nearly 100 
F below the straight-line portion of the curve if the latter were 
extended, and also that for the 118-sfpm test there are three 
points which constitute quite a spread in cutting temperature. 
Fig. 6 is a macrograph of the three chips, representing the three 
points for the 118-sfpm test. The chip on the left has most of the 
separating surface torn or scuffed, indicating the presence of 4 
large built-up edge on the tool, and it is consequently a types 
chip as classified by Ernst (2). The center chip is the result of 
a succeeding test, and is partially clear although there is still 
evidence of appreciable gouging and scuffing due to the built-up 
edge. The right chip, from a still Jater test, is about two-thirds 
clear although gouging due to a built-up edge is evident. 

These tests were made in succession, each one of the usual 
duration, about 10 sec, and each successive millivolt reading w 
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~~ Tool: tungsten carbide 


Depth of cut: 0.100in. 
Feed: 0.01 in. per revolution 
6 

higher. The variation in the millivolt reading has previously 
been attributed to the effect of the built-up edge which is to 
remove some of the many parallel thermocouples from the 
source of heat and also perhaps to.introduce a new thermocouple. 
It is thought that the difference in the adhesive nature of the tool 
surface may be the cause of the observed variation. The “nas- 
cent” surface of the freshly ground tool may have a higher ad- 
hesive nature than a surface very slightly oxidized by the cutting 
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temperature. A similar effect has been observed in the triple- 
carbide tools where the cutting temperature is usually a little 
lower after a high-speed test than it was prior to the formation 
of a slightly discolored tool surface. In these observations with 
triple-carbide tools no variable due to cratering was apparent. 

Fig. 7 shows a series of chips using a tungsten-carbide tool on 
annealed NE9445 and depicts the gradual clearing up of the 
separating surface of the chip as the cutting speed is increased. 
The chip gradually changes from type 3 to type 2. It was 
observed that by the time the chip cleared up (385 fpm in Fig. 
7), the tool had begun to crater and would have failed upon 
further usage. Evidently the duration of tool-chip contact 
has an important bearing upon the tendency to adhesion of the 
chip and the tool. 

Fig. 8 shows a series of chips using a triple-carbide tool on the 
annealed steel. It is seen that, at all speeds shown, the chip 
may be classified as type 2, there being no significant built-up 
edge on the tool. 

A comparison of Figs. 7 and 8 reveals sharp contrast in the 
tendency of the chip to adhere to each type of tool. The adhesion 
temperature (temperature of incipient welding of chip and tool) 
is dependent upon the steel hardness and upon the composition 
of the carbide. Since, in this comparison the steel hardness is the 
same, the difference lies in the tool. W. Dawihl (3) cites a 
difference of about 275 F in the adhesion temperature of 
a tungsten-carbide tool, as compared to one containing both 
titanium and tungsten carbides when each was tested against a 
steel of about 85,000 psi (170 Bhn). The lower adhesion tem- 
perature, or greater adhesive tendency, of the tungsten-carbide 
composition accounts for the formation of a built-up edge over a 
widespread range. That the built-up edge eventually disappears 
must be attributed to the extremely short time of contact and 
also to the decreased friction on the tool surface. Even though 
the cutting temperatures are lower with tungsten carbide, the 
tool life is impaired by the tendency of the chip to adhere to the 
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tool, and, upon subsequent removal, break out some of the tool 
material. 

Fig. 4 also points out a possible basic fault of the two-tool ther- 
mocouple. At a speed of 150 sfpm, for example, the cutting 
temperature of the triple carbide is 70 F higher than that of 
the tungsten carbide. 

If two different tool materials were used as members of a two- 
tool thermocouple and such a temperature difference prevailed, the 
so-called “law of intermediate metals” (4) is violated. Com- 
binations such as high-speed steel and cemented carbide do not 
appear feasible since the usable speed ranges do not overlap 
appreciably. If triple-carbide tools are used at very Jow speeds 
on annealed steel, chips of the type shown in Fig. 7 result and, 
as a consequence, the millivolt readings are lowered unduly. 
Similarly, when high-speed steel is used as a tool, the separating 
surface of the chip is generally quite rough within the usable 
speed range of the tool. This may be attributed to the low 
adhesion temperature of high-speed steel (3). However, if the 
two tools were both of the same grade of carbide, but of different 
compositions, as illustrated by samples 2 and 5, Table 1, the two- 
tool thermocouple should function satisfactorily. 

Chip-Thickness Results. Chip-thickness measurements were 
made with micrometer calipers using care to select a straight 
section of the chip. An average of five readings taken at random 
was made on the chips from each test in which the triple-carbide 


. tool was used. Chip-thickness measurements made in the 


manner described represent the thickness to the peaks of the 
stepped exterior surface of the chip and are therefore slightly 
greater than the mean chip thicknesses. Samples of chip from 
two tests, 95 sfpm and 465 sfpm, were mounted in lucite and 
examined in section longitudinally. A number of areas were 
measured, using a microscope with a filar micrometer eyepiece, 
and it was found that the mean chip thickness was about 91 
per cent of maximum chip thickness in each of these tests. The 
readings taken with the micrometer calipers were readily re- 
producible, and they are used in Fig. 9 as the chip-thickness 
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Fic.9 Errect or Cutting SPEED ON THICKNESS 

Fig. 9 shows the effect of cutting speed upon chip thickness 
for annealed and heat-treated NE9445 steel. It is noted that the 
chip thickness decreases quite rapidly (in fact, 
function) as the cutting speed is increased from the minimum 
value and then at a slower rate as the speed is further increased 
Eventually, a condition obtains in which the chip thickness 
almost independent of cutting speed. At a constant cutting 
speed, the chip thickness of the heat-treated steel is much less 
than that of the annealed steel. Considering only the heat- 
treated steels, it is apparent that the chip thickness bears approx 
mately an inverse relationship to the Brinell hardness of th 
workpiece. This is well illustrated in the middle curve in Fig 
5 which shows the effect of hardness upon the chip thickness at 
cutting speed corresponding to a cutting temperature of 1200 F. 

While the cutting conditions herein used cannot be cot 
sidered as meeting the requirements for orthogonal cutting, # 
specified by M. E. Merchant in his papers (5, 6, 7), it is of interes 
to apply some of Merchant’s relationships to the results of thes 
chip-thickness measurements. In these tests the chip width, 
where measured, was about '/,; in. (varied from approximately 
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0.118 to 0.133, depending upon the steel hardness and cutting 
speed), an accurate measurement being impossible due to the 
sawtooth edge. Hence the chip was not of the same width before 
and after removal and therefore the following shear angles are 
based upon the chip-thickness ratio r, as defined by Merchant (6), 
und it is the ratio of f,, the thickness of the “‘uncut”’ chip (feed) 
0 t, the mean chip thickness after removal (91 per cent of 
neasured thickness). The diameter of the stock was 5 in. (the 
vack rake of the tool was 0 deg and the side rake, 4 deg; the true 
ake angle @ is then practically 4 deg). Using Merchant’s 


equation © 


tang = 
1 —r, sin 
he shear angle @ may be approximated (to the degree to which 
the cutting conditions approximate orthogonal cutting). 

If the foregoing equation for the shear angle were applied to 
the heat-treated steels, it was found that the shear angle increased 
with an increase in cutting speed, and also that ,the shear angle 
became greater as the hardness of the steel was increased. The 
effects of steel hardness are indicated in Table 5 which compares 
the steels at constant cutting speed and Table 6 in which the 
utting temperature is 1200 F. ° 


TABLE 5 EFFECTS OF STEEL HARDNESS AT CONSTANT 
CUTTING SPEED, 150 SFPM 
Steel condition 
Annealed 183 Bhn 
Heat-treated 311 Bhn........... 
Heat-treated 352 Bhn 
Heat-treated 401 Bhn 


16° 33’ 
26° 28’ 
29° 38’ 
33° 22’ 


TABLE 6 EFFECTS OF STEEL HARDNESS; CUTTING 
FOR 1200 F CUTTING TEMPERATURE 


Steel condition 
Annealed 183 Bhn 18° 36’ 
Heat-treated 311i Bhn 25° 44 
Heat-treated 352 Bhn.... . 27° 50’ 
Heat-treated 401 Bhn 30° 25’ 


SPEED 


According to Merchant (7) the influence of temperature, rate of 
shear, and shearing strain upon the shear angle are all secondary 
as compared to the effect of compressive stress upon shear 
strength. If the chip thickness is compared at a cutting speed 
for a fixed cutting temperature, under which condition the 
velocity of chip travel is nearly constant, at about 45 fpm, 
the variables mentioned are still further reduced. Thus the 
change in shear angle, Table 6, or chip thickness, Fig. 5, as the 
hardness is increased may be due to a difference in the effect 
of compressive stress upon shear strength as well as the change 
in shear strength. 

It has been observed (3) that the propensity to adhesion de- 
creases with an increase in the strength and hardness of the steel 
being cut. The resultant decrease in the friction of the chip 
on the tool surface causes an increase in the shear angle ¢. It is 
also concluded that the chip friction decreases with increased 
cutting speed perhaps because of greater plasticity of the chip 
surface. These latter effecis appear to account for the observed 
trends in chip thickness. 


Samples of the chips from each test with the triple-carbide 
tool were used for the study of chip hardness at or near the 
separating suface of the chip. Three sections of chip '/: in. to 
‘/, in. long were chosen at random and mounted in bakelite in a 
metallographic specimen mounting press. The separating surface 
of the chip was left exposed in the process, and this surface was 
then hand-ground on 2/0 paper, rough-polished with No. 500 
tilicon-carbide grain, and finished with levigated alumina on a 


Curp-HARDNESS TEST 


broadcloth wheel. Due to slight irregularities in the chip surface, 7 ; 
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the polishing operations left some areas of the chip surface in the 
“as-cut” condition. 

The chip hardness was measured with a Tukon* tester. The 
indenter consisted of a square-base diamond pyramid having an 
apex angle of 136 deg, which was forced into the chip by a load oa 
of 2kg. The hardness so measured is expressed as the diamond- _ 
pyramid hardness (dph) and is numerically slightly greater than ‘ 
the equivalent standard Brinell number. “_ 

The 2-kg load was chosen in order that the hardness reading 
could be superficial yet have a large enough indentation to facili- 
tate accurate measurement. The greatest depth of indenter 
penetration in any chip occurred in the annealed steel cut at 
545 sfpm. In this test the average diagonal of the indenter 
impression was 0.105 mm which corresponded to an indentation — 
of 0.015 mm, or approximately 0.0006 in. Since the chip thick- 
ness was 0.026 in., it is evident that there was no possibility of 
the indenter breaking through the chip. The diamond-pyramid 
hardness test is sensitive to slight variations and some deviation 
in the readings should be expected. 

During some preliminary studies of chip hardness, a number 
of hardness surveys were made across the separating surface of 
several chips. These tests revealed a total variation of about 
30 hardness numbers or a deviation of 15 from the mean. The 
preliminary tests also included random measurements of chip 
hardness on the separating surface and the opposite, or exterior, 
surface of the chip. Table 7 summarizes the results of such tests. 


TABLE 7 CHIP-HARDNESS DATA: (1 KG LOAD) 
(All cuts at 0.100 in. depth and 0.01 in. per revolution feed) 
Cutting 


speed, -—Diamond-pyramid hardness (average)—~ 
sfpm Workpiece condition Separatingsurface Opposite surface 
40 Heat-treated 352 Bhn 
208 Annealed 183 Bhn 
390 Annealed 183 Bhn 


Note: The over-all variation was approximately +10 hardness numbers. > 7 


A few tests were taken directly on the unpolished portions of 
the separating surface. Such tests indicated very little difference _ 
between the hardness at that location and the hardness on a 
polished area (of the order of 0.0002-0.0003 in.) slightly removed _ 
from the separating surface. 

For the chip-hardness values in this paper, a minimum of ten _ 
hardness readings were taken at random on the three sections of 
chip (which were selected at randgm from each test) and the 
diamond-pyramid hardness is reported as the arithmetic aver- 
age of these readings. y 

Fig. 10 shows the effect of cutting speed upon the chip hard- 
ness of the annealed and heat-treated NE9445 steel. Thehardness _ 
of the uncut stock is shown by points on the zero cutting-speed 7 
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line. It is noted that check tests on two of the steels show a 
spread of the points. Several check tests were conducted with 
the surface repolished, in an attempt to evaluate the effect of re- 
polishing on the hardness. In some tests the check values were a 
little higher (10 points) while in others they were somewhat 
It is possible that there is some effect due to polishing 
per se. “It may be that the hardness of the chip changes some- 
what as the test area approaches a position equidistant from the 
two surfaces. Further tests are necessary, however. In order 
to represent the chip-hardness picture properly, the hardness 
lines in Fig. 10 should be considered as being the mean of a 
hardness band about 20 diamond-pyramid numbers in width. 

Fig. 10 shows clearly the effect of cutting speed upon the chip 
hardness. The general trend of the curves is reminiscent of the 
relationship between chip thickness and cutting speed. As the 
cutting speed is increased, the chip hardness apparently attains 
a minimum value, after which it becomes virtually independent of 
speed. 

An increase in cutting speed should decrease the chip hardness. 
This is due largely to a combination of effects: (a) A higher rate 
of heat generation, i.e., higher chip temperature; and (6) less 
time for heat loss so that more heat is available to promote re- 
covery and/or recrystallization of the cold-worked chip material. 
This so-called adiabatic effect is very noticeable at the end of a 
high-speed (700 to 800 fpm) cutting test. As the feed is dis- 
engaged, the backlash of the feed mechanism causes a final thin 
chip, which, at high speed, becomes so hot that it ignites and 
burns. The heat generation is so rapid that the time for loss is 
nil. This coupled with the low thermal capacity of the thin 
chip causes the latter to be heated to ignition temperature. 

Metallographic examination of a section of a chip from the 
annealed steel cut at 95 sfpm (1010 F) revealed no signs of re- 
crystallization. The original spheroidized structure was clearly 
evident. A section of chip cut at 465 sfpm (1430 F) indicated 
recrystallization at both surfaces of the chip. It is concluded 
therefore that the chip hardness should decrease with speed, 
up to some limit, when it thereafter is substantially constant 
since the recrystallization temperature of the steel has been 
attained. 

Considering the data in Table 7, apparently the two surfaces of 
the chip attain essentially the same temperature during the cut- 
ting operation as judged by the hardness after cold-working. 

The chip hardness exceeds that of the workpiece because of the 
work-hardening due to the plastic deformation. Obviously, 
the greater the work-hardening capacity of the steel, the greater 
is the increase due to cold-working. Therefore the greatest in- 
crement of hardness should occur in the annealed steel. Con- 
versely, a quenched and tempered steel is of lower work-harden- 
ing capacity, and the increase due to cold-working is much less. 
This is illustrated in Table 8. 


TABLE 8 MAXIMUM AND MINIMUM CHIP HARDNESS 
-——-Diamond-pyramid hardness (average)-——. 
Steel condition Uncut Maximum Increase Minimum Increase 


Annealed 183 Bhn 337 
Heat-treated 311 Bhn.. 419 
Heat-treated 352 Bhn. . 445 
Heat-treated 401 Bhn.. 169 458 


The maximum and minimum values of the chip hardness bear 
an interesting relationship to the hardness of the uncut stock. 

From Fig. 10 and Table 8 it is evident that an increase in the 
hardness of the workpiece results in a higher hardness of the chip 
surface. The maximum work-hardening effect is of the order of 
213 dph numbers, and it occurred with the softest (annealed) 
stock. The hardest stock revealed the least increase in hardness 
at low cutting speeds. 

The various hardness minima are greater than the uncut hard- 
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ness, the range being from 43 to 143 dph numbers with the greater 
difference again occurring in the softest workpiece. 

If the chip hardness of the heat-treated steels is compared at 4 
selected cutting temperature, 1200 F, it is noted that the relation- 
ship is a linear one, i.e., the diamond-pyramid hardness of the 
separating surface of the chip is a linear function of the Brinel 
hardness of the uncut stock at a cutting temperature of 1200 |} 
This is shown by the upper curve in Fig. 5. 

Contemplated future tests will extend the heat-treated hard- 
ness range to a minimum of about 225 Bhn. 


CONCLUSIONS 


1 All carbide materials in the tool-work thermocouple 
herein applied, must be made from the same lot of carbide mixture 
and by the same method of manufacture. 

2 The heat-treatment of the steel member of a carbide-stee! 
thermocouple has a definite effect. upon the temperature-emf re- 
lationship. 

3 Lower cutting temperatures obtain with tungsten-carl 
tools than with triple-carbide compositions, 

4 Tungsten-carbide tools exhibit a greater tendency to ad! 
sion of the chip and the tool, resulting in a rough chip surface. 

5 The roughness of the chip surface affects the millivolt read 
ing in the tool-work thermoeouple. 

6 Withip the limits of this investigation the cutting speed fo 
a selected cutting temperature decreases linearly as the hardness 
of the heat-treated workpiece is increased. 

7 Within limits the chip thickness decreases with increase in 
cutting speed. An increase in workpiece hardness results in de- 
creased chip thickness. 

8 Within limits the chip hardness decreases with increase it 
cutting speed. An increase in workpiece hardness results in in- 
creased chip hardness. 

9 The increase in chip hardness due to cold-working becomes 
less as the hardness of the workpiece is increased, 
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Discussion 
O. W. Boston.‘ The present paper is an appropriate follow-up 
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of the author’s previous report and shows the results of a great 
deal of painstaking work. He is to be commended on his efforts. 
{n work carried out on the same subject, the writer found that 
the specific materials used as cutting tools had to be used in the 
calibration tests. The tools were of high-speed steel, which may 
account for this variation. The author’s experiments show less 
variation between different pieces of sintered carbide of the same 
type, even from different manufacturers, than the writer experi- 
enced with the high-speed steel tools. It is of further interest that 
the sintered tungsten-carbide tools gave practically the identical 
esults to those of the triple-carbide type. This of course would 
ye expected, but it is always of interest and value to have these 
points proved. 

In the writer’s early tests, it was found that as long as the tool 
itself was insulated from the toolholder, a second lead taken from 
any part of the lathe to the potentiometer was satisfactory. 

It is interesting to see the relationship between the cutting 

speed and the interface temperature for the NE9445 steel at three 
yuenched and tempered hardnesses of different values and one 
nill-annealed hardness. This definitely confirms the previous 
work on the relationship between cutting speed and tool life for 
alloy steels of corresponding hardnesses. It might be expected, 
however, that the slope of the cutting temperature-cutting speed 
line for the mill-annealed steel in Fig. 3 of the paper, might be of 
another slope, as was found in the case of tool-life data. This is 
brought out in the author’s discussion of Fig. 3 in which equa- 
ions for all four lines are given. The slope of the lines for the 
steels quenched and tempered averages 0.195, while that for the 
annealed steel is 0.212—somewhat higher. These equations are of 
interest and should probably be correlated with the Brinell hard- 
ness, It would also be interesting to see if the same equations for 
steels of other analyses would follow these same laws. It is be- 
lieved that they would in a general way be similar but not equiva- 
lent. 

The writer has also found that chips from a given steel are not 
always alike when cut at the same speed and other cutting condi- 
tions, as shown by the author in his Fig. 6. This is one of the 
reasons why it has been difficult to accept the idea that machina- 
bility can be represented by chip ratio and other similar bases. 
It is for this reason that the writer has prepared a list of some 18 
different methods which have been used to evaluate machinabil- 
ity, and it is proposed to secure some 30 or 40 steels and alloys of 
copper, aluminum, and magnesium so that all of these 18 tests can — 
be run on each of the samples by a number of investigators in their } 
own laboratories to learn the possibility of such correlations. — 
So many times the work of one experimenter cannot be compared 
directly with that of another because of different conditions used 
in the test or because of different types of tests, and it is believed 
that this lack of co-ordination has led to erroneous conclusions. 

The writer is in general agreement with the author’s conclu- 
sions. It is hoped that this work can be extended to other ma- 
terials with a view of proving that the conclusions arrived at on 
one analyses apply also to materials of other analyses. Further, 
it would be most helpful to have a short test based upon cutting 
temperatures developed as a means of evaluating the machina- 
bility of any given material. This work is definitely in that direc- 
tion, 


M. E. Mercuant.® The author’s careful studies on tool-chip 
interface temperatures are adding much to the fundamental 
knowledge of the metal-cutting process. Such studies as the 
present one are greatly needed, and we wish to congratulate the 
author on the excellent work presented here. It is a pleasure also 
'o know that the author plans to continue these studies. 


Senior Research Physicist, The Cincinnati Milling Machine 
Company, Cincinnati, Ohio. 


The first point which the writer would like to discuss is the mat- 
ter of the lower temperature and greater tendency to chip adhe- 
sion observed when cutting with tungsten-carbide tools as com- 
pared to triple-carbide tools. Greater tendency to chip adhesion, 
in general, indicates higher friction between chip and tool. It has 
been the writer’s experience that lowefed tool-chip interface tem- 
perature is a “‘cause’”’ of higher chip friction. The two go hand in 
hand. The question then arises as to the reason for the lower tem- 
perature in the case of the tungsten-carbide tool. Although the 
writer does not have exact data at hand, it is his understanding 
that the heat conductivity of the tungsten-carbide composition is 
slightly greater than that of the triple-carbide composition. This 
greater heat conductivity should be the cause of the observed 
lower tool-chip interface temperature which in turn should cause 
the greater tendency to chip adhesion found with the tungsten- 
carbide tool. 

The author’s measurements of chip thickness are quite inter- 
esting, and the method used appears to give reasonably good re- : 
sults. However, the technique woyld be rather tedious if applied 
to a variety of different cutting conditions with different metals 
and tools, since the multiplier used to obtain average chip thick- 
ness from maximum chip thickness (0.91 in the present case) will 
vary with these changing conditions. The writer believes that 
a quicker and more accurate technique is the “chip weight’ 
method.* In this method a short section of chip is weighed and its 
length accurately measured. The mean chip thickness can then 
be calculated from the weight per unit length. 

The author’s use of the chip-thickness values to calculate val- 
ues of shear angle seems quite justifiable. The conditions of 
cutting which he used are a fair approximation to orthogonal cut- 
ting, and therefore the use of the equations for orthogonal cutting 
should result in values which represent a good approximation. 
As relative values they should be particularly reliable. However, 
even the absolute values of shear angle obtained by the author 
appear to agree well with values obtained by the writer’ under 
true orthogonal conditions on a similar steel. The author reports 
that the shear angle increases with increasing cutting speed and 
also with increasing hardness of the work material. This agrees 
with the writer’s experience. We would, however, offer a simpler 
explanation than that given by the author for these trends. The 


shear angle is to a first approximation a very simple function of © 


three variables,* namely 


a = rake angle of tool 

rt = friction angle, a direct measure of coefficient of friction be- 
tween chip and tool 

C= 


machining constant, directly related to plastic properties of 
workpiece 


The principal reason for the increase in shear angle with increas- 
ing cutting speed is that the coefficient of friction between chip 
and tool decreases (i.e., the angle r decreases) with increasing 
speed. Thus the shear angle should rise, in accordance with 
Equation [1]. The major reason for the increase in shear angle 
with increasing hardness of the workpiece is no doubt the higher 
value of machining constant C usually characteristic of the plastic 
properties of quenched and tempered steels, which should of 


8 ‘New Methods of Analysis of Metal Cutting Processes,’”’ by M. E. 
Merchant and N. Zlatin, Proceedings of the Society for Experi- 
mental Stress Analysis, vol. 3, no. 2, 1946, pp. 4-19. 

7 Refer to the author’s Bibliography, item (6). 

8 Refer to the author’s Bibliography, item (7). 8 ee it 46 
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course also make the shear angle rise in accordance with Equation 
{1}. 

The chip-hardness measurements made by the author present 
an interesting study. The writer has found that these hardness 
values can be explained quite rationally in terms of the data ob- 
tained from the chip-thickness measurements together with a 
knowledge of the tempering temperatures of the heat-treated 
steels. It has been shown by Zlatin and Merchant*® that the 
amount of hardening of a chip by the deformation occurring in 
the process of chip formation is a direct function of the shearing 
strain undergone by the metal in that process of deformation. 
This shearing strain is a function of the shear angle ¢ and the 
rake angle of a and is given by the equation 


e = cot ¢ + tan (¢ — a) 


where 
¢« = plastic shearing strain undergone by chip metal. code’ 
It was found in this earlier study that the amount by which the 
chip is increased in hardness gbove the hardness of the parent 
workpiece is a linear function of the shearing strain. Shearing- 
strain values have been calculated from the chip-thickness data 
presented by the author and it has been found that, in the case of 
the annealed sample of NE9445 steel at least, a similar linear rela- 
tionship exists. This is shown in Fig. 11 of this discussion. In 
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this figure the hardness increases for the chips obtained at all the 
different cutting speeds and from all four different heat-treatments 
of the NE9445 steel are plotted as a function of shearing strain 
values calculated from Equation [2]. While the linear relation- 
ship holds throughout for the annealed sample, it is evident that 
there is a departure from the linear trend in the case of the 
quenched and tempered (unstable) samples. This, however, can 
be attributed to the annealing or tempering of the chips from these 
unstable steels by high chip temperatures. 

Values of the tool-chip interface terhperatures observed for the 
highest and the lowest cutting speeds used on each steel have been 
written opposite the corresponding plotted points in Fig. 11. It 
can be seen that, in general, where these temperatures are below or 
only slightly above the tempering temperature for the given sam- 
ple, the plotted points lie on the lower full straight line passing 
through the axis. However, where these temperatures considera- 
bly exceed the tempering temperature, the plotted points fall be- 
low this curve. Thus it may be assumed that the chips removed 


* “Distribution of Hardness in Chips and Machined Surfaces,” 
by N. Zlatin and M. E. Merchant, Trans., ASME, vol. 69, 1947, 
annual bound volume only; also, Jron Age, vol. 159, May 22, 
1947, pp. 69-75. 
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from the quenched and tempered samples are all hardened by the 
initial deformation to a value corresponding to the full straight 
line, but that where the final chip temperature exceeds the tem- 
pering temperature, the chips quickly soften, dropping to final 
hardness values corresponding to the dotted annealing curves 
shown in the figure. The reason for the lower slope of the ful 
straight line representing the hardening in the case of / the 
quenched and tempered samples as compared to the line for the 
annealed sample in Fig. 11, is due to the lesser strain hardenability 
of the quenched and tempered samples. 

It was found in the previous study that the slopes of these lines 
are greater the greater the strain-hardenability of the metal. Ap- 
parently all three quenched and tempered samples have approxi- 
mately equal strain-hardenability of a fairly low value while the 
strain-hardenability of the annealed sample is appreciably greater, 
We would like to suggest that the author make Meyer strain-hard- 
enability measurements on these steels to check these points. 


AuTHOR’s CLOSURE 


The author is grateful to Professor Boston and to Dr. Merchant 
tor their kind remarks and for the pertinent contributions to the 
subject matter of this paper. 

Professor Boston has brought up a number of interesting points 
for consideration. 

The principal reasons for insulating both leads of the tool-work 
thermocouple were to avoid the possibility of parasitic emfs, and 
to facilitate the detection of short circuits caused by chip frag- 
ments which may have been lodged in the tool post. In 
series of tests under constant cutting conditions, the second lead 
was attached alternately to the brush and to the tailstock of tl 
lathe. Under specific cutting conditions, the millivolt readings 
averaged 13.12, when the lead was attached to the brush, as 
against 12.94 with the lead attached to the tailstock. While 
difference is not great, it may be eliminated readily by the us 
brush made from a section of the workpiece. A further be 
in favor of the insulated brush is that the circuit was more st 
tive. When the lead was attached to the brush the poten 
eter could be balanced in about one third of the time req 
when the lead was attached to the lathe. Presumably pa 
electrical paths cause the sluggishness. In some of the early 
a bronze bearing housing was suspected of causing a par 
emf of nearly 0.5 mv magnitude. This lathe is not used no 
the cutting-temperature tests. 

The effect of steel hardness upon the slope of the cutting s 
cutting temperature relationship is, essentially, as has beet 
pointed out by Professor Boston, that is, the exponent is greater 
for an annealed steel than for one in the quenched and tempered 
condition. Some tests performed subsequent to the presentation 
of the paper under discussion have indicated that NE044 
quenched and tempered to 283 Bhn had an exponent of 0.189 
the same order as that for the quenched and tempered steels r 
ported upon, whereas two samples of annealed N E8640, 173 an 
178 Bhn had exponents of approximately 0.22. All tests to dat 
indicate that the curves are steeper for the annealed steels that 
they are for the quenched and tempered steels. The evidence 
points to a possible correlation of slope to Brinell hardness, al- 
though a greater variety of steels need to be tested before such 4 
correlation is attempted. 

A vast majority of the tests reported in this paper and its pred 
cessor have been conducted on bars from the same heat 0 
NE9445 steel. Such a procedure has been followed in order t 
eliminate the variable of chemical composition, until the cutting 
speed-cutting temperature relationship had been definitely estab- 
lished. A few tests with NE8640 and NE8640 sulphite-treate¢ 
steels have confirmed the general cutting speed-cutting temper® 
ture relationship. 
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Recently, some tests have been conducted on cold-drawn low- 
carbon seamless tubing of 194 Bhn, having an approximate 
outside diameter of 77/s in. and wall thickness of 0.1 in. In such 
tests only the side cutting edge was active and the cutting speed- 
cutting temperature relationship was the usual straight line on 
logarithmic co-ordinates. In a specific test at 0.01 in. per revolu- 
tion feed, the equation was 7’ = 288 V®.244, A number of tests 
have been conducted to evaluate the effect of feed over an approxi- 
mate range from 0.0025 to 0.0147 in. per revolution. In each 
instance the equation of the line follows the general law 7 = CV" 
and from the tests the relationship of feed to cutting temperature 
has been developed into the general law 7’ = &f”. 

This phase of the work is treated more completely elsewhere'® 
and need not be repeated here. All tests with steel have resulted 
in the same general cutting speed-cutting temperature relation- 
ship, the constant and exponent of which depend upon the steel, 
its hardness, and the cutting conditions. Future tests are to be 
conducted on aluminum and other nonferrous alloys as well as 
some additional steels. 

Professor Boston’s plan for correlation of the various methods 
to evaluate machinability should go a long way toward a better 
understanding of machinability and metal cutting. One of the 
objectives of this study is to develop, if possible, a short test for 
evaluation of machinability by cutting-temperature relationships. 
It may be that the chip hardness must also be considered in con- 
junction with tool-chip interface temperature. 

Dr. Merchant has raised some interesting aspects of the prob- 
lem relating to the lower cutting temperatures and greater tend- 
ency to adhesion when the tungsten-carbide tool was used. The 
two grades of carbide used for the cutting tests shown in Fig. 4 
of the paper were reported by the manufacturer as having the 
following approximate thermal conductivities: 0.100 and 0.190 

al/deg C/em?/em/see for the triple carbide and tungsten car- 
bide, respectively. This difference in conductivity is a probable 
cause of much of the observed difference in cutting tempera- 
ture. 

Undoubtedly, the temperature at the tool-chip interface has an 
important bearing upon the tendency of the chip to adhere to the 
tool. This may be observed at the beginning or end of a cutting 
test in which the conditions of the cut are such that a type 2 chip 
is obtained during the test. Due to backlash in the feed mecha- 
nism, both the initial and final portions of the chip are obtained 
under the equivalent of a fine feed. This fine feed results in lower 
cutting temperatures (see a foregoing part of this closure), and 
the separating surface of both the beginning and the end of the 
chip are roughened owing to the presence of a built-up edge on the 
tool. Since the cutting speed is essentially unchanged, the de- 
crease of cutting temperature is the probable cause of the greater 
tendency to adhesion of the chip and the tool. This however, is 
not the only factor involved. If the separating surface of the chip 
from a tungsten-carbide tool is compared to that from a triple- 
carbide tool at the same tool-chip interface temperature, it is seen 
that the chip from the tungsten-carbide tool is still rough whereas 
the chip using the triple carbide is smooth on the separating 
surface, 

As a case in point, compare the chip surface of the tungsten- 
carbide series, Fig. 7, at 211 sfpm with that of the triple-carbide 
group, Fig. 8, at 153 fpm. (The cutting temperature is essen- 
tially the same, 1130 F.) It is apparent that there is a considera- 
ble difference in the “welding-on” tendency of the chip and tool 
even though the cutting temperatures xre equal. The tendency 
to adhesion must, then, be a characteristic of the composition of 


© Discussion of ‘Distribution of Heat Generated in Drilling,” by 
A. 0. Schmidt and J. R. Roubik, preprint No. 48—SA-10, presented 
at the Semi-Annual Meeting, Milwaukee, Wis., May 30-June 5, 
1948, of Tue AMERICAN SocreTy or MECHANICAL ENGINEERS. 
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of thermal equilibrium. 


the carbide. The presence of a built-up edge on the tool has © 
always accompanied a lower indicated tool-chip interface temper- 
ature. This is also a factor in the lower-cutting temperatures ob- 
tained with tungsten-carbide tools. 

The manufacturers report a higher coefficient of friction for the 
triple-carbide grade, particularly at the lower cutting speeds. 
This is at variance with the general observation that a higher 
coefficient of friction is associated with greater tendency to ad- 
hesion of the chip and tool. Dawihl'! reports the various weld- 
ing-on temperatures of different grades of cemented carbide 
against steel. The tests were conducted by butting samples of 
steel and cemented carbide, at a contact pressure of some 4200 
psi and heating them in a hydrogen atmosphere. In this way the 
temperature of incipient welding was obtained under conditions 
Dawihl’s tests have significance, but it 
is well to remember that they were conducted under static con- 
ditions whereas in actual cutting large relative velocities often 
obtain. 

Equation [1] of Dr. Merchant’s discussion is convenient for the 
estimation of the shear angle ¢ although no attempt has been 
made to apply the equation in the analysis of these data. Dr. 
Merchant’s excellent analysis has been of tremendous help in the 
understanding of the basic mechanics of the metal-cutting process 
and of the plasticity conditions during cutting. However, it 
appears that his Equation [1] is subject to certain limitations. 
It does not seem that the machining constant C is always a con- 
stant. Rather it is dependent upon the rate of shear and de- 
finitely upon temperature, especially in the range of recovery and 
recrystallization. Dr. Merchant recognizes these limitations in 
his papers,'? and undoubtedly he has given a great deal of 
thought to possible methods of attack on the difficult problems 
involved. 

Barrett! has discussed the effect of temperature upon strain- 
hardening and has shown the effect of various testing tempera- 
tures on the strain-hardening characteristics of aluminum and 
magnesium crystals. The curves reveal that strain-hardening is 
pronounced at about 65 F (18 C) and of minor magnitude at 575 
F (300 C). Since recrystallization may occur well below this 
temperature (depending upon the magnitude of the shearing 
strain) the amount of strain-hardening becomes nil at elevated 
temperatures. The curves further reveal that shearing rate has a es 
significant effect upon the magnitude of strain-hardening when at 
elevated temperatures, but that the effect is minor at lower test- __ 
ing temperatures. Steel chips may reach recrystallization tem- _ 


peratures during cutting and, as a consequence, a machining con- 
stant which was evaluated at room temperature should probably _ 


be modified. This — a challenging 


straight-line relationship oft the planta shearing strain to per cent 7 
increase in hardness is caused by further tempering of the 
quenched and tempered steels. Since the test logs were tempered sank 
for 5 hr, they should be structurally stable up to the respective 
tempering temperatures. Cutting temperatures significantly 
greater than the tempering temperature would provide further 
tempering action and thereby cause softening of the chip. From 
Fig. 11 it may be noted that the greater divergence is associated 
with the lower tempering temperatures, an observation in accord 
with the foregoing reasoning. 

The strain hardenability as shown by the Meyer analysis™ has _ 


11 Bibliography of paper, reference (3). 
12 Bibliography of paper. reference (7). io au 
13 “Structure of Metals,” by C. Barrett, McGraw-Hill Book 
Company, Inc., New York, N. Y., 1943, pp. 300-301. fe, 
16“The Hardness of Metals and Its Measurement,” by Hugh onl 
O'Neill, Chapman and Hall, London, England. 1934. 
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been conducted using an '/s-in. steel ball under loads of 45, 60, 
100, and 150 kg, respectively. While various observers obtained 
somewhat different results, the values of the Meyer exponent n 
were 2.25 for the annealed steels, and 2.14 to 2.18 for the quenched 
and tempered steels. 
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The author is of the opinion that the strain hardenability as de- 
termined by a Meyer analysis at 70 F may not be directly applica- 
ble at temperatures where recovery or recrystallization may 
occur. Apparatus is being constructed which will permit t 
measurement of strain hardenability at elevated temperatures 
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This paper presents the requirements for automatic 
control of a turbojet engine in order to meet the needs of 
military aviation and to realize the full operational per- 
formance of the engine. The author describes how these 
requirements were established, and outlines the recom- 
mended approach to the design of an optimum engine 
power control. 

4 


ROM the military pilot’s standpoint, a single cockpit con- 
en lever should be all that is required to operate the turbo- 

jet engine over its full range of thrust, along a line of opti- 
mum practical economy, and within its safe limitations for tur- 
bine speed (rpm), temperature, and burner operation. More- 
over, the control-lever sensitivity must be such that predeter- 
mined thrust settings may be selected without difficulty. 

In order to retain the operational simplicity of single-lever 
power control of the engine in the face of increasing stringent 
operating requirements for the turbojet engine, it has become 
necessary for the turbojet-engine manufacturers to expend a 
major part of their development effort toward perfection of au- 
tomatic engine-control elements. During the early develop- 
ment of the turbojet engine, it was reasonable to expect that 
greater emphasis would be placed on the design of the basic en- 
gine than upon the controls, because it was considered that 
simple manual controls would be adequate; however, since it has 
been generally realized that control performance has lagged basic 
engine development, a concentrated effort has been made to pro- 
vide automatic engine controls which permit the full range of 
engine performance to be realized without detracting the military 
pilot’s attention from his primary combat duties. As this auto- 
matic-control development has progressed, flight experience has 
dictated more and more stringent operating requirements as 
represented by closer speed regulation, faster acceleration, and 
increased service life. These requirements have been combined 
to make this development a difficult one, particularly as it has 
been desired that these improvements be incorporated promptly 
into engines already in operation in the field and in those coming 
off the production line. 

The primary object of this paper is to acquaint the control 
designer with the general requirements for control of turbojet 
engines so that he can better anticipate the problems which will 
arise while developing controls for specific turbojet applications. 
Although the information presented is basic in nature, it is pre- 
supposed that the reader is generally familiar with the funda- 
mental principles of jet propulsion and the functional arrange- 
ments of turbojet-engine components. For those less familiar 
with the major components of the turbojet engine, a recommended 
reference is a paper by A. H. Redding.? 


al 


INTRODUCTION 


“1 Section Engineer, Engine Auxiliaries, Aviation Gas Turbine En- 
gineering Department, Westinghouse Electric Corporation. Mem. 
ASME. 

?“Current Problems in Developing Major Components for Avia- 
tion Gas Turbines,” by A. H. Redding, Aeronautical Engineering Re- 
view, vol. 5, December, 1946, pp. 30-35 and 91. 

Contributed by the Aviation Division and presented at the Avia- 
tion Conference, Dayton, Ohio, September 20-21, 1948, of Tux 
American SocreTy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 
the Society. Paper No. 48—AV-3. 


Fur. ConTROLS 


The thrust output of a fixed-area*jet engine is a direct function ih 
of fuel flow. Therefore all devices for controlling thrust, by one — 
means or another, must regulate engine fuel. As engine fuel 
requirements are affected by variations in pressure altitude, 
flight velocity, and ambient temperature, there must be some 
practical means for maintaining the selected percentage of availa- __ 
ble thrust for these changing conditions. Thus if the fuel to the 
engine is regulated only by the manual positioning of a variable 
fuel-metering orifice, or “throttle valve,” it would be necessary 
to reposition the throttle lever after every change in the engine — 
load in order to maintain the thrust setting. 
An early solution to this problem was a scheduling means — 
which consisted of providing an aneroid-operated fuel by-pass 
valve for use in conjunction with the manual throttle valve. 
Such a valve, usually known as the “Barostat,” responds to 
changes in total air pressure at the inlet to the engine to by-pass 
all fuel pumped in excess of actual engine requirements for any 
given flight condition. This fuel valve, controlled by the aneroid 
element, is profiled to a definite fuel schedule which is applicable 
to only one basic engine-fuel-requirement curve for a fixed ex- 
haust-nozzle jet area. Scheduled controls of this sort can estab- 
lish only an approximate relationship between engine fuel-flow 
and flight conditions, and therefore do not hold the selected 
thrust settings over full range of throttle movement under chang- 
ing flight conditions. 
In order to overcome the limitations of scheduling, it is neces- 
sary to utilize some control parameter which is a function of the 
engine fuel requirements and which lends itself to simple and 
positive measuring means. The only parameter which fulfills 
this need is engine rpm. Engine control to maintain constant 
rpm provides the maximum thrust available for all flight con- 
ditions at the maximum allowable engine rpm, and at the same 
time holds a constant percentage of the thrust available for all! 
partial throttle settings over the full range of flight conditions. 
This direct measurement is then used to regulate the fuel flow to 
the engine to maintain the rpm at a constant selected value. 
Such a control means is the speed-responsive governor, well 
known for its innumerable applications on steam turbines, air- 
craft propellers, and reciprocating engines of all types. 
Among the numerous speed-sensing governor elements, suitable 
for turbojet-engine application, are the following: 


1 The centrifugal flyweight, measuring speed by radial dis- 
placement of rotating masses. 
2 The positive-displacement pump, measuring speed as a 
linear function of pump volumetric output or a function of pump 
pressure. 
3 The direct-current generator measuring speed in terms of 
output voltage. 
4 The alternator, measuring speed in terms of alternating- 
current electrical frequency. 


The speed measurements, or output signals, from any of these — 
governing elements are usually applied either directly, or through 
suitable hydraulic or electrical amplification, to position a varia- 
ble fuel-metering orifice or to vary the output of a variable- 
volume fuel-metering pump. In order to seléct a new governed 
engine speed, a signal in opposition to the speed measurement is _ 
introduced into the governing means by the pilot’s control lever. 
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For example, let us consider an engine governor of the simplest 
centrifugal flyweight type. Assuming that the flyweights, ro- 
tating at some function of engine speed, are directly linked to the 
main fuel-metering orifice, as the rpm increases, the weights are 
displaced outwardly, and the fuel-metering orifice is made 
smaller. Conversely, as the rpm decreases, the weights are dis- 
placed inwardly and the metering orifice becomes larger. The 
centrifugal action displacing the weights outward is opposed by a 
spring, known as the “speeder spring,’’ and the force exerted by 
this spring is established by the position of the pilot’s throttle 
through suitable linkages, cams, etc. When the spring force is 
just sufficient to balance the rotating weights, the governor is 
said to be ‘‘on speed,” and the engine is operating at a constant 
rpm. Should the load on the engine start to decrease, such as 
during a climb to a higher altitude, the engine will be receiving 
fuel in excess of its requirements for the selected rpm, and there- 
fore the engine rpm will begin to increase above the selected 
value. However, the governor will sense this increase in rpm and 
will move to close off the fuel-metering orifice until the rpm is re- 
duced. 

It is an unfortunate characteristic of all simple speed-respon- 
sive governors, consisting of only those basic elements so far dis- 
cussed, that with a change of engine load calling for a reduced 
fuel supply, the governor is unable to maintain exactly the origi- 
nal rpm setting. This fact is made apparent when one remembers 
that there is a definite position of the metering orifice for each 
position of the flyweights; thus when a change in engine load 
takes place it is necessary for the weights to be displaced a cer- 
tain amount in order to alter the fuel supply, and the weights 
can retain their new position only at a changed engine speed. 
For the’ simple uncompensated governor, which has just been 
considered, a reduction of engine load necessitates that the 
weights displace outwardly until they are just balanced by the new 
spring force created by the resultant compression of the 
speeder spring. The engine speed at which this new balance 
point is achieved will be somewhat higher than the desired speed 
originally selected by the pilot’s throttle, and this increment of 
governed speed increase, resulting from the engine-load change, 
is commonly known as “governor droop.” Referring to Fig. 1, 
the sloping vertical lines are the governing-control curves and 
indicate this droop characteristic. 

At this point it should be emphasized that, although governor 
droop is very undesirable from a constant-speed standpoint, all 
governors require some stabilizing influence such as droop in one 
form or another, and that, in general, the greater the droop the 
greater is the tendency toward stability. It is obvious that if 
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the control curves were absolutely vertical (representing zero 
droop), there would be no set fuel flow for the selected rpm and 
consequently the rpm could not be held by the governor. Hence 
stability is obtained by controlling transient changes along the 
dotted sloping control lines, as shown in Fig. 1. As the slope of 
these curves, in general, represents excessive speed change with 
load, it is necessary to reset these control lines, as soon as stable 
conditions are reached, into a resulting control curve having a 
ceptable droop characteristics. As the sloping control lines ar 
effective only during a transient condition, the governor is said 
to have ‘‘temporary droop.”’ As soon as stable conditions ee a 
reached, the governor controls along the reset steeper curve w 
“permanent droop.” 

The importance of the permanent-droop characteristic of 
governor cannot be overemphasized from an operating sta! : 
point, for it controls the variation in the set speed of the engine. 
This allowable variation in maximum (military) rpm is limited 
closely by the basic engine design. A drop off in military 
is even more closely limited, as it represents a drop off in th 
which reduces the military performance of the aircraft. 

The problem of compensating for governor droop, in order to 
provide acceptable speed governing, may be approached in vari- 
ous ways. In the illustration of the simple uncompensated fly- 
ball governor used in the foregoing, it will be recalled that the 
speed droop resulted from the inability of the weights to displace 
outward sufficiently to reduce completely the fuel flow to the new 
lower engine requirements. It will be further recalled that it was 
the increased compression of the speeder spring which prevented 
the weights from realizing the full displacement required to main- 
tain constant rpm. This suggests the possibility of reducing 
permanent droop by reducing the initial speeder-spring compres- 
sion in proportion to the reduction in engine load. This has beer 
accomplished in some fuel-control governors by opposing 
speed-sensing element by two separate speeder springs, the ¢ 
pression of the main speeder spring being accomplished by tl 
pilot’s throttle lever, while the compression of the auxi 
speeder spring or “reset spring” is varied by means of a pi 
positioned by a pressure which is a function of engine speed 
Such a proportional pressure may be either engine fuel-n¢ 
manifold pressure, the pressure differential across a Venturi in th 
metered fuel line, or compressor-outlet total pressure. Another 
means of compensating for droop caused by changes in ambient- 
air conditions is to provide a barometric valve in the metered fuel 
line to by-pass a scheduled quantity of fuel just equal to the differ- 
ence in fuel requirements between the fuel provided on the tem- 
porary droop curve and that desired to give the required stabi 
speed. 

So far in the discussion, all corrective measures outlined t 
compensate for excessive droop are scheduling devices whicl 
pend on their successful operation by determining in advance the 
fuel correction which will Be required for various loads and engin from a 
rpm. As load changes occur with changes in ambient temp« alternat 
ture, flight speed, flight attitude, and altitude, it is obviously Which i: 
nearly impossible to compensate accurately for all these of this \ 
variables using scheduling means and still operate the engine The « 
within acceptable limits. For these reasons, the ultimate objec- are enc 
tive of the control development is to attain true constant-speed or mains, | 
‘fsochronous” governing. referenc 

The isochronous governor senses the set speed directly and The | 
moves the throttle valve until this speed is reached, at which time in this 
the error signal becomes zero, and the speed-sensing means is re meter, 
stored to its original or synchronous-speed position. This type Vary 
of governing employs the same principles as outlined, using the 0 be t 
sloping temporary droop curve; however, in this case permanent speed, 
droop is zero. The principle advantage of this type of governing tetric: 
is that no scheduling of load variables is necessary, and therefore idvants 
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the selected speed may be maintained regardless of load change 
within the accuracy of the apparatus to measure speed. A 
schematic arrangement of such a governor is shown in Fig. 2. 


GONTROL LEVER 
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DASH 
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© 
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Fig. 2. ScHEMATIC ARRANGEMENT OF IsocHRONOUS FUEL-CONTROL 
GovVERNOR FOR TURBOJET ENGINE 
Speep SeNsING BY Evecrrica. MEANS 


As previously noted, speed sensing may also be accomplished 
lectrically by a number of means, each having its advantages 
ind disadvantages. The first of these types to be considered is 
he direct-current generator which is arranged to have a constant 
eld strength. This device provides an excellent means for meas- 

ing the speed of engines which are not subjected to wide ranges 

pressure altitudes. 

One of the important advantages of this device lies in the linear 

lation between output voltage and speed. Another advantage 
sthat a certain amount of power may be taken from this type of 

dicator without affecting seriously either the sensitivity or the 
speed of response. 

The two major disadvantages of the direct-current generator 
are the difficulties in obtaining satisfactory brush operation over 
the entire range of altitudes, and the problem of providing a satis- 
utory voltage reference to use for a speed reference. 

Another device which may be used for measuring speed is the 
called ‘“‘drag-cup generator.” This is essentially a two-phase 
induction motor which is driven at a speed considerably lower 
than its synchronous speed. One of the two phases is excited 

om a constant-voltage and constant-frequency supply. An 
ilternating-current voltage is then induced in the second phase 

hich is proportional to the speed of the motor. The frequency 

‘this voltage is the same as that of the supply voltage. 

The drag-cup generator eliminates the brush difficulties which 
re encountered with the direct-current generator. There re- 

wins, however, the difficulty of providing a satisfactory voltage 
elerence to use as a speed reference. 

The last type of speed-sensing device which will be considered 
ithis paper is an alternator which is connected to a frequency 

eter, In so far as the stability of calibration under conditions 

i varying temperature and pressure is concerned, this appears 
‘0 be the most satisfactory of all the methods for measuring 
eed. Its stability of calibration depends on the quality of the 
tletrical components in the frequency meter only. A further 
‘dvantage of this type of circuit is that the frequency meter 


may be arranged to give a zero signal at the set speed. As the 
result of this, the need for a reference voltage disappears. 

In general, an alternator and frequency meter heretofore have 
not been satisfactory for aircraft application because of the large 
size and weight of the frequency meter. However, recent de- 
velopments have made available a frequency-measuring circuit 
which is both small and light, and this system therefore offers 
great promise. 

There are many different methods for utilizing the error signal 
produced by the speed-sensing circuit. However, the ultimate 
circuit will give identical control to that discussed under hydraulic 
mechanisms. This consists of the usual proportional temporary 
droop curve which is reset to give isochronous control. 

To produce the proportional droop curve, the main control 
amplifier may be arranged so that its input signal is the difference 
between the error signal and a position-indicating signal from the 
final control element. Thus torque or force is applied to 
the final control element only when its position is different from 
that required by the error signal. 

One accurate method for developing the reset signal requires the 
use of another amplifier and a small actuator. The purpose of 
this actuator is slowly to upset the relation between the final 
control-element position and the position-indicating signal. The 
amplifier is arranged to drive the motor at a rate porportional to 
the error signal and in the direction to reduce the error signa. to 
zero. 

Should an electrical system be selected, the power source must 
be self-contained within the control system as it is not advisable 
to depend upon the power source of the air frame for main-engine 
control operation. Also, in the development of an electrical 
system, due consideration must be given to the high-altitude 
characteristics of the control elements when the circuits are first 
being considered, in order to avoid the possibility of a complete 
redesign of a suitable sea-level control in order to meet high-alti- 
tude ambient conditions. 

The electrical system has one distinct advantage over its me- 
chanical-hydraulic competitor in that the development time 
should be somewhat shorter, particularly during the trying period 
when adjustments are being made while the control is first tried 
on the engine. In a hydraulic system these adjustments usually 
take the form of remachining new parts of a slightly different 
characteristic or size. On the other hand, on an electrical con- 
trol, it usually means merely a manual resetting of resistance or 
capacitance. 

In the early days of fuel controls, the fuel-control lever was 
generally scheduled so as to realize a linear relationship between 
its movement and engine rotative speed. As shown in Fig. 3, 
this arrangement provides an extremely thrust-sensitive control 
lever at higher values of thrust and, subsequently, low sensitivity 
at low values of thrust. Since, from a flight standpoint, control of 
airplane speed is a direct function of thrust and not rpm, a sched- 
ule of this nature makes it necessary to interconnect the pilot’s 
control lever to the fuel-control lever by means of cams and shaft- 
ing in place of a simple bell crank-and-pulley arrangement. 

As a result of experience gained from turbojet-engine installa- 
tions and flight testing, design changes were introduced to incor- 
porate a nearly linear variation of thrust with the control-lever 
position substantially as shown in Fig. 4. This schedule does 
afford one disadvantage in that the control lever is sensitive to 
rpm changes at the low speed, and the establishment of the idle- 
speed setting becomes a problem if any backlash exists in the 
control linkage. The situation is remedied, however, by design- 
ing a flat-spot rpm schedule which permits the control arm to be 
moved a number of degrees at the idle setting without any re- 
sponse in rpm or thrust. Fig. 5 illustrates the optimum throttle- 
lever schedule for turbojet engines. 
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ACCELERATION CONTROLS 


An increase in engine rotative speed is obtained by delivering 
fuel to the combustion chamber at a rate over and above the 
steady-state requirement. The magnitude of this increased rate 
is limited primarily by three important factors. These are a 
possible stalling condition encountered in the compressor under 
certain adverse conditions, the limiting temperature that the 
turbine blades and nozzles will withstand, and a combustor “blow- 
out” condition, encountered under certain extremes of altitude, 
All of these elements are present in aviation gas turbines to a 
greater or lesser degree, and continuous effort is being made by 
industry to lessen their effect, in order to improve further the op- 
eration of the engine. 

Stalling of an axial-flow compressor is caused by excessive pres- 
sure ratio either across the entire compressor or across any one 
stage of the compressor. This excessive pressure ratio causes the 
air flow along the blade path to deviate from the designed flow 
path and further decreases the pumping ability of the blade, which 
results iff a momentary drop in discharge pressure. This in turn 
decreases the compression ratio until the air flow again follows 
the blade path and builds up the compression ratio sufficiently t 
repeat the cycle. This condition may occur at frequencies of ap- 
proximately 20 to 36 cycles per sec (eps) and is often accomp: 
by excessive engine vibration. 

Engines are so designed that stalling does not occur u 
steady-state operation. However, high acceleration, by increas- 
ing the back pressure on the compressor temporarily, wiil cause a 
borderline steady-state operation to stall under extreme accelera- 
tion rates. In actual engine operation compressor stall is avoided 
on conventionally designed compressors merely by limiting the 
rate of acceleration. Such a condition is shown by curve A in 
Fig. 6 which illustrates the maximum allowable turbine tempera- 
tures that can be experienced without stalling a hypothet 
compressor. Since the temperatures are total values, a chang 
in the ambient conditions will relocate this curve as show 
curves B and C. 

Maximum thrust at “military rating’’ of the engine is obtained 
by operating at the maximum allowable turbine-inlet tempera- 
ture. The engine design and metallurgical properties of the high- 
temperature materials are such that adequate life of the engine is 
obtained at this temperature. Referring to Fig. 7, the rapid drop- 
off in engine life which is encountered when military temperature 
is exceeded is clearly shown. As has been pointed out, eng 
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acceleration can be accomplished only by increasing the tempera- 
ture required to maintain steady-state operation. In order not 
to affect engine life adversely, due consideration must be given to 
limiting the temperature rise over maximum steady-state condi- 
tions during accelerations. At the same time, the rate of accel- 
eration must be sufficiently fast to give satisfactory aircraft- 

arrier wave-off operation. This is accomplished by both limit- 
ing the top temperature to a reasonable maximum and making 
the acceleration period short enough so that the blades and 
nozzles do not have an opportunity to reach the actual gas tem- 
perature. In practice, this acceleration period, on typical fixed- 
area-exhaust jet engines, is approximately 8 to 15 sec from idle to 
nilitary rpm. 

The third factor, combustor blow-out, occurs under the ex- 
remes of altitude operation and is evidenced by an inability to 
maintain a fire in the combustion chamber. This phenomenon is 
indicated at altitudes approaching the maximum when an accel- 
eration is attempted from a steady-state condition of operation. 
The additional fuel suddenly required for acceleration alters the 
air-fuel ratio in the combustor in a direction to produce flame in- 
stability and blow-out at altitudes lower than the steady-state- 
altitude limit. Acceleration rates under these conditions must 
be slower than normal to prevent this occurrence. This correc- 
tion must be incorporated into the control until combustion de- 
velopment raises the point at which this occurs to a limit mate- 
nally above the aircraft operational level. 

From a study of these limitations it is evident that the fuel — 
low to the engine during an acceleration must be varied for each 
perating condition, in order to give the fastest acceleration and _ 
till not infringe upon these engine operational limitations. 

One method of accomplishing this is, of course, the manual 
nethod in which the pilot varies the rate of fuel flow by moving 
the throttle at a rate so as not to exceed an established maximum 
turbine temperature. This leads to an acceleration rate slower 
than the optimum and also does not insure against the possibility 
of over-temperaturing by rapid movement of the pilot’s control 
ever during an emergency. 

The method that is now in general usage is the automatic ac- 
celeration control which is an integral part of the automatic fuel- 
control system. Many arrangements embodying this feature 
are being used. 

One method is the rate-of-pressure-rise system which is cor- 
rected for altitude, in which auxiliary relief valve and-accumula- 
lor valve act to control the rate of pressure rise in the fuel control 
during an acceleration, and thereby control the rate of flow to the 
combustion chamber. 

Another method simply incorporates a barometrically con- 
tolled auxiliary relief valve which acts to by-pass a certain 
‘mount of fuel pumped by a positive-displacement pump on a 
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predetermined schedule and therefore limits the fuel available 
for acceleration. 

Still another hydraulic method makes use of a dashpot system 
which is linked to the fuel-control lever, and, regardless of the 
rapidity with which the control lever is moved, the dashpot will 
act to control the elements of the fuel-control system so as to 
deliver fuel to the engine at a scheduled rate. 

All of these methods possess one major flaw, viz., the fact that 
it is almost impossible to design a hydraulic system that will 
follow the optimum curve such as described previously, in order 
to secure a maximum acceleration rate. 

It has been evident for some time that the major objections, as 
listed, to scheduling controls may be overcome by accelerating 
against a direct temperature measurement. Active development 
work has been in effect using this principle for the past several 
years. Numerous arrangements for measuring top turbine tem- 
perature have been considered, such as fuel-air-ratio measure- 
ment, optical pyrometry, differential-expansion capillary-tube 
gas-density method in which the pressure drop through an orifice 
is a function of absolute temperature, and direct-temperature 
measurement. 

An extremely important consideration in the use of any of these 
methods, however, is the radial and circumferential temperature 
distribution generally present in all aviation gas-turbine engines. 
Generally speaking, from a stress standpoint, the radial tempera- 
ture distribution of the gas entering and leaving the turbine is 
arranged to give a curve such as indicated in Fig. 8, in order to 
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keep blade creep and fatigue strength proportioned to the stresses 
imposed along the blade. The temperature at the base of the 
blade is therefore lowest, and the temperature rises toward the 
tip as shown. Physical limitations between engines, however, 
necessitate a variation of this curve as shown which complicates 
any temperature measurement taken from any one radial posi- 
tion. Fig. 9 shows the increase in accuracy to be obtained with 
the use of an increased number of thermocouples in parallel. 

At this point it perhaps would be well to discuss briefly the 
effect of response rate of thermocouples on the indicated reading 
during a transient condition. The first requirement of a top- 
temperature control, similar to that being discussed, is to give 
adequate protection to the turbine blades. 
periments were conducted to determine the response rate of the 
actual blades themselves. It is evident that the temperature 
pickup must have a faster response rate than the blade during 
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a transient it. order to prevent overheating of the blades. These 

tests showed that the blade-response rate at the trailing edge was 
2 to 3 sec and 12 to 14 sec on the leading edge. Response rates 
of the shielded stagnation type of thermocouple ran as high as 12 
sec, and it was of course evident that a couple such as this would 
not provide suitable protection. Further development along this 
line resulted in the unshielded type of thermocouple having suita- 
ble response rates. Comparative performance is shown by 
curves in Fig. 10. 

Further comparison indicating the effect of response rate 
these two types of thermocouples during an actual engine ac- 
celeration is shown in Fig. 11. In both cases the actual turbine- 
outlet temperature was comparable. It will be noted that during 
the acceleration the stagnation type of couple actually indicated 
ey é several hundred degrees lower temperature than the couple hav- 
wes ing a much higher response rate. 
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fe) 2 6 8 10 12 14 The primary requirement for the engine power control is relia- 
NUMBER OF PARALLEL THERMOCOUPLES bility, as safety of flight will always be the most vital considera- 
PER SET tion in designing any aircraft component. Lacking this high de- 
gree of reliability in turbojet-engine controls developed thus far, 
Fic. 9 INCREASED Accuracy oF INpICATING AVERAGE TURBINE- the Air Services have found it necessary to require that the engine 
OvuTLeET TEMPERATURES BY PARALLELING THERMOCOUPLES 
manufacturer furnish stand-by, or emergency controls which will 
opae! assure manual operation of the engine in the event of flight failure 
a of the primary automatic controls. 
In nearly all cases, the designers of military airplanes crowd 
the engine installation into the smallest possible space in order 


to achieve optimum aerodynamics proportions for the airframe 
therefore compactness is an essential requirement for the engine- 
power control. With the advent of the small frontal-area axial- 
flow turbojet engine, accessory compactness has become a con- 
sideration of even more vital importance, because, in general 
it is desired that the primary controls and accessories of the « 
gine be mounted directly on the engine to provide a packaged 
power-plant installation. In order to meet this latter requirement 
without compromising the big advantage of small diameter in the 
axial-flow turbojet design, it has been necessary to give considera- 
ble attention to assembling the control elements into packaged 
units utilizing internal passages instead of external fluid lines 
wherever possible. A good example of the ingenuity employed 
illustrated in Fig. 12, showing a turbojet-engine fuel-contt 
governor complete with fuel pump, acceleration control, and all 
auxiliary valves in a single packaged unit. An over-all view of a 
typical axial-flow turbojet engine, showing the relative location of 
this fuel-control governor and other engine accessories is show 
Fig. 13. 

A further mechanical design requirement for the engine power 
control is light weight. In an aircraft, the saving of even a few 
pounds can improve significantly the over-all flight perforn 
of the airframe and engirte combination. 

In the design of the fuel control, due consideration mu 
given to the pressure drop through the controlling elements, a 
drop adds directly to the already severe fuel-pumping requir 
ments for turbojet engines. As these requirements are of majo! 
importance, a brief review of the difficulties involved will be given. 

In general, the top fuel pressure of the system is determined 
by the range in fuel flow required by the engine. This is repre- 
sented by the ratio of the fuel required for high-speed cold-day 
sea-level flight versus high-altitude idling. This ratio may be 
: bi as high as 35 to 1. Assuming 3-psi drop in the fuel nozzle is the 

wry oF 4 minimum required for barely acceptable atomization, this will re 

oe feria iitper’ quire a maximum nozzle drop of 3600 psi to obtain the required 
; >a AD ti TIME - SECONDS flow through fixed-area nozzles. As this pressure verges on the 

Fic. 11. Evrect or THermocoup.e Response Rate on Invicatinc. impractical, sacrifices have been made in the permissible fuel 

TorBine-OvTLET TEMPERATURE Durtne AN ENcinr AcceLeration range of the engine. In addition, intensive development effort 
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is being made to obtain acceptable low-pressure fuel nozzles. In 
view of the limitations covered by this situation, every considera- 
tion must be given in the fuel-system design to hold the required 
pressure drops through the other fuel-system elements to a 
minimum. 

One of the most serious problems encountered with the modern 
type of fuel control is the malfunctioning of the control elements 
due to contaminated fuel. This condition is experienced with 
controls whose elements are subjected to the same fuel that is 
eventually delivered to the combustion chamber. Since the fuel 
that is used in the present-day engines has a very low viscosity, 
small clearances are required between sliding valves and their 
sleeves for pressure sealing. 

Early models of fuel controls made use of the synthetic-rubber 
“OQ” ring seal as a piston ring and thereby permitted large clear- 
ances. However, this did not prove satisfactory, as it was not 
possible to obtain a suitable synthetic material that was fully 
resistant to the entire range of fuels. The materials used would 
increase in size when exposed to fuel for any length of time and 
cause additional resistances or would shrink after being subjected 
to a different type of fuel which would cause pressure leakage. 

There are several partial solutions to this problem. One method 
is to use a micronic filter in the fuel supply to remove the con- 
tamination. This necessarily requires a micronic filter of large 
size and introduces additional pressure drop in the fuel system, 
and at the same time increases the weight materially. In addi- 
tion, this type of filter causes serious pressure drops in cold- 
weather operation due to the formation of ice crystals from water 
which is normally carried in solution in the fuel at normal tem- 
peratures. A more desirable alternate method is to design the 
fuel system such that there is a definite pressure drop across the 
sliding portion cf the control valves and to filter only the leakage 
fuel to the valve. This method uses several small filters of 
greatly reduced size and has the advantage of not increasing the 
weight as much as one large filter, as only a small part of the fuel 


12) Governor rok TuRBOIET ENGINE must be filtered. 
(Courtesy Woodward Governor Company.) Since the use of micronic filters is generally undesirable, every 
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consideration should be given to a design in which the valves will — 
operate satisfactorily with contaminated fuel. 
by designing the valves such that there is no pressure drop across” 
the sliding portions, thereby preventing foreign material from — 


being washed into the clearance between the valve and the bush- 
ing. The use of poppet-type valves seating on some type of re-_ x - 


silient seat has given the most promise of operating on contamina- — 
ted fuel. 
stick, and if some foreign material does get under the valve it 
will be pressed into the resilient seat and good sealing properties | 
of the valve are retained. 

Because it is not always possible to design all valves for satis- 
factory operation on contaminated fuel, the only other alterna- 
tive is to operate the valves in a medium separate from the fuel. 
This can be done by having all the control valves, with the excep- 
tion of the main fuel-control valve, operate in a liquid-sealed 
system which can be kept free of contamination by the use of a 
small filter. Although this will overcome the contamination 
problem, due consideration must be given to the viscosity curve 
of this liquid, as it is mandatory that satisfactory operation be 
secured down to —67 F. 


VARIABLE-AREA ExHaust NOZZLE 

So far, the discussion has considered only the operation of the 
turbojet engine with a fixed exhaust-nozzle area which gives op- 
timum operating conditions of the engine under only one com- 
bination of temperature, flight speed, and altitude. In addition 
to this, it places certain limitations on the acceleration character- 
istics of the engine which result in slower acceleration and certain 
sacrifices in engine economy. 

If the design of the engine incorporates a variable-area exhaust 
nozzle, improved performance is obtained in three ways as 
follows: 

1 Maximum military thrust is available for all flight condi- 
tions, as the engine can always be operated at maximum rpm 
with the maximum allowable turbine-inlet temperature. This 
is of advantage not only because increased thrust is available 
under some comditions, but also because the pilot is relieved of 
the responsibility of restricting throttle advance to prevent 
damaging over-temperatures in the engine. This may be seen 
from Fig. 14 which provides a plot of thrust versus the exhaust- 
nozzle area for a given rpm and different ambient conditions. 

As would be expected, the thrust increases rapidly as the ex- 
haust-nozzle area is reduced, with an accompanying increase in 
turbine temperature. It may be noted that limiting turbine tem- 
perature is reached at different exhaust-nozzle areas as the am- 
bient changes. With a fixed nozzle area, selected to provide 
maximum rpm and turbine temperature on a standard day, it is not 
possible to realize the full rpm on a hot day without excessive 
temperature, and on the cold day the turbine temperature will 
be below the permissible maximum. Both conditions represent 
a measurable loss in thrust with the added danger of over-tem- 
peraturing on hot-day operation. 

Unfortunately, ambient temperature is not the only offender 
in affecting maximum turbine temperature at fixed rpm and ex- 
haust area, for altitude and flight velocity produce additional 
changes in turbine temperature at a given rpm and exhaust area. 
Here again, the opportunity of selecting variable exhaust areas 
as required to achieve maximum rpm and turbine temperature, 
and consequently maximum thrust, over the broad range of 
flight operating conditions, appears inviting. 

2 A factor in the improvement of engine performance, 
through utilization of the variable-area exhaust nozzle, is fuel 
economy. Ideally, fuel economies may be improved materially 
by maintaining higher rpm and increasing exhaust-nozzle area 
rather than holding the jet area fixed and varying rpm over wide 
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This is possible since there are no sliding parts to — 
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ranges as is now customary. The trend of improvement in spe 
cific fuel consumption is indicated by Fig. 15 for the static sea- 
level condition. Unfortunately, this improvement in specific fuel 
consumption is reduced drastically at higher altitudes, and i 
further lessened as airplane flight speed is increased. The actua: 
improvement in specific fuel consumption which can be achieved 
with the variable exhaust nozzle is very much dependent on bot! 
the aircraft-engine installation and the efficiency of the variable 
area exhaust nozzle used: Because the improvement in specifi 
fuel consumption is attained at part thrust by maintaining hig! 
rpm, the resulting increase in air flow will introduce duct losses 
which may invalidate the expected gain. 

3 Yet another factor in favor of the variable-area exhau» 
nozzle is the ability to accelerate rapidly from low to high thrust. 
It has been an unfortunate characteristic of jet engines now in the 
field that acceleration time from idle to military thrust has bee! 
excessively long, usually in excess of 8-15 sec. This long accel: 
eration time is a function of two major factors. The first is the 
large rotor inertia, coupled with comparatively low acceleratiné 
horsepower available in the turbine under the high back pre~ 
sures caused by the restricting exhaust nozzle. With the greatly 
increased nozzle areas employed at low thrusts with a variable 
area exhaust-nozzle engine, the available accelerating hor 
power of the turbine is augmented appreciably, and acceleratiné 
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times from idle to military rpm can be reduced to '/; or less of the = 


omparable value for fixed exhaust-nozzle area. In addition, 


utilization of the variabie-area exhaust nozzle does not limit the | 
design of the basic engine components in order to avoid encoun- 
tering compressor stall during acceleration. f- 


The foregoing advantages obtainable by incorporating a varia- 


ble-area exhaust nozzle in the engine, of course, must be weighed © : 


against the added complications, somewhat reduced reliability, 
greater duct losses in the aircraft, and increased engine weight 
which may be of considerable magnitude. 

In analyzing the control means for the variable-area exhaust 
nozzle, it is first necessary to examine the various combinations 
of rpm and exhaust-nozzle area to obtain the control schedule 
for optimum economy. ; 

Again referring to Fig. 15, which shows the relation of thrust — 
versus SFC at various rpm’s and tail areas for our hypothetical | 
ngine, it will be noted immediately that the conditions of maxi- 
mum-economy cruise operation are defined by the envelope of 
curves in the direction of low SFC values. As has been indicated — 
previously, it is definitely of advantage in the upper thrust range 
to hold maximum speed and increase exhaust-nozzle area to re-_ 
juce thrust from maximum. For the particular characteristics 
f our hypothetical engine, a condition is reached in the process 
of reducing thrust at which it is advantageous to reduce rpm 
simultaneously with further increase of exhaust-nozzle area. 
Finally, full-open exhaust-nozzle position is reached and further 
reduction in thrust is accomplished by reductions in rpm to idle. 
This is the schedule for best economy. 

For best acceleration, maximum exhaust-nozzle area should 
be maintained until full rpm is reached, after which the exhaust 
area can be reduced to achieve maximum thrust. To follow such 
a schedule for steady-state operation would represent a compro- 
mise with best cruise economy, but with proper attention to con- 
trol characteristics it will be found that no appreciable control 
complexity is introduced in following approximately the best 
acceleration schedule during transients and best economy sched- 
ule for steady-state operation. 

The regime of control variables, as a function of power-control 
lever position, for these respective schedules is shown in Fig. 16. 
Assuming an all-speed governor regulating fuel flow to control 
pm over the indicated range and as a function of lever setting, it 
remains only to provide an actuating system regulating exhaust- 
nozzle area in the scheduled relation to control-lever position. 
Such an actuating system can be the simplest form of hydraulic 
or electric servo to provide a predetermined exhaust area for each 
increment lever position in the partial-load range. As has been 
noted previously, turbine temperatures vary widely over the 
ange of ambient conditions, and the simple scheduled relation 
of exhaust area to control-lever position cannot hold for maxi- 
mum-thrust conditions. This problem may be made by provid- 
ing an overriding signal into the exhaust-nozzle servo, directly 
sensing turbine temperature or a temperature directly related to 
turbine temperature, and limiting the minimum exhaust-nozzle 
area such that maximum turbine temperature is not exceeded, 
regardless of control-lever position or influence of ambient con- , 
ditions, 

When a variable-area exhaust nozzle is utilized, the design of 
the fuel-control system must provide means for a more rapid re- 
sponse to load changes on the engine, both from a stability stand- 
point and from a safety standpoint, than is required with the 
fixed-area exhaust nozzle. Sluggish or slow response can 
induce instability and result in hunting. Slow response in 
recognizing sudden load changes can also cause destructive over- 
speeds. As an example, assume that the exhaust area is made 
suddenly larger; then the control must immediately prevent ex- 
cessive fuel from going to the engine in order to prevent over- 
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speeding. On the other hand, if the pilot demands full engine 
power for a carrier wave-off and the exhaust area is reduced 
abruptly, the control must supply the added fuel needed to main- 
tain engine rpm within acceptable limits. In general, full move- 
ment of the throttle valve must be possible in something less than 
1/, see. 


CONCLUSIONS AND RECOMMENDATIONS 


Based on engine operational experience and engineering design 
studies of control problems, thé following requirements are con- 
sidered the primary requisites for a turbojet-engine power control, 
in order to meet the needs of military aviation and to realize the 
full operational performance of the engine: 


1 Control to hold the selected thrust stable within specified 
limits for each flight speed and altitude. 

2 Basic control design based on direct measurements rather 
than on scheduling. 

3 Single-lever control of the engine to give a linear relation- 
ship between thrust and throttle movement. 

4 Control to permit engine acceleration to be as rapid as the 
temperature and aerodynamic limitations of the engine permit. 

5 Fast response rate to provide for rapid changes in the opera- 
ting loads on the engine. 

6 Controlling elements to be designed to give a low fuel pres- 
sure drop, in order to minimize fuel-pumping loads. 

7 Control to operate satisfactorily on contaminated fuel. 


Intensive study has shown that the following trend offers the 
best promise of fulfilling requirements of the military Air Services: 


1 The speed-sensing means should be an all-speed isochro- 
nous governor, as no other means offers promise of maintaining 
the set engine speed for al] load changes within the accepted re- 
quirement of plus or minus 1 per cent. Reset should be accom- 
plished by direct speed-sensing, as experience has shown the im- 
practicability of scheduling the exact degree. Of course the 
speed-sensing may be either the mechanical flyweight type or by 
suitable electrical means. Either system will operate through 
hydraulic or electrical servo systems; the choice will be indicated 
by an over-all study of the system based upon reliability, weight, 
and simplicity. 
2 Acceleration of the engine should be accomplished by direct 
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temperature measurement. Such a system is the only one that 
will safely permit maximum acceleration of the engine. Also, it 
should be recognized that temperature will compensate auto- 
matically for changing altitude and ram conditions by varying 
the acceleration rate to give the maximum acceleration permis- 
sible for each condition. The pickup for a suitable temperature 
reading must be one which reads an average value that is repre- 
sen tative of the maximum allowable temperature, Probably this 
can be accomplished by a number of recognized means. 

3 The fuel-pumping requirements for jet engines have been 
found to be severe due to the high pressures required, the lack of 
lubrication value in the fuel, and the extreme temperature range 
over which the pumps must satisfactorily operate. The control 
has been partially responsible for these high pressures. For this 
reason due consideration must be given to holding the pressure 
drop through the system to as low a figure as it is possible to ob- 
tain satisfactory control pressures. 

4 An item of major importance is the ability of the control to 
handle contaminated fuel. So far, the controls require the use of 
micronic filters, which add further to the top pressure of the sys- 
tem. In general, systems which require the use of any filtering 
means finer than a 60-mesh screen are used only because fuel 
systems capable of operating successfully on contaminated fuel 
are not as yet available for production engines. 

5 It is expected that many new turbojet engines will have a 
variable-area exhaust nozzle, in order to realize the benefits in 
thrust, economy, and increased acceleration rate of the engine. 
The proper operation of this nozzle is of course a control function. 
As this adds a second controlled variable, it adds immeasurably 
to the problem to be considered in the design of the control. In 
addition, it means that the entire control must be designed as 
an integrated whole, as studies have shown that the speed and 
temperature components must be interrelated properly in order 
to obtain a stable system. At this time it should be emphasized 
that in the development of a control of this type, it is practically 
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mandatory that proper mathematical considerations be tak 
into account to assure that the over-all system will be basica 
stable. These studies then should be supplemented further 
suitable transient analyzer in order to confirm the results of the 
original equations over the entire operating range. 

As the development of the control progresses, consideratio 
should be given to ease of service in the field. By now it will b 
recognized that a full understanding of the operation of th 
complete control system will be understood by only a compara- 
tively few technicians in the field. On the other hand, all line 
maintenance and trouble-shooting will be done by semiskilled 
personnel, and it becomes nearly impossible for them to locate 
and correct troublesome items expeditiously. Therefore it is 
strongly suggested that provisions be made in the design for the 
use of a field-service check kit. With such an apparatus it wil 
be possible for the average personnel to check each component ot 
1 “go-no-go” basis. The faulty component would then be re- 
placed and returned to the overhaul base or manufacturer for re- 
pair. It is now recognized by the Air Services that such a pro- 
cedure is almost mandatory. 

The development of a completely suitable automatic power 
control for a turbojet engine is a tremendous engineering project 
It is belived that such a control can be realized only by giving 
detailed attention during the development stages to the require- 
ments outlined in this paper. Such a control should result in an 
easily serviceable unit, of excellent reliability and performance 
and one which will permit the full utilization of engine possibili- 
ties as to thrust, economy, and acceleration from a single power- 
control lever in the pilot’s cockpit. 
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Appreciating the limitations imposed by conventional 
railroad heating and air-conditioning equipment on 
thermal environment from the passenger viewpoint, the 
Chesapeake and Ohio Railway undertook a research pro- 
gram to develop means for improving substantially the 
thermal comfort in cars. Various controls and their com- 
investigated. Radiant panel and _ floor 
heating and cooling were tested in a car in the Budd Com- 
pany cold room and on the road. 


ponents were 


Then the car was com- 
pletely re-equipped with means for accomplishing the ob- 
jective and put into service test. It features effective con- 
trol of humidity in the summer, no recirculating air in the 
overhead system, forced-convection heating and cooling 
panels, low temperature gradients, and lack of draft. 
This paper is a progress report on the project, which is con- 
tinuing. 


AT the time when the Chesapeake and Ohio Railway placed 
inquiries for extensive replacement of passenger cars, in- 
vestigation was made of the major manufacturers of heating 

and air-conditioning equipment as to their latest developments. 
Of the responses received, equipment by Vapor Car Heating 
Company and Minneapolis-Honeywell Regulator Company was 
available for immediate comparison. Additionally, their systems 
incorporated new trends of thinking in respect to air conditioning 
and controls compared to prewar installations; consequently a 
test program was decided upon to evaluate the merits of each 
system, utilizing C and O Coach No. 830 for the heating tests. 
To save time, the car was divided laterally by a partition running 
from floor to ceiling and the vapor system was installed at the A 
end of the car, while Minneapolis-Honeywell was located at the 
opposite end. Both applications were made by Pullman-Stand- 
ard Car Manufacturing Company, and, for simplicity of installa- 
tion, certain items were carried throughout the length of the car. 
The distinguishing feature was the modification of the side heater 
box. The side-wall surfaces were enclosed in side-wall convectors 
which also acted as radiant surfaces, although the actual amount 
of radiant heat was small compared to the total heat output of 
the convectors, shown diagrammatically in Fig. 1. The floor was 
provided with a separate heat source, because the side heat ele- 
ments were completely enclosed thus cutting off the usual radia- 
tion to the floor. , 

The Vapor Car Heating Company installed an improved ver- 
sion of its eyele-modulation system in operation on many postwar 
passenger cars. The side-wall surfaces were of the unit radiation 
type, consisting of an inner pipe to which steam was admitted and 
4n outer pipe with fins through which the steam condensate was 
returned. In order to achieve a wide range of temperature con- 
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trol of the side-wall surfaces, steam condensate was retained in 
the outer pipe, and its temperature was controlled by metering 
steam by slugs to the inner pipe, thus affording temperature 
range of from 120 F to 200 F. The same pipes, less fins, were 
placed under the floor, see Fig. 2 (a). The system as a whole was 
regulated by an automatic-control panel which included an inter- 
locking arrangement with the refrigeration cycle, so that cooling 
or heating could be supplied automatically without attention 
from the crew. The cycle modulation control, shown in Fig. 3 
diagrammatically, provides a means of metering steam into any 
heating surface by intermittent on-off action with a variable 
division of time between action to control the total heat admitted. 

The Minneapolis-Honeywell Regulator Company system was 
similar to that of Vapor Car Company’s in its use of side-wall 
paneling and underfloor piping, Fig. 2 (b), the rest of the applica- 
tion being entirely different. 

The heating medium of the Minneapolis-Honeywell system 
was a circulating liquid (tetracresy] silicate) to allow a very uni- 
form and close control of temperature. The side-wall surface had 
a large fin area to permit lower liquid temperatures, and yet 
supply the required thermal output. A 9-ft model of the side wall 
was tested by The Trane Company of LaCrosse, Wis., to deter- 
mine proper capacity, air flow, and air-discharge temperatures. 
On the basis of The Trane Company tests, the side-wall panel in 
Car 830 was designed and installed by Pullman-Standard. Fig. 4 
shows the laboratory installation of the side panels, with gal- 
vanized tanks packed with ice to simulate cold windows. One of 
the interesting results of this test was that the panel temperature 
varied only slightly over the entire range of convector output. 
The information given in Fig. 5 indicates the fallacy of trying to 
control space temperature solely by sensing panel temperature, as 
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UNpeERFLOOR STEAM Pipe as INSTALLED ON VAPOR CAR 
Sipe oF C anv O Coacu No. 830 


Fic. 2(b) UNpeRFLOoR Liquip-CarRRYING HEATING PIPES ON MINN- 
EAPOLIS-HONEYWELL S1ipE oF C anp O Coacu No. 830 


attempted on the first test runs. Fig. 6 shows schematically the 
cycle of liquid flow. A pump and a steam-to-liquid heat ex- 
changer, located under the car, provided forced circulation and 
heat source. An electrically operated mixing valve determined 
the addition of heat from the exchanger and established the 
liquid circuit tempeyature. Independent control was applied to 
each side wall and floor from one exchanger. 
Minneapolis-Honeywell controls are designed around the 
principle of a Wheatstone bridge; hence it uses resistance-wire 
thermostats instead of the usual mercury tubes. An example of a 
Minneapolis-Honeywell control circuit is presented in Fig. 7. 
The bridge itself consists of four legs connecting at points A, B, C, 
and D; the legs A D and B C are formed by the thermostats, the 
resistance of which changes with surrounding temperature. 
The other two legs con ist of fixed and adjustable resistances, 
one of the adjustable resistances being located on the panel and 
used to change the control settings if it is desirable, and the other 
is adjusted by the position of the motor so that the motor opens 
only enough to supply the necessary heat. When the tempera- 
ture is below or above that for which the controls are set, the 
bridge becomes unbalanced and the current flows through points 


= 


OF THE ASME 


8130 RELAY 


RELAY DE-ENERGIZER 
8130 RELAY RESISTOR 


HEATING 
COIL 


al 


TEMPERATURE UP TO SET VALUE 


8130 RELAY VALVE OPEN 


RELAY ENERGIZER 


BI30 RELAY 
— 


oc, 


TEMPERATURE BELOW SET VALUE 


Fic. 3 Vapor Circuit ror MopuLation 


‘Deadlight 
/ Qutle+s 


OrIGINAL Test PANEL AS INSTALLED aT TRANE ComMPaAnt 


PLANT 


Fia. 4 


B and D to the amplifier and energizes the relay E or F to change 
the position of the motor-operated valve to adjust the supply o 
heat into the surfaces. Depending upon the way the bridge # 
unbalanced, the direction of the current to the amplifier is de 
terminéd, and the proper relay is energized. The resistances i0 
the bridge are so selected as to distribute the authority betwee 
the thermostats used. 

Additionally, the two systems differed in the distribution 
control zones. Vapor was zoned for lower temperature in the 
men’s room, higher in women’s lounge, and a third different tem 
perature in the car body. The Minneapolis-Honeywell Compaty 
divided the car into two zones lengthwise, each side of the cal 
with its own independent set of controls, in order to compensa 
for solar gain and wind effect. Our first series of tests did no 
give sufficient data to determine the effect of compensation {0 
the solar gain. 

The overhead equipment was common to both systems; ho® 
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ever, an arrangement was made to enable independent use of 


several different control valves. 


stalled ; 
of all the valves then available. 


INSTRUMENTATION 


In addition to the Vapor and 
Minneapolis, a Fulton-Sylphon self-contained 


valve was in- 


thus a comparison was made between the performance 


In order to get a good check on temperature distribution 
throughout the car space, and also to record temperature changes 
on the heating surfaces, a Brown Instrument Company recording 


potentiometer was “used. 


and of the length of the car, 


blower end of the ear. 
in each half of the ear. 


In each plane, 


The car was divided into planes '/¢, 
measuring from the 
This arrangement gave two check planes 
thermocouples were 


located 6 in., 48 in., and 60 in. from the floor, 6 in. away from the 


Wall, on both sides of the car. 
under the seats near the aisles. 


Thermocouples were also located 
The foregoing arrangement 


gave checks on temperature distribution in planes that were 


longitudinal, lateral, and vertical, 


Additional couples were 


placed on the heating surfaces, at all thermostat locations, and in 


outdoor air. 


In all, there were 96 thermocouples placed on the 


car, with 48 couples devoted to each system. The temperatures 
at each thermocouple location were recorded at about five- 


minute intervals on a continuous tape. 


A steam pressure gage 


CONTROL 
POINT ADJ 


EVAPORATOR 
OUCTSTAT 


4 
MOTORIZED“ 
VALVE WINDINGS > 


usv 


POWER SOURCE 6 


Fic. 7 Exampie or MINNEAPOLIS-HONEYWELL REGULATOR Com- 


PANY CONTROL DIAGRAM 


was used as a check on steam supply and a humidity recorder was 
used with little result. 


Test PRocEDURE 


toad tests were made between Chicago, Ill., and Petosky, 
Mich., and between Cincinnati, Ohio, and Charlottesville, Va. 
As both installations were not completed at the same time, only 
Vapor Car Heating Company system was tested on the run to 
Petosky. Two round trips were made. The first day the weather 
was very bright and warm, no heat being required until late in the 
evening. At that time performance was similar to that of a 
standard system with a noticeable temperature difference be- 
tween floor and ceiling. 

The second day the temperature was dropping continuously 
from 60 F to 15 F, providing good test conditions. 

Table 1 gives temperature settings in the car, which were made 
in an attempt to determine ultimate settings of various control 
points and the quantity of circulated air required. 


TABLE 1 TEMPERATURE SETTINGS 
Ovex 
head- Overhead air -——-———.. 
Floor Panel air Recircu- 
temp, temp, temp, Fresh, lating, 
deg F deg F deg F efm efm Remarks 
A 85 85 1200 Cold 
B 80 85 1200 Cool and drafty 
C 80 85 1200 Warm but drafty 
D 80 85 0 Very comfortable 
E 80 85 0 Cool draft 
F 80 85 0 Very comfortable 
G Off 85 0 war 


temperatures for settings B and C; setting D gave a remarkable 
feeling of comfort, but no ventilation. 


As shown by the curves, Fig. 8, there is a scattering of space te 


To determine the over- ee 


head-air temperatures that would simulate comfort conditions of ah = 
setting D, settings and F were then tried, providing a conven- 


tional amount of outdoor air, but with no recirculation, setting F : 7 
giving the better result. i 
Setting @ was tried to find out if side walls alone could supply ree ; 
sufficient heat to maintain car temperature. Unfortunately this ee 
was done at night between Grand Rapids and Chicago, the train 7 wen * 
line being broken for three 20-minute periods. Because the over- eee 
head blowers were not shut off, the car was overcooled and no a> 
conclusion could be made. 
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A test run between Cincinnati and Charlottesville was made a 
month later, after both systems had been installed. On that run 
it was raining and the temperature was around 50 F most of the 
time, except for an hour in the mountains near Hinton, W. Va., 
when it dropped to 32 F. Only two conclusions could be made 
from that run: 


1 That, regardless of type of control system, if the overhead 
air entered the car at other than car-space temperature, the even- 
ness of space temperature was upset, which resulted in stratifica- 
tion. 

2 That if a temperature for the overhead is selected and is 
to be kept constant, any one of the three available control valves 
performs equally well in maintaining that temperature. 


Cotp-Room Tests 


After the Charlottesville run, it was decided that the weather 
was such that no successful heating tests could be conducted on 
the road. Consequently an arrangement was made to send the 
car to the Budd Company’s cold room in Philadelphia where the 
temperatures could be controlled, and tests could be made at tem- 
peratures of 0 F, even in summer months: In the cold room, 
two series of tests were conducted: (1) Heat required to maintain 
set temperature conditions within the car were determined at 
several outdoor temperatures. These tests gave the steam re- 
quirements of both systems and its distribution to various com- 
ponents. From these data a plot was made from which heating 
requirements for any desired condition could be determined and, 
inasmuch as this plot is a straight line, cooling requirements 
could be obtained from the same information by extending the 
line to the cooling region. 

Series (2) tests gave us a Study of control response. The con- 
trols were set to maintain a given space condition and then the 
outdoor temperature was changed from 70 F to 0 F within 4 hr, 
or as quickly as the refrigeration equipment of the cold room 
would permit. The cold-room temperature was then allowed to 
drift up to 70 F. 

These tests indicated that controls of both systems responded 
equally well, which led to a general conclusion that in so far as 
heating is concerned, there is little to choose between the two 
proposed systems. The radiant convector which was placed over 
the heating surfaces in both cases seemed to act as a lag-con- 
trolling device; this levels the changes in the temperatures of the 
heating surface into which steam is injected periodically and im- 
proves the slow response inherent in a system with large body, 
such as a liquid system, and what is really important, makes the 
car more comfortable to the passenger. 
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Concept OF YEAR-ROUND SYSTEM 


The systems discussed contained some of the features whicl 
our railroad was interested in incorporating in the air conditioning 
of passenger cars, the principal one being the ability to control 
the temperatures of the surfaces surrounding the passenger 
during the heating season. Now if control of humidity could be 
achieved and control of surface temperature could be carried 
through the summer, a system would comply with what ASHVE 
considers a year-round air-conditioning system. Such a system 
should be able to do the following: (1) Heat air; (2) cool air 
(3) control humidity; (4) cleanse air; (5) distribute air prop- 
erly. 

Our aim was to establish"conditions within the ear space whic 
would be within the comfort zone, Fig. 9, as determined by 
research program of the ASHVE. 

The comfort conditions are defined usually by the dry-bulb 
temperatures in the space, and the humidity of the air. 
railroad car a third value is very important, but so far has beer 
neglected because of mechanical reasons, and that is the mear 
radiant surface temperature. 

As a result of the foregoing, in order to create a system which 
would approach the ideal as closely as possible, a specification 


In a 


was issued outlining an entirely new system, aimed to maintain 
car air space at 75 F dry bulb and 40 per cent RH, to cool the 
walls and windows in summer and warm them in winter, and t 
hold the air circulation in the space about 30 fpm without any 
drafty spots. The means to accomplish this employed forced 
convection in the walls and over the windows with overhead air 


supply of fresh air only. 

The overhead system was designed to condition 600 cfm of 
fresh air to take care of the latent load, evaporation and humid: 
itv, and ventilation. Physically the unit was assembled to install 
over the car-vestibule ceiling with only the steam coil in the car 
body. It consisted of the following elements as shown in Fig. 
10: 


’ 


1 ‘Roto-clone” centrifugal blower used as a precleaner and 
Jet 


blower. 
2 Electrostatic filter. 
3. Air-to-air heat exchanger. 
4 Evaporator coil (direct-expansion coil). 
5 Steam-heating coil. 


The capacity of the evaporator coil was such that fir passing 
through it was cooled to 41 to 45 F, which, when reheated by the 
exchanger and steam coil to 75 F, resulted in air entering the car 
body at 30 per cent to 38 per cent RH. Consequently this ait 
was capable of absorbing moisture discharged by the passenger 
into the car body and still maintain the space relative humidity 
below 50 per cent. 

Two alternatives were considered for absorbing the sensible 
heat load by the side walls: (1) Separate surfaces, one for heat: 
ing with steam direct and the other for cooling, and both in series 
to the air flow is obvious. (2) A method using circulating liquid 
for both the heating and cooling operation, thus utilizing the same 
side-wall surface. This approach was adopted because it offered 
stability and refinement of temperature control. A special ait 
induction system was designed to maintain a steady upwatl 
flow of air through the side-wall convectors regardless of the 
temperature of the heat-exchanger surface, Fig. 11. Side wall 
designed to be completely independent from each other, consist! 
of the following, Fig. 12: (1) Side-wall surfaces; (2) circulating 
pump; (3) liquid chiller (Freon used for coolant); (4) steam hes 
exchanger; (5) primary-air blower; (6) primary-air duct and 
jets. Items 2, 3, 4, and 5 were mounted in a special cabite! 
under the car, together with control valves for the heat & 
changers. Fig. 13 shows the actual cabinet assembly. 
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TRANSACTIONS 


Controls for this system were based on the Minneapolis-Honey- 
well Company’s principles with interlocks provided for such con- 
tingencies as lack of steam for reheat of ventilating air, or steam 
failure in winter when ventilation was still desirable. A flexible 
arrangement in adjustment of temperature settings was made by 
placing variable resistances in all circuits. 


Fic. 11 EquipMEeNT SHOWING AtR-INDUCTION SYSTEM 
UsEep IN PRESENT INSTALLATION OF C anp O Coacn No. 830 


Fie. 13 


OF THE ASME 


«hoe 
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One unusual feature of the system was the refrigeration cycle, 
where three exchangers were connected to the same Freon liquid 
and suction lines with a single compressor-condenser unit, Fig 
14. The three exchangers had variable-load requirements and 
therefore Freon temperatures could be different. To accomplish 
this, Minneapolis-Honeywell back-pressure motorized valves 
were installed, which in turn responded to the demands of the 
thermostats in the car space by regulating Freon pressure in the 
exchangers. This arrangement worked out quite successfully, 
first at Frigidaire laboratories as an independent system, and 
later as part of the over-all system in the Budd Company cold 
room. 

This system was designed, built, and installed in C and 0 
coach No. 830 in the 7-month period between June and Decem 
ber, 1947, and tested during the month of January, 1948, in the 
Budd Company cold room. Test results confirmed the improve- 
ment in comfort level when the desired space conditions were 
attained. The usual development difficulties with details and 
insufficient refrigerating capacity from the Model D Waukeshay 
unit interfered with impressive demonstrations. The favorabk 
points which were developed in the cold-room tests are as follows 


1 There were no objectionable drafts in the car space, ever 
though total air circulated was 3000 efm. 

2 Humidity control was effective within the capacity of the 
refrigeration plant 5'/. tons, designed capacity for the system 
being 9 tons. 

3 During heating tests, one side can carry total heating load 
and maintain even temperature distribution within the car 
space. 
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DIAGRAM OF THE SipE-WaALi EQUIPMENT FOR SENSIBLE 
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The system failed in its stand-by requirements, which were to heating surface at the wall. The effectiveness of this circulation - 
maintain car-space temperature at about 60 F without use of | was unanticipated and it was found unnecessary to supply addi- 
electrical energy. Stand-by heating was to be accomplished by _ tional heat in the pipes under the floor as this was demonstrated 
gravity flow of hot liquid, but never materialized. effectively during the test, when one side of the car had no heat — 
' supply and the other side was carrying the entire load. The | 
. heated side showed a floor temperature only 3 deg F higher than 
. r - - the unheated side, and both were maintained at a comfortable 
level. This circulation is unnoticeable as a draft to passengers 
<a anywhere in the car, although there is a local draft over the 
cas 7. : window glass which can be felt if the hand is placed near the 
SUCTION glass. 
oo It is no news that dry air is more comfortable than cooler but — 
) : humid air and this system has definitely accomplished the former 
: with results that the car-space conditions have been noticeaby 
improved even at space temperature of 80 F. The circulation 
7 ry) within the body is sufficient to provide evaporative cooling but 
‘ ; it is not noticeable as a draft. The automatic transition from 
d ii gpa, ap heating to cooling is effective without any notice on the part of the 7 
: =o COMPRESSOR passengers and hardly any indication on recordings. The feel of 
, thermal environment is definitely improved over that of the 
’ JX EXPANSION VALVE conventional system where all cooling load is handled by an over- 
® SOLENOID VALVE head system of opposite circulation, and heating is handled by 
. “hot boxes”’ along the floor. 
o ee Se eee It is freely admitted that the system now installed on Car 830 
" Fic. 14 D1aGRAM OF REFRIGERATION Circuit as INSTALLED IN C is complicated and relatively expensive; however, the system 
” AND O Coacu No. 830 is now undergoing redesign to simplify the equipment drastically 
without losing any of the advantages obtained and provide ade- 
: The assignment of the car to regular passenger service is afford- | quate stand-by and emergency heating. 


ing an opportunity to study the operating problem and passenger 
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The author outlines the problem confronting the rail- 
road-train designer in providing the comfort and beauty 
which the passenger has come to expect, and which is 
necessary to attract his patronage in the highly com- 
petitive field of modern transportation. The over-all 
design conception is discussed, with decorative treat- 
ments described of such famous trains as the Olympian- 
Hiawathas. The author’s conception is given of the 
facilities and styling of passenger cars of various types 
which will make up the “‘train of tomorrow.” 


N treating the subject of visual passenger comfort, or railroad 
passenger equipment styling, the industrial designer, 
counseling the railroad industry today, feels called upon to 

cite the stringent limitations of the problem at the outset. 
Working alone or with a staff, he becomes only one link in the 
chain of events leading up to the complete design of any product. 
He depends wholly upon the co-operation and support of manage- 
ment, engineering, production, sales, and advertising. Without 
them, and their knowledge and experience pertinent to their 
own problems, he could never make his contribution to the ulti- 
mate solution. 


Tue tro 


The industrial designer’s first step in any program is to consult 
with these important departments for an accurate idea of the 
limitations and the latitudes. As important as is this initial 
knowledge of limitations, the designer must approach this meet- 
ing and discussion with a great deal of tact and diplomacy. He 
must be extremely careful to prevent this open discussion of limi- 
tations from being so complete that there is no latitude for change 
over that which has always been done before. A certain amount 
of this conservatism and reluctance to change occurs in any 
product-design picture, but it must be said that in the railroad 
field this characteristic is particularly pronounced. In general, 
the limitations which must be considered in the design of rail- 
road passenger equipment and the styling of locomotives, are the 
materials involved, initial costs, safety, maintenance, traffic 
handling, legal complexities, tradition, and obsolescence. 


Tue TRAIN-STYLING PROBLEM 


In the general architecture of the railroad train as a whole, and 
the railroad passenger car individually, the designer must deal 
with a rather inflexible set of dimensions and proportions. The 
railroad car is long and narrow, mounted relatively high on swivel 
trucks, and a necessary gap exists where cars are coupled together 
inatrain. The cross-sectional contours cannot be deviated from 
too widely, and a definite and general similarity with older equip- 
ment must be maintained so as not to make obsolete cars 10 
and 20 years old which are still serviceable. It is naturally the 
designer’s dream, in the creation of a new train, to give it a 
theme, design it as a unit, and have it remain intact during its 
service. However, unavoidable situations occur in railroading 


1 Industrial Designer, Brooks Stevens Associates. 

Contributed by the Railroad Division and presented at the Semi- 
Annual Meeting, Milwaukee, Wis., May 30-June 5, 1948, of Tue 
AMERICAN SocreTy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—SA-46. 


Visual Passenger Comfort 


By BROOKS STEVENS,' MILWAUKEE, WIS. 
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today, demanding the occasional use of older equipment in emer- 
gencies, and this causes an aesthetic jolt in many of our up-to-date . 
trains. 

In discussing the limitations of the exterior design as it per- 
tains to eye appeal or passenger appeal, the designer can work 
with the surface styling of the outer skin by the use of corrugated 
sections, stainless steel, applied trim, skirt contours, window 
spacings and shapes, and colors. The more modern trains today 
have fallen roughly into two categories, namely, the bright, stain- 
less-steel treatment, fluted or otherwise, and the painted steel car. 
One manufacturer has practically established a trade-mark with 
the use of fluted stainless side walls. In the painted steel ver- 
sions, we have fallen into a logical but rather stereotyped pattern 
of horizontal bands of color, beginning with the traditional letter- 
board and varying in width and proportion over the rest of the 
surface. By now, most of the top trains in the country are follow- 
ing the general pattern of horizontal stripes running through the 
windows and letter board, leaving only a color scheme for indi- 
vidual identity. 

Although I do not believe in pseudo-streamlined garish paint 
schemes as the answer, I feel that infinitely more individual 
identity and passenger appeal can be injected into the railroad- 
car paint styling today. In the design of the new Olympian- 
Hiawathas for the Chicago, Milwaukee, St. Paul and Pacific, — 
we have injected a “new look’’ in paint styling. Those who _ 
as yet are not familiar with this new equipment will be inter- 
ested to know that we have departed from the traditional hori- — 
zontal bands, and in working with the colors of the Milwaukee _ 
Road—harvest orange and royal maroon—we have created _ 
individual identity that will become recognizable on the spot — 
as the trade-mark of the Olympian-Hiawatha trains. The prin- 
ciple of the paint scheme is based upon the fact that visually it 
tells the story of the interior, architecturally, of the car. The 
average car is broken up into three areas, i.e., the large central 
area, being the passenger area, with coach seats, sleeping sections 
in the Tour-a-lux car and roomettes, bedrooms, and compartments. 
The areas at each end are generally allocated to men’s and 
women’s lounges, and passageways from vestibules to the central 
passenger area. 

The window pattern has been changed between the passenger 
area and what the designer refers to as the “utility” area. Rec- 
tangular windows are used in the passenger area, contrasting with 
portholes and elongated portholes in the vestibules and lounge 
rooms. The maroon horizontal panel embracing the main central 
passenger area is thereby divorced from the two end areas, which 
remain in the over-all orange field. A wide trim stripe, beginning 
under the portholes in the utility area, rises upward and over the 
central maroon panel, to return down again and carry under the 
portholes of the opposite end utility urea. With two cars 
butting together at the vestibules, we find an obvious continuous 
pattern of portholes or utility-type windows joining visually 
together, as well as the joining of the trim stripe. This combining 
of similar porthole patterns minimizes the necessary joint between 
the cars, making the surface appear more continuous. The re- 
occurrence of this pattern from car to car in a long train relieves 
the monotony of the already exaggerated continuous length of a 
group of cars, and, in turn, we have a strong individual pattern 
entirely original with this new train. At each vestibule door a 
large aluminum and maroon emblem is employed, carrying out the 
symbolic figure of Hiawatha. 
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Individual car names are carried out in gold leaf and maroon 
edging in bold, modern script comparable to the locomotive 
lettering ‘“Olympian-Hiawatha.”’ All of the roofs of the equip- 
ment are painted in a dark sandy gray to offer the least possible 
change in appearance from dirt and weathering. The trucks and 
entire underbody are painted out in a dull shadow black to mini- 
mize their irregularity, which normally would detract from the 
sleekness of the upper car body. Deep superfluous sheet-metal 
skirting has been eliminated from these cars entirely in favor of 
maintenance, continued good appearance, and the elimina- 
tion of the unnecessary load of ice and snow during the winter 
months. 


ConsTRUCTION Costs, SAFETY, AND MAINTENANCE 


To carry on with the limitations necessarily placed upon the 
designer, it is almost needless to point out that car costs must be 
held within reason. Many things, interesting and unique to the 
public, could be done with carte blanche or unlimited initial ex- 
pense. 

Safety must certainly come into the industrial designer’s ap- 
proach to the problem. His goal is to intrigue and please the 
passenger with the equipment, but it should not be at the ex- 
pense of their safety and well-being. Many dangers lurk in the 
more aesthetic ways of styling lounge cars, diners, and even 
coaches. With the high speeds of today, we have sway, despite 
our great improvements in riding qualities and suspension de- 
sign. Passengers may still be thrown against bulkheads, parti- 
tions, and furniture. One must be tremendously careful with the 
use of glass, sharp-cornered appendages, doorways, and the like. 
It is on important matters such as these that the designer depends 
heavily upon the experience and knowledge of the operating de- 
partments and the car builders’ engineers. 

The public can never know how important the consideration of 
maintenance must be in the design of this equipment. Some of 
the most beautiful things on paper will even pass the pilot-model 
stage successfully, only to become a miserable eyesore after a 
few thousand miles of use. Car-cleaning departments can be 
compared to professional dishwashers in a large restaurant, 
they never complete their task. They must do their work quickly 
and well in order to return an expensive piece of equipment, to 
profitable operation in the shortest period of time. The same 
passenger who would be intrigued and overwhelmed with the 
beauty of certain interiors would be the first to scorn and criticize 
its shopworn appearance after it could not “‘stand the gaff” of 
disinterested public riders who had purchased tickets but who 
have very little interest in the railroad which owns the equip- 
ment. Railroad studies to date on passenger behavior reveal 
astounding facts. The habits and actions on the part of some 
passengers would be unbelievable if advertised to the general 
public. 


INTERIOR DESIGN 


Problems with traffic go further than riding habits and disre- 
gard of property. Great care must be given to seating comfort 
and interior design to minimize the risks of dissatisfaction, com- 
plaint with regard to lounging facilities, food and beverage serv- 
ing, attendant behavior, and the like. Legal complications and 
lawsuits can arise from seemingly minor errors in design and con- 
struction. We must contend, too, with the fact that some human 
beings are so constituted as to provoke situations which would 
result in suit for financial gain. 

Last but not least, in the limitation picture, we have tradition— 
something which I shall call “‘traindition” (precedent adher- 
ence). There is a definite leaning toward approaching the new 
car-design problem from the standpoint of materials, methods, and 
even shapes, with which there has been ord of tried and 
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proved experience and a definite desire to hold on to; to do it 
that way again—but just to change the color. 

As an interesting and stimulating battle between tradition, 
convention, and the ‘‘new look’’ goes on, we find definite passenger 
acceptance of much of our good-looking equipment of today. 
In general, there is some flexibility in the interior plan of each 
car, based of course primarily upon maximum pay load with 
maximum comfort. The passenger today is not going to be satis- 
fied with drab, monotonous, purely mechanical interiors which 
represent the zenith in fabrication, simplicity, and maintenance 
ease. The dark glossy woods of the past, with a shiny layer of 
varnish, drab plush fabrics, and “busy” flowered rug patterns, 
have given way to a greater use of color, woven patterned fabrics 
simplified-pattern carpeting, rubber tiles, linoleums, and indi- 
viduality in color schemes between cars. 
can take on an individualized, feminine appearance, or the pow- 
der-room atmosphere; and for the men, the denlike masculinity 
of the club. 


Lounge areas for women 


HoOMELIKE ATMOSPHERE DESIRABLE 


Railroad-car equipment today can borrow, in a sense, from 
two other sources appealing to the passenger—the home, and som« 
of the brilliant styling of the motorcar. A cross between these 
can be*cleverly woven into the scheme so that the warmth and 
cheerfulness of the home, coupled with a dash of our most popular 
means of transportation, can combine to be both practical and 
attractive. The occasional use of carefully selected pictorial sub- 
jects for lounge-room areas, as well as passageways and bulk- 
heads, can brighten and individualize any interior. It may be 
interesting in the future approach to coach bulkheads to use an 
etched plastic map of the route of the particular train, showing 
the key cities of interest, the stops, edge-lighted and with a light 
source following the route of the train slowed down to show the 
actual progress to scale, or with the city designation lighting up a 
few moments before each arrival. This would be very informa- 
tive and useful to the passenger, as well as having definite decora- 
tive possibilities without extreme cost or mechanical problems. 

The tendency for regimentation of seating is required function- 
ally in the coach of today, but there are possibilities for breaking 
the monotony of the long narrow room with wall treatments, 
window spacings and shapes, and even color schemes of certaii 
groups of seats. The latitude in wall coverings is expanding tre- 
mendously with the introduction of low-maintenance synthetic 
materials of the decorative melamine laminate types, as_ well 
as impregnated cloths, vinyl leather simulations, and many 
types of floor coverings. I do not believe in the use of high- 
gloss, hard-surfaced, enamel panels, or plastics, studded with 
stainless decorative moldings over every seam and joint. Despite 
the chances to use warm pastel colors, these interiors are apt to 
become cold and kitchenlike in their appearance. Wood grains 
in the blond finishes can go a long way toward softening this 
effect and increasing the homelike character, but the use of genu- 
ine wood with lacquered or varnished surfaces is obviously sub- 
ject to brutal wear and tear. Melamine laminates can be ob- 
tained in a tremendous variety of wood grains and patterns which 
have the surface toughness to withstand hobnailed boots, metal- 
cornered suitcases, and other damaging forces. 

Lighting can play a most important part in the interior aesthetic 
scheme, both from the standpoint of function and decoration, and 
I believe that the surface has only been scratched in this particu- 
lar category. In connection with light and vision, it is felt that 
we will continue to increase the size of windows and minimize the 
width of intermediate pillar posts. We have seen experimental 
samples of economically heated window glass which will prob- 
ably become available in the future as a means of doing away with 
the ‘cold shoulder.” 
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In lounge and club cars today there is a tremendous opportu- 
nity for individual styling. Seating need not be regimented with 
chairs lined upon both sides of an aisle,but can be arranged in the 
smartest restaurant and night-club groupings, with changes in 
fabric and color schemes so planned as to offer privacy, different- 
sized groupings, and even improved scenery appreciation. The 
use of living plants and hardy green foliage can go a long way 
toward styling and softening the interiors of observation and 
club cars. Edge-lighted plastics, decorative lighting, colorful and 
cheerful patterns in fabric, and interesting architectural treat- 
ments can make the lounge car a great part of the answer to the 
threat of high-speed air transport. The traveler who is on a semi- 
pleasure trip and does not have to rush to make a business ap- 
pointment at a distant point, as well as those who “have to be 
there’”’ at an appointed time, can enjoy the luxuries of a well- 
appointed train. 

In the ultimate styling of the entertainment car, it is this de- 
signer’s opinion that uniforms be designed to harmonize with the 
general theme. 


The treatment of menus, napkins, and even 
beverage coasters, can all be made to blend to tell a given story. 
Radio reception, recorded music selections, and news announce- 
ments already are realities. Ship-to-shore telephone facilities 
are on the horizon, and we have had motion-picture cars in ex- 
perimental stages for some time. No doubt the near future will 
bring even television to mobile rail equipment. 


STYLING THE DINING Car 


Dining cars can also take on a higher degree of style and clever- 
ness in design, as compared to the standard coaches. Again, the 


regimentation of conventional seating can be varied for more 


interesting effects to increase scenic vision and the accessibility 
forentry and exit. All of the latitudes of architecture, materials, 
colors, lighting, and the like, are equally applicable to the modern 
diner. It might be interesting to prophesy that with some of the 
functional beauty of the modern stainless-steel gallev, we might 
arrange for windowed passageways through which passengers 
could observe the preparation of food. In many a fashionable 
restaurant today, the open-to-vision barbecue and food prepara- 
tion is capitalized upon by the management which is proud of its 
cuisine. 


Tue SLEEPING Car or Tomorrow 


In the sleeping car of tomorrow, the designer must work with 
the usual limitations of space and flexibility, but with a definite 
goal of creating a pleasant individualized interior and a definite 
departure from the cell-like appearance of many cars today. In 
the room car of tomorrow, it is this designer’s opinion that each 
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room could have its own color scheme, fabric patterns, and pic- | 
torial theme. It even would be possible and advisable to take 
the most predominating color and bring it outside the room on — 

the surface of the door to individualize and eliminate the monot- _ 

ony of the long narrow hallway. This, too, would go beyond just _ 
the numbers or letters for room identification. . 

Berth mechanisms will be simplified and improved, and the use_ 
of folding individual chairs is becoming more popular. Toilet-fa- 
cility annexes are welcome realities. Observation lounge-car areas — 
can be treated in much the same manner as a club car, but with > 
even greater emphasis on vision. The new solar lounge for the — 
Olympian-Hiawatha and the Twin Cities Hiawatha trains features 
one solution to this problem with its aerodynamically contoured 
safety-glass dome, built into the single level contours of the | 
conventional car, offering 180 degrees panoramic vision in the 
horizontal plane to the rear, and 180-degrees in the vertical — 
plane, with sufficient structural strength to combat roll-over and 
rear-end collision. The use of heat and glare-resistant glass will 
minimize the conditions in bright weather and offer the maximum 
visibility for an appreciation of the countryside. 

OrHeR FEATURES TO BE 

A further use of transparent roof areas might also be used in 
dining cars or lounge cars by fitting similar heat and glare- 
resistant glass into the cove area of the roof only, which would not 
remove the center air-conditioning duct work from the car, yet 
would allow passengers to glance upward to view mountainous 
scenic areas, cloud formations, and the like. This treatment could 
be used in portions of the lounge cars and diners only, to allow it 
to be there for those who wish to make use of it and to have more 
sheltered areas in the same car for others. 

Soft cove lighting, centrally located on the wall, in the down 
direction only, will offer reading light without making mirrors of 
the ceiling glass areas at night. Rheostating of this light 
will permit full damping for moonlight observation at night, 
with low courtesy lights built into the furniture for passenger 
safety. 

Railroad travel should be made as interesting and pleasant as 
possible at the lowest possible cost. If the surroundings are 
pleasant, the service and facilities good, there should be a pro- 
portionate share of allegiance and attendance on the part of the 
public which would choose this pleasant means of relaxation as 
compared to high-speed air transport. Railroad equipment is 
sizable, expensive, and must be used profitably over a long period. 
It should not be freakish in design, and should not involve mo- 
mentary fads and trends in its execution because of the obsoles- 


cence problem. 
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Railroad Level 


Improvement in comfort may be realized by lowering 
the noise level to which the passenger is subjected. The 
author outlines the scientific approach to the noise prob- 
lem, giving the analytical formulas essential to its study. 
These principles are then applied to railroad transporta- 
tion problems. 


INTRODUCTION 


RIGINALLY the passenger sought transportation at a 
() speed faster than walking. Given a mode of travel 

which he knew to be as fast as possible for the age, or as 
fast as his purse would allow, he began to be interested in other 
aspects of the conveyance than its mere speed. The railroad 
passenger of today knows that modern techniques and materials 
are available to give him transportation in comfort. Whether 
he chooses instead to use an airplane, bus, or private automobile 
depends on the facilities available, the ease and pleasure with 
which he can use them, and the cost to him in time and money. 
Competition between the different types of transportation, and 
between operators of the same type, makes it pertinent to ex- 
amine all phases of the demands of the traveling public. The 
average passenger may consciously want something that he 
knows about, such as a comfortable seat like the one at home, 
or he may be won over by something demonstrated to him that 
he had not particularly thought about, such as a train ride super- 
quiet by present standards. 

This paper is partially concerned with mechanical vibrations, 
but only for those higher than 30 cycles per see (cps). Air-borne 
sound caused by them, when heard by the passenger, constitutes 
a portion of the acoustical problem. At frequencies lower than 
30 cps we are in the region of the riding-comfort problem. Not 
all air-borne sounds come from mechanical vibrations, but are 
formed directly in air. We will see that, by ordinary standards, 
the amplitudes of mechanical motion which generate trouble- 
some sounds can be very small. Because of this the remedy 
usually does not lie in the field of closer tolerances, but the 
problem can be controlled by certain techniques of the acoustical 
engineer. 

Air-borne sound is generated underneath the coach by (a) roll- 
ing and jumping of wheels on rails, (b) bumping in the spring- 
truck system, (c) auxiliary units such as a compressor, (d) wind 
noise; at the ends of the coach by (a) couplings, (6) loose vesti- 
bule doors and latches; inside the coach by (a) vibration of all 
interior surfaces, (b) ventilation system, (c) loose fixtures, (d) 
leakage sounds from any outside air-borne source. There are 
many possible ways by which the sound level, which the passen- 
ger hears, is built up. Acoustical theory and experience demon- 
strate that all important components must be controlled to ob- 
tain a significant noise reduction. There is no attempt in this 
paper to compare different types of coaches. The figures pre- 
sented are from rather extensive investigations but are used in an 
illustrative rather than a comparative way. 


' Chief, Acoustical Engineering Section, Johns-Manville Research 
enter. 

Contributed by the Railroad Division and presented at the Semi- 
Annual Meeting, Milwaukee, Wis., May 30-June 5, 1948, of THE 
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Nore: Statements,and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—SA-47. 
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FUNDAMENTALS OF SOUND AND VIBRATION 


Soundin Air. Before giving figures on sound levels representa- 
tive of the problem, a statement of the pertinent fundamentals is 
in order. This section is concerned with the physical aspects of 
sound in air. There will be references to the sense of hearing, 
but how the ear interprets this will be discussed separately. 
When a sound wave passes a given point the barometric pressure 
fluctuates above and below normal atmospheric pressure. A 
simple source, such as a gently struck tuning fork, vibrates with 
a harmonic motion and generates a pure tone. The pressure 
fluctuation as a function of time is sinusoidal. Complicated 
sources, such as those found in transportation, cause pressure 
fluctuations which may be quite complex. Using a 1000-cps pure 
tone, it has been determined that the average ear can just hear as “— 
sound a root-mean-square (rms) pressure variation of 2.04 X 107! 
dynes per sq em. The pressure variation is usually called the 
sound pressure. The ear still gives the sensation of sound, with 
some discomfort, at 1000 cps for a pressure as high as 6.45 X 
10° dynes per sqemrms. Above that the chief sensation is pain. 

Decibels. In communication engineering the concept of the 
decibel was first formulated. Given two amounts of power, IW), 
and W,, W, being the larger, we have the definition = 


Decibel difference = 10 logie W, 
1 


It may be shown, for conditions that are nearly always fulfilled in 

noise-control problems, that given two sound pressures, P» and | 

P;, being the larger 


The decibel always involves a ratio. When a train noise is said 
to be 80 decibels, it refers to 80 decibels above some reference 
pressure. The reference pressure has now been standardized at 


2.04 X 10-4 dynes per sq em. Given a sound pressure P ex- 
pressed in dynes per sq cm rms we have the definition 


P 
2.04 X i0-* 


The range of the ear, just referred to, is 0 to 150 decibels (db) pres- 
sure level. While it is sometimes useful for computational pur- 
poses to know the sound pressure, for most applications the deci- 
bel concept is sufficient. Sound-level meters ordinarily read in 
decibels. When in calibration, or when the proper heel 
factor is added, the value obtained is pressure level in decibels. 

Mechanical Vibrations as Sound Sources. Given a vibrating 
surface which acts as a sound source, it may be shown that the 
air particles near-by move in phase with the surface and’ at 
thesame velocity. As thesound pressure is a linear function of the 
air-particle velocity, it is convenient to rate a vibration in terms 
similar to those discussed. When the vibrating surface, at 1000 
cps, moves with a velocity of 4.87 X 10-* cm per sec rms, the 
near-by sound pressure is 2.04 X 10~-‘ dynes persqemrms. <Ac- 
cordingly, given a velocity V expressed in cm per sec rms we 
have the definition 


P. 
Decibel difference = 20 logis 
1 


Pressure level in decibels = 20 logie 


Vibration velocity level in decibels = 20 logis —-——— 
ibration velocity level in decibels ——— 
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TABLE 1 
0 decibels 


FREQUENCY AND DECIBEL LEVEL RANGES 
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80 decibels 
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x 
x 
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Displacement; em, rms; 
If a surface has a vibration velocity level of 80 db, it will generate 
near it a pressure level of 80 db, for example. In Table 1 are given 
displacements in ‘‘em rms’’ and velocities in ‘“‘em per see rms’’ 
for the frequency and decibel level ranges of interest. 

Multiple Sources and Adding Decibels. Suppose at a point of 
observation that a source of sound creates a pressure P;, that a 
second source, when it alone is emitting, creates a pressure P». 
For the random-phase relationships which oceur with multiple- 
wall refiections and radiation from complex sources, it may be 
shown that the total pressure P,, when the sources emit simul- 
taneously, is VY P,? + P.*. For the case where P; = P2, we ob- 
tain P, = /2 P,. Applying the definition of decibel difference, 
P, turns out to be 3 db more than P;. In Table 2 are given this 
and other addition factors found by such an analysis. 


TABLE 2 FACTORS TO ADD IN 


Db difference 


in two levels 


DECIBEL DETERMINATIONS 


Db to add to 
larger level 


SCC 
We to 


Sound in a Closed Space. 
pressure level which establishes itself as steady is the one where 
the rate of sound-energy removal is just equal to the rate of sound 
energy emitted by the source. Sound energy is incident typically 
The ab- 
sorption coefficient may be thought of as the percentage of sound 
energy absorbed at one incidence when a ray of sound strikes 
the surface ata random angle. If an area of sq ft has an absorp- 
tion coefficent of a;, this area is said to have aS; units of ab- 
sorption measured in sabines. The total sabines are obtained by 
summing all the aS values in the enclosure. For practical pur- 
poses the equivalent sabines of an open window are obtained by 
considering its ‘absorption coefficient” as 1. In some applica- 
tions the sabines contributed by relatively nonabsorbing surfaces, 
such as walls or floors, may be important because of the area 
factor. With a constant source, if a; sabines are initially present 
and a, sabines are present after the introduction of sound-absorb- 
ing material, the detibel reduction in pressure level will be 


For a source inside any space the 


upon walls, sound-absorbing materials, and openings. 


ta 


In an enclosure subjected to air-borne sound striking the outside, 


the pressure level established inside will be 


a 
10 logis 
a 


average inside pressure level 
pressure level of sound outside striking transmitting 
area A 


5 X 10-5 
94 X 10-8 


’ = vibration velocity, em per sec., rms 


-150 decibels ——— 


-— 
D Vv D 

x x 1072 x 10 10° 

x 10-5 197% x 10 .54 X 

x 1072 x 1072 54 X 

x 1076 ¥ .45 1072 54 &X 
x i073 x 107" X 


lied 
pores 


a = total sabines absorption inside enclosure 
A transmitting area, sq ft 


Transmission loss is the decibel drop produced on air-borne 
sound of random angle of incidence by a sound barrier, measured 
close to each side, under conditions which discount the effect. of 
reflected waves. 

Vibration Isolation. Usually, when a structure of appreciable 
weight is found to be in vibration, the addition of extra weight 
causes little change in the vibration of the original structure. [i 
the addition is rigidly fastened it partakes in the vibratory motion 
exactly. If the addition is compliantly fastened by a spring or a 
rubber mounting, the decibel difference between the vibration 
velocity level of the structure and the vibration velocity level of 
the addition is an of 
(ew)? + (k — mw?*)? 

(cw)? + k 


10 k 


where 


mass of addition (W lb, 386) 

pounds to produce 1 in. deflection in compliance 

pounds force required to maintain velocity of Lin. per see 
2xf, where f is driving frequency in eps 


Pressure Level and Sense of Hearing. We have been discussiig 
sound mainly from the physical viewpoint and have referred to 
the ear only in terms of the threshold of hearing—O db, and the 
pressure level at which pain begins—150 db. By definition, th: 
loudness level of a pure tone is the pressure level of an equally 
loud 1000-cps tone, as decided by a sound jury. The unit o! 
loudness level is the phon. For a 1000-cps tone the loudness level 
in phons is the same as the pressure level in decibels for any 
value of pressure level. Due to the peculiarities of the ear, 
which, in general, lacks acuity at low frequencies and low pressure 
levels, the relation between loudness level and pressure level is 
complicated function of both frequency and pressure level. In 
Table 3 are given pressure levels at different frequencies required 
to evoke the sensation of 0, 40, 70, and 100 phons loudness level 

When the pressure level at the frequency under consideration 
rises to that shown in the “0 phons” column, the ear can just de- 
tect it. For example, at 50 eps, a pressure level of 53 db is neces 
sary before the sensation of hearing is evoked . At 500 cps, th 
ear detects a pressure level of 6 db. At 3500 cps, the ear is mos! 
acute, detecting a pressure level 8 db below 2.04 * 10-4 dynes 
per sq em. At high pressure levels the ear has a relatively eve! 


TABLE 3 PRESSURE LEVELS AT VARIOUS FREQUENCIES 


Frequency, -——— Loudness level, phons———— 
0 40 70 1 
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response over the frequency range, as shown by the ‘100 phons” 
column. Jn communication-engineering parlance this is known 
as a “‘flat’’ response. 

Noise Reduction Required to Be Significant. If a typical indus- 
trial or transportation noise is reduced 25 phons, the usual reac- 
tion is that most of it has been eliminated. If reduced by 20 
phons, the improvement is considered outstanding. If reduced by 
10 phons, it is usually judged worth considerable expenditure. 
A 5-phon reduction is recognized as a definite improvement, but 
a 1-phon reduction is barely detectable. There are no hard and 
fast rules, as the worth of a noise reduction depends, among other 
things, on what the customer expects and what is to be achieved 
by the reduction. The values, as given, are fairly applicable in 
the range of 60 phons to 90 phons, where most noise-quieting prob- 
lems lie. In a weaving shed where a loudness level of 110 phons 
may exist, conversation is virtually impossible. A reduction of 
10 phons in this instance might not be judged worth while because 
conversation cannot be carried on except with considerable dis- 
‘omfort at 100-phons loudness level. 

Sources Emitting Many Frequencies. A complex noise source 
produces sound energy at many different frequencies over the 
audible range. It is comparable to an aggregation of simple 
sources each giving a pure tone at a different frequency. The 
effect of adding multiple sources has already been discussed, 
iithough nothing was said about frequeney. In a similar way, 
vhen a complex source has a 90-db component at 100 eps, and an 
80-db component at 500 eps, the total pressure level is 90.4 db. 
rhe complete elimination of thé 500-eps component would re- 
duce the total pressure Jevel by only 0.4 db, an insignificant 
amount. Those sound-level meters, which indicate only total 
evel, would show no experimentally detectable change. What 
s needed is a frequency analyzer in conjunction with a sound-level 
neter. By tuning in the two component frequencies individually, 
he pressure levels of each can be measured. As the ear is capa- 
ble of such frequency discriminations, it is usually important in 
transportation noise problems to make a frequency analysis. 
It oftens happens that noise-control methods give significant re- 
luctions in the middle and high-frequency components only. 
In cases where the total pressure level before treatment is due 
rimarily to the low-frequency components, the total pressure 
evel after treatment will also be due to them, and there will be no 
letectable change in the total. However, a frequency analysis in 
betave bands shows the reductions where they have occurred, and 
these readings, converted to phons loudness level, give values in 
accord with ear judgment. 


APPLICATION TO TRANSPORTATION PROBLEMS 


Noise in a Coach. A noise survey using a microphone under- 
neath the coach, suitably protected from windage noise, at 60 
mph, gave the analysis'in Table 4 

When it is considered that representative conversation (male 
voice) in a quiet place at a distance of 4 ft has the analysis shown 
in Table 5, it is apparent that a good sound barrier must be inter- 
posed if levels of the order of Table 5 are to be obtained. The 
transmission loss of one type of typical coach floor, measured in 
the laboratory, is givén in Table 6. 

Given’the noise spectrum of Table 6 on the sending side, such a 
floor would produce, on the receiving side, measured at a point 
hear the floor, the pressure levels of Table 7. At the passenger’s 
ear the pressure levels would be of the order of 4 db less than the 
pressure levels near the floor, but it is apparent that even at this 
point the pressure levels are substantially higher than Table 5 in 
many bands. 

Despite the spring system, the coach structural members vi- 
brate from the shocks of rolling, the jars of pulling one car with 
another, and the forces transmitted from a unit such as a com- 
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TABLE 4 RESULTS OF NOUS SU tty Y UNDERNEATH PASSEN- 


GER C 
Pressure ae db 


Frequency band, cps Loudness level, phons 


TABLE 5 ANALYSIS OF RE CONVERSATION: 
rT 


MALE VOICE AT 4 I 
Pressure level, db 


Frequency band, eps Loudness level, phons 


0- 50 
50- 100 7 
100— 200 45 
400- 800 61 
$00-1600 ig 54 
1600-3200 48 
2400-4800 42 
4800 + 40 
Total 63 


TABLE 6 TRANSMISSION LOSS OF TYPICAL COACH FLOOR 


Frequeney,eps ‘Transmission loss, db 
30 18 


1200 28 

240000 
6000 45 


TABLE PRESSURE LEVELS ON RECE hd ae SIDE 
OF COACH IN TABLE € 


Frequency, eps Pressure level, db 


0- 50 62 

=< 50- 100 55 
100-200 55 
200-— 400 69 
400- 800 84 

800-1600 80 

1600-3200 62 
2400-4800 52 
4800 + 41 

Total 86 


pressor directly attached to the frame. With conventional rigid 
methods of attachment, these vibrations travel into the floor, 
side-trim panels, windows, and head lining. The passenger is 
surrounded by sound-generating surfaces. Proper methods of | 
attaching the interior surfaces must be adopted if an important _ 
improvement is to be obtained. ; 
Improving Floor Transmission Loss. Using structures with _ 

substantially rigid connections throughout, experiment has | 
shown that, averaged over the nine frequencies commonly used | 
to cover the audible range, the transmission loss is represented by — 


= 


where w is the weight in pounds per square foot of the panel or 
wall. The equation describes the average of many tests. Indi. 
vidual panels may vary as much as 6 db from this. In general, 
however, the average 7'L for a 10-lb per sq ft panel, typical of 
coach floors, is 37 db. This average is also approximately the 
transmission loss at 1024 eps. With a fixed weight the trans- _ 
mission loss increases about 4 db per octave. For a fixed fre- | — 
quency it increases about 4 db every time the weight is doubled. - 7 
There are important considerations from this ‘weight law,” as : : 
the prohibitive weight of 50 lb per sq ft is indicated if we are 

to increase TL by 10 db. Fortunately, the vibration-isolation 
principle used for many years in broadcasting-studio con- 
structions is equally applicable here. By the weight law, the TL 
of a 3-lb per sq ft panel is 29 db. Under suitable conditions, such 
as the large spacing possible in the entrance and exit doors of a 
sound lock, the 7'E of a 10-lb and 3-lb two-barrier system is ap- 


TL = 22.4 + 14.3 logiow 


50- 100 31 
200- 400 94 
800-1600 108 Gus 108 
2400-4800 9 95 
4800 + 86 
lt 
4] =< 
s 
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proximately the sum of the 7L’s of the individual components or 
66 db. In a coach floor a 3-lb per sq ft deafening plate, for ex- 
ample, must be used near the floor structure and must be carried 
by it. However, by attaching the deafening plate with rubber 
isolators and using a rock-wool blanket between the two panels, 
a 7L of 48 may be obtained. Table 8 gives the improvement 
in transmission loss by attaching such a construction, measured 
in the laboratory. 

TABLES IMPROVEMENT IN TR: ea il LOSS BY ADDING 


DEAFENING PL 


Frequency, cps Transmission-loss increase, db 


Vibration Isolation of Equipment. A typical piece of equip- 
ment, such as a compressor, may be surrounded with a housing, 
and a floor may be interposed, giving more than enough of a 
sound barrier to keep its air-borne noise from reaching the inside 
of the coach. With present floor construction, however, enough 
energy may be transmitted directly from the compressor through 
the structure to vibrate the floor sufficiently to radiate an impor- 
tant amount of airf@orne sound to the passenger. This can be 
remedied by mounting the compressor on rubber or spring iso- 
lators. Using the equation given under “Vibration Isolation,” 
it turns out that isolation is obtained when the natural frequency 
of the equipment on the mounting is low compared to the fre- 
quency of the driving force. It is common practice to use mount- 
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ings soft enough to deflect !/s in. or more under the static load of 
the equipment. This means that the natural frequency is 9 cps 
or less, and good isolation is obtained for driving frequencies of 
50 eps and higher. 

Over-All Improvement of Interior Surfaces. The compliant 
mounting of the deafening plate mentioned, is an application o 
this principle, used to increase the barrier effect of the floo 
against air-borne sound. This is important because there is in- 
tense noise under the floor. The floor also radiates noise to { 
interior of the coach via its rigid connection to the frame. TI 
situation involves, in effect, two sources, and it is useless | 
lessen the weaker one. For best results, the entire floor should be 
isolated from the structure so that both paths of energy tran 
to the interior coach surface will be dealt with. Field measure- 
ments have shown that, given a choice, the floor should be con- 
trolled first. However, once it has been reduced to the vibratio 
velocity level of the remaining interior surfaces, all surfaces mu 
then be considered if a further reduction in pressure level is to b 
attained. 

Miscellaneous Noise Sources and Methods of Control. Nois 
from a ventilating system can be controlled by the usual te 
niques of low air velocity and a sound-absorbing lining in the 
ducts. Ventilating noise which cannot be heard when the coac! 
is in operation can be troublesome when the tfain is stationary 
and other sources are quiet. For detection and correction 
trouble from open ventilators, loose-fitting doors, open drains, at 
the like, an acoustical engineer is not needed, but careful attentior 
to both scientific and common-sense methods will result in new 
standards of quiet railroad transportation. — 
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By K. F. 


The author feels that in creating luxurious passenger 
cars, economical limits have been exceeded by introducing 
costly, complicated, and over-engineered appurtenances. 
The same criticism applies to truck design. Excessive 
weight and complications militate against long life of 
truck and track, and maintenance costs are high. He 
analyzes the components of the truck and points out where 
improvements can be made, finally suggesting the char- 
acteristics of the passenger-car truck of the future. 


the weight of a car set of passenger trucks is approxi- 
mately one third of the entire weight of the car, it is 
difficult to consider it as a separate unit since its function 
generally, threefold, namely, to carry the weight of the car 
dy, to generate enough friction to stop the moving car at will 
d, in most instances, to generate electric power for light, air 
nditioning, and other appurtenances. 
Considerable progress has been made from an aesthetic point of 
ew both in interio: and exterior appointments of passenger cars. 
connection with the latter, streamlining has run ahead of func- 
mal progress, resulting in increased cost of maintenance and 
wre difficult inspection, especially in severe winter weather when 
large amount of snow and ice is accumulated by the shrouding. 
This problem hasbeen recognized by some railroads and corrected. 
» In creating luxurious passenger cars we have gone beyond the 
onomical limits by introducing costly, complicated, and, in 
any instances, over-engineered appurtenances which have to 
e simplified greatly and reduced both in cost and weight to meet 
e competition of other forms of transportation. While this 
per is confined to passenger-car trucks, it 1s eonsidered per- 
ient to dwell briefly upon the elements placed in or underneath 
ecar body, which introduce problems when endeavoring to de- 
‘ign a safe, economical, and easy-riding truck. These elements are 
cessive weight, cumbersome brake equipment, and too great 
ectric-power requirement. 
In regard to excessive weight, the engineer is very much cir- 
imscribed as he can save very little weight in the body structure 
self without sacrificing strength as long as he is forced to load the 
with heavy equipment such as seats, air-conditioning units, 
id the like, and has to design the car body to carry this weight. 


Licuter Brakes NEEDED 


The high-speed brake with electrical control is heavy, cumber- 
me, and complicated. A simplified, powerful, and foolproof 
rake, even at the expense of sacrificing some efficiency, seems de- 
‘rable. 

The truck brake, known as the “clasp” brake, was developed 
tout 30 years ago and does not meet the exacting requirements 
‘high-speed service because of the rapid wear of its parts, as 
‘ellas brake shoes and wheels. There is a need for a lighter and 
wore efficient truck brake when consideration is given to the 
act that a car set of clasp brakes weighs 5300 lb complete with 
vlinders and slack adjusters, and that under favorable conditions 


‘Chief Mechanical Officer, Chicago, Milwaukee, St. Paul & Pa- 
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from a speed of 100 mph a train cannot be stopped in much less 
than 3600 ft. It is hard to conceive why we have lived with this 
condition up to the present time. 

The so-called disk brake, as developed up to the present time, 
is an improved method of braking, but the braking disks have 
blades which act as cooling fans for dissipating the maximum 
anticipated heat generated under most severe conditions by 
drag-braking, or in other words, braking down heavy grades, a 
practice which few railroads use with modern Diesel-powered 
trains. The resistance of these blades consumes considerable 
power at high speeds and from experience obtained this resistance 
probably could be reduced. Considerable progress has been 
made recently in increasing the seryice life of the brake shoe and 
and we feel the disk brake holds considerable promise for the 
future. 

W. S. Graff-Baker, chief mechanical engineer (Railway), 
London Transport Executive, London, England, in co-operation 
with the Westinghouse Limited, has worked out an interesting 
truck-brake application as shown in Fig. 1. In corresponding 
with Mr. Graff-Baker, he comments on this subject as follows: 
“The unit was developed at my instance as I became very dis- 
satisfied with the amount of brake rigging carried on either the 
truck or the body. It is very surprising that engineers have been 
content to put a mechanism on bodies and trucks of a crudeness 
which they would not contemplate anywhere else.”” The Mil- 
waukee Railroad has developed a hydraulic brake as shown in 
Fig. 2 but due to lack of time and outside interests the device 


is, for the present, lying dormant. we. 


WHEELS AND AxLEs NEED ATTENTION 


While on the side of criticism, the wheels and axles must not 
be overlooked. There has been but little improvement in wheels 
with the result that, with the increased speed and braking forces, 
the life of a wheel under a passenger car is very unsatisfactory. 
There was a time when 75,000 miles could be attained between 
each wheel-turning without creating rough riding, but it is 
doubtful if one half of the foregoing mileage is obtained by any 
railroad operating high-speed trains. Besides the unsatisfactory 
mileage, the wheel is too heavy. 

The axle situation is even worse. Some years ago one of our 
railroads had an unfortunate accident, resulting from a broken 
axle, which led to a further increase in the weight of the axle, 
instead of to a careful study and development of a design and 
specification for suitable steel to reduce the weight and provide 
a stronger axle. 

The principal roller-bearing manufacturers have perfected 
their product so that bearings today are almost trouble-free. 
Notwithstanding the fact that all basic patents on roller bearings 
have expired, we have not taken advantage of this situation by 
designing a standard axle or one standard bearing for all passenger 
cars. 

The foregoing criticisms or facts should prove that we still have 
a long way to go before we can take much comfort in so far as 
progress is concerned. 


IMPROVEMENTS IN SPRING SUSPENSIONS | 


On the other hand, since streamlined trains were introduced 
we have made some improvement or, more correctly stated, made 
some attempts in that direction and, either by luck or some in- 
genuity, have succeeded in improving the riding of passenger cars 
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by introducing more flexible springs. While riding has been 
improved, by increasing spring deflection we have encountered 
undesirable features such as vertical and horizontal oscillation 
and car-body rolling, which have necessitated the application of 
snubbers and levelizing bars, the use of rubber, and the like. These 
devices, although helpful, have increased the first cost as well as 
maintenance cost. 


The Milwaukee Railroad has made some attempt to reduce 
maintenance cost by introducing a rubber mat in the truck center 
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plate, thereby practically eliminating wear between body and 
truck center plates. It has taken away the spring plank, swing 
hangers, pins and axles, and with their elimination has solved 
automatically the problem of severe wear on these parts. The 
equalizers have been extended to form pedestal guides, and as the 
pedestal follows the movement of the journal boxes, there js 
practically no wear on these parts. This truck is shown in Fig. 3. 

In connection with the wear of swing hangers and pins, it was 
discovered that when the Milwaukee Railroad introduced the 
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10 
urge bolster coil springs having 13°/,-in. OD, the wear was re- nated and the bolster springs moved outside the truck frame. 
ied materially because of the fact that this large-diameter Although we had made extensive and satisfactory tests with a 
‘ing, in itself, acted as a pendulum, thereby reducing the move- _ truck so equipped with 8-ft wheel base, when the shorter-wheel- 
ent in the swing hanger. This experience led to the complete base truck was introduced in regular service, an undesirable 
mination of swing hangers and associated parts and, by moving shimmy developed at certain speeds and track conditions. A 
e bolster spring from its conventional location inside the equal- _ large number of tests were made both in road service and in the 
r to a location outside the truck frame, elimination of the laboratory before this shimmy was eliminated at all speeds and 
re-mentioned wear was accomplished. In addition, by widen- under all track conditions. The remedy was the introduction 
g the base of the bolster springs, the stability of the car body of what we call lateral-control sandwiches between the truck 
8 increased to such a point that roll stabilizers were no longer frame and the equalizer as shown in Fig. 5. 
quired. 
Many attempjs have been made with different types of springs, 
it all attempts seem to lead to one thing and that is, the more 
flection which can be introduced and controlled, the smoother 
riding. 
In cars built in 1942 by the Milwaukee Railroad, the pedestal 
guides were integral with equalizer, as shown in Fig. 4, and this 
rangement, together with end tie bars fixing the relation be- 
‘een truck frame and the equalizer, has proved a success. From 
snumber of tests made several years ago with wheel bases vary- 
girom 5 ft 6 in. to 11 ft, we came to the conclusion that the 
héel base had no function in good riding, and therefore in cars 
uilt in 1946, the wheel base was shortened from 8 ft to 7 ft. With 
is change the swing hangers mentioned previously were elimi- 


5 Latrerat-Contro, SANDWICHES BETWEEN TRUCK AND 
FRAME 
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Individual tests were made also with wheels having AAR 
standard as well as cylindrical contour. It was found that both 
the riding qualities as well as the tread wear were improved by the 
cylindrical-contoured wheels, and these were adopted as standard 
for high-speed trains. To eliminate excessive lateral movements 
of the truck bolster as well as excessively high torsion stresses in _ 
the bolster springs, an automotive type of rubber bumper was in- i 
troduced between the bolster and transom. The location of this wae 
Fic. 4 Pepestau Guipes Inrecrat Wire EquaLizER bumper is shown in Fig. 6. 
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CoMBINATION HELICAL AND ELLIPTICAL SPRING 


The Pennsylvania Railroad has introduced a combination 
helical and elliptical bolster spring which, it is claimed, has 
materially improved the riding qualities as the friction of the 


AUTOMOTIVE-TyYPE RUBBER BUMPER BETWEEN BOLSTER 
AND TRANSOM 
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elliptical spring introduces a stabilizing influence which provides 
an opportunity to eliminate the hydraulic shock absorbers which 
are costly to maintain. The passenger truck most commonly 
used today, which is called the General Steel Castings Corpora- 
tion’s basic truc] hown in 


Fic.7 CoMmBINATION HELICAL AND ELLIPTICAL BOLSTER AND SPRING 


Fic. 8 Copy or Goreriitz TrucK Mabe IN THE UNITED STATES 


The majority of truck designs used in Europe have no equal- 
izers, but carry the load from the truck frame to the journal by 
means of springs either directly above or at the journal boxes. 
In this country, we have never been successful in such grouping of 
springs, although several attempts have been made even to the 
extent of copying a European truck known as the Goerlitz truck 
shown in Fig. 8. The advantage of this type of truck is that the 
unsprung weight isreducedtoaminimum. 


swing hangers are supported by two parallel bars which in turn 
are supported by the cail bolster springs. 


ASME | 


- 


1949 


EUROPEAN DEVELOPMENTS 
Some interesting developments are being made in Europe; for 
instance, Mr. Graff-Baker, previously mentioned, has designed q 
passenger truck, substituting rubber sandwiches for the conven- 
tional bolster springs, as shown in Fig. 9. It will be noted that 
this design is patented, but it promises interesting possibilities, 
The Brown, Boveri Corporation has introduced two outstanding 
truck designs: One arrangement is shown in Fig. 10 in which has 
been solved the problem of the wear on journal boxes and pedestal 
guides by combining journal boxes with a radius arm fastened to 
the truck frame, by vertical spindles at the side adjoining the 
bolster and by horizontal links at the outer ends. Another feature 
of this truck is carrying the weight of the car body from the side 
sill directly to the truck bolster rather than through the conven- 
tional center plate. Another arrangement, shown in Fig. 11, is an 


even more interesting design in that the weight of the car body is 


carried entirely on torsion bars. This design introduces a large 
number of special bushings which probably would be as trouble- 
some as the parts they eliminated from the conventional design; 
however, the construction is novel and noteworthy. 

In addition to Mr. Graff-Baker’s novel introduction previously 
mentioned, wherein the rubber carries the load from the bolster 
to the truck frame, he has also developed the truck shown in 
Fig. 12 which may be described as follows: The frame is a weld- 
ment built of plates and channels. The wheel base is 6 ft 4 
with the bolster 2 ft 9%/, in. from the motored axle to increase the 
weight on this axle. The semielliptical springs over the journals 
are exceptionally long, being 48 in. over the motored axle and 
57 in. over the idler axle. The springs are not symmetrical due to 
the bolster being off center. The ends of the semielliptical springs 
are secured to the truck frame by rubber compression sp 
The coil bolster springs are placed outside of the truck fra 
The truck bolster is of an articulated construction. The mai 
truck bolster is short and sits between the truck-frame wheel 
pieces, the ends of which are carried by swing hangers. The 


The foundation brake 
rigging is of the unit type in which the cylinderflever, and 
adjuster are all encased in a unit enclosure. The truck is 
low, the highest part being the wheels, and the highest part of the 
truck frame being 2 ft 33/, in. above the rail. 

Earlier in this paper the specialty manufacturers were criti- 
cized for introducing heavy, cumbersome, and complicated de- 
vices, but in so far as the development of the passenger truck is 
concerned, we have not done much better as it is still heavy and 
cumbersome. 


Future Passencer-Car Trucks 


The author ventures to forecast that the future passenger-car 
truck will be radically different from what we are now using and 
probably along the following lines: There will be no axle-driven 
generator, but a self-contained power unit for each individual car 
or a head-end power plant furnishing 220 volts or higher; hydraulic 
brakes; no springs as we know them today, but the weight will 
be carried on rubber sandwiches or on torsion bars; inboard 
roller bearings with tubular axles, and the wheels will be con- 
siderably lighter with twice their present life. This future truck 
would be, in itself, simple, compact and streamlined, so dirt, 
snow, and ice could not accumulate under the most adverse 
weather conditions. Such a truck would need to be serviced only 
every 10,000 miles. 


CONCLUSION 


In closing, it is desirable to call attention to the craze for speed. 
The author went on record some years ago to the effect that 
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Fic. 10 Brown Bovert Truck 


Fic. 11 ANoTHEeR Brown Boveri DEsiGn 

truck can be built to operate at a speed of 150 mph on straight 
angent track in safety and he is still of the same opinion, but 
riously questions whether in the future we can afford to operate 
itmuch more than half that speed. 

Fig. 13 shows the train resistance from 10 to 150 mph on level 
tangent track, and tractive effort and drawbar pull for a 2000-hp 
Eleetro-Motive Diesel, a 4000-hp Electro-Motive Diesel, and a 
000-hp Fairbanks-Morse Diesel. It will be noted that a 2000-hp 
| Diesel could handle 16 cars weighing 60 tons each at 70 mph. 
The same Diesel could handle 8 cars at 90 mph, 4 cars at 108 mph, 
ohe car at 130 mph, and would absorb all energy in pulling itself 
atslightly over 140 mph. 

Expressing the same thing in another way: A 1000-hp Diesel 
could pull a 12-car train at 52 mph, while 4000 hp would be re- 
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Unusvuat Desicn By GrRAFF-BAKER 
quired to pull the same train at 104 mph. In other words, the 
horsepower requirement increases with the square of the speed. 
The same applies to a modern steam locomotive, but speeds above 
100 mph are disastrous to the locomotive as well as to the rails. 

We know that the horsepower requirement is a function of 
approximately the square of the velocity, and, from observation, 
we know that the wear and tear of motive power and rolling stock 
increases very rapidly with higher speed. Shipowners years ago, 
through experience, found that they could not operate a steam- 
ship economically above a certain speed. We also have to learn 
what is the economical speed and weight limit for both passenger 
and freight trains. Any automobile owner knows that high speed 
shortens the life of the automobile, not to mention the greater 
driving risk. 

If we recognize other forms of transportation, particularly air- 
borne, then we must admit that railroads cannot compete with 
airplanes in so far as speed is concerned. Recognizing this fact, a 
few minutes on a short trip or even a couple of hours on a transcon- 
tinental trip would not make much difference to the majority of 
the traveling public, but we would increase the safety materially 
and would substantially reduce the maintenance cost of both 
equipment and roadbed, not to mention the great saving in 
fuel. 

The American railroads are spending millions of dollars for new 
power and on roadbeds for the purpose of increasing speed, and 
it-is questionable whether we have taken full account of the fact 
that by increasing the speed substantially we are pyramiding the 
maintenance cost of both roadbed and equipment. It is doubtful 
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if freight trains can be operated economically over 50 mph and 
passenger trains over 90 mph. In connection with freight 
trains, the horsepower required between 30 mph and 52 mph is 
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approximately doubled, and between 52 mph and 91 mph # 
If the speed were held to the limits suggested, most of 
our vexing problems would be eliminated. 
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J. D. Lortis.2?- The paper presented by W. A. Jack is an ex- 
cellent theoretical treatise from which the practical application 
engineer should be able to progress toward the main problem, 
which is the elimination of the harmful vibration and _ noise. 
It is indeed unfortunate that with the theories developed and 
expounded by this author, we have not been able to secure the 
interest of application engineers in the elimination of these vibra- 
To construct moving vehicles, such as railroad passenger 


uons. 


ars, With the sound and vibration-dampening qualities found in 
broadcasting studios is impractical. Therefore it is necessary for 
the application engineer to find the happy medium whereby 
sound and vibration-dampening qualities may be included to the 
fullest extent without excessive cost, without exceeding weight 
and dimension limitations, and without falling below necessary 

trength requirements. 

Mr. Jack has developed and expanded ‘the problems presented 

railroad-car operation from an acoustical standpoint, 


and it is 
pected that the leading manufacturers of insulation and sound- 
adening material, in the near future, will make practical ap- 
cations of their products to railroad-car construction to elimi- 


nate noise and vibration. 
The need for industrial design in railroad equipment as indi- 
ted by Brooks Stevens, has long been realized, but it is ess®n- 
il that the industrial designer furnish that which pleases the 


ajority. 
The popular present-day concept. f industrial design is not the 
iswer. It is true that we are inte:ested in visual passenger 


comfort, but we also look to the industrial designer to tell us far 
more than color schemes or the tasteful arrangement of seats and 


furniture. The industrial designer should include such items as 


e rounding of corners, the elimination of dirt-catching spaces, 
and the provision of easily cleaned surfaces and areas, because 
dirt detracts from the visual comfort of the passenger. 

It is only natural that those who are responsible for mainte- 
nance of equipment wish to make it as simple and as easy to main- 
tain as possible. It is up to the industrial designer to give the 
advantages of bull-nose construction, upholstery that can be 
removed easily for cleaning, and other items which initially might 
cost a little more but, with proper design, not only will make the 
maintenance task easier but also will continue the initial eye- 

peal, 

A great deal of comment is given to the limitations imposed 
ipon the industrial designer by hesitancy of the railroads in de- 
parting from tried and true structure and methods. This hesi- 
lancy on the part of the railroads is not because they lack fore- 
ight but because they have had their fingers burned by so-called 
hew and improved designs. A passenger car must still be built to 
Withstand the requirements of high-speed service with little time 
for maintenance at turn-around points and must last long enough 
to pay off the original investment. Items which look shoddy in a 
few years have no place in a railroad car; unusual windows, how- 


‘Discussion applies to one or all of the following papers, published 
in this issue of the Transactions: “Thermal Environment of Rail- 
toad Passenger Cars,” by K. A. Browne and 8. G. Guins, pp. 185- 
Wl; “Visual Passenger Comfort,’’ by Brooks Stevens, pp. 193-195; 
“Railroad Passenger Comfort—Decibel Level,’ by W. A. Jack, pp. 
aa and ‘‘Truck Riding Comfort,’’ by K. F. Nystrom, pp. 201- 


*Chief of Motive Power and Equipment, Atlantic Coast Line 
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ever eye-appealing initially, certainly have no appeal to the trav- 
eling public if the cleaning of these windows on the inside surfaces 
is impossible and they are continually fogging; plastic light fix- 
tures which require frequent cleaning should not be considered, 
regardless of how much initial appeal they have. 

Visual passenger comfort is far more than interior decoration, 
but the writer is afraid most people still consider it as such. Be- 
cause of the limited space in passenger trains, it is often necessary 
that space be used for dual purposes. Therefore it becomes 
apparent that illumination must be useful as well as decorative. 
Useful illumination can be decorative, but much of the decorative 
illumination is not useful. Sufficient lighting with well-designed 
and well-placed fixtures must be given the passenger as a primary 
requirement affecting his comfort. In the period of a few short 
years we have all seen illumination levels of 10-12 ft-c increase 
to 20-25 and even 30 ft-c. We still have not reached the limit of 
lighting. It may be that we are approaching desirable foot- 
candle levels, but, certainly, a great deal can be done toward 
better diffusion and arrangement of this lighting. 

Of equal importance to passenger comfort is a complete air- 
conditioning system, including completely automatic heating and 
cooling, which not only will operate free of mechanical difficulties 
and failures but will also give the passenger the maximum in com- 
fort. Present-day air conditioning, regardless of the initial source 
of cooling, is dependent primarily on an overhead air-distribution 
system. While this system controls the temperature of the car, 
it has many limitations with respect to complete passenger com- 
fort. We are all aware that a passenger seated on the sunny side 
of the car may be uncomfortably warm while a passenger on the 
shady side of the car may be too cool. 

It is interesting to note from the paper by K. A. Brown that 
the C&O, recognizing this problem, is making a practical applica- 
tion of theories which indicates that the problem may be solved. 
It can be expected that the absorption or emission of heat from 
large panels, such as the side walls of a railroad passenger car, 
will produce far more comfort as it takes into account the radia- 
tion of heat from and to the human body. 

While Mr. Brown’s paper is only an interim report, based upon 
stationary tests, several specific conclusions can be reached which 
will advance the art of air conditioning to passenger cars, the 
principal one of which is the use of side-wall panels for radiation 
of heat. It is noted that there is very little variation in tempera- 
tures throughout the car, that drafts are held to a minimum even 
though large volumes of air are handled, and that radiant heating 
of the floor surface is not required. 

It can be expected that with further developments the same 
comfort will be obtained when the side walls are used for cooling 
as has been attained with heating. It was unfortunate that 
sufficient refrigeration capacity was not available for these tests, 
but results which were obtained indicate that the type of system 
being developed by the C&O shows promise of a very great im- 
provement in passenger comfort. 

It is hoped that sufficient development work will be done so 
that, when service application of a system of this type is made, 
mechanical details will not interfere with its progress. 

It is anticipated that developments of this type will be con- 
tinued by the railroads and equipment manufacturers until a 

system is perfected which will present a practical solution to our 
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present problems of cold and hot side walls, drafts, and air strati- 

fication. 

In his paper on truck riding comfort, K. F. Nystrom has 
touched the keynote that should be a part of all papers on im- 
provement, that is, whether the expenditures necessary to make 
the improvements are economically justifiable. It is true that in 
so far as elapsed time is involved, railroads will never be in a posi- 
tion to compete with air traffic. This has very little bearing on 
trips involving 200 to 700 miles, as in most cases these trips can 
be made overnight by rail. Convenience, comfort, and on-time 
performance then become greater factors than elapsed time. 

It is quite definite that the core of passenger comfort starts 
with the truck, and it is evident, from the study given the matter 
by Mr. Nystrom, that this factor is not only recognized but ac- 
tion is being taken to improve the situation. 

With the research that has been given the problem on the At- 
lantic Coast Line, we have come to the conclusion that the out- 
side-swing-hanger truck, similar to that used on the “Train of 
Tomorrow,” contributes the greatest to passenger comfort of any 
of the trucks now in use. It also has many advantages over the 
so-called basic truck in ease of maintenance and inspection. 
Hewever, from an analysis of the truck developed by the Mil- 
waukee Railroad and described by Mr. Nystrom, it would appear 
that he has accomplished the same purpose with the elimination 
of wearing parts incorporated in the outside swing hanger. If 
this is the situation, a great contribution has been made by Mr. 
Nystrom and the Milwaukee Railroad. 

In the conclusion of his paper Mr. Nystrom touches upon a 
very important factor in rail operation, namely, the question of 
the economics of further increasing speeds. Widespread recogni- 
tion has been given to the increase in costs of operation as speeds 
are increased yet very little recognition has been given to the 
effect on average speed by interruptions to normal operating 
speeds. Until full utilization has been made with existing top 
operating speeds it is questionable as to the over-all gain to be 
experienced in increasing maximum speeds. Speed restrictions 
through towns, over railroad crossings, through interlocking 
plants, over bridges, through curves, and through other speed- 
restricting territories, often have the effect of nullifying the ad- 
vantage of high-speed operation. If, however, these nullifying 
effects are eliminated, then consideration can be given to increas- 
ing maximum speeds. In freight-train operation, these restric- 
tions are even more apparent than in passenger-train Operation. 
The delays incident to switching, icing, and other yard operations 
have the effect of reducing almost to 50 per cent the average 
speed under that of the authorized maximum speed. Therefore 
it is readily apparent that the greatest gain can be accomplished 
by eliminating these factors, rather than increasing maximum 
speeds, which results in greatly increasing maintenance and 
operating costs. 

A common theme is apparent in the three papers presented by 
Messrs. Nystrom, Brown, and Stevens, which, while only inferred 
by Messrs. Stevens and Brown, was stated by Mr. Nystrom. 
This is the requirement of a dependable power supply of ample 
capacity which does not utilize axle generation. 

Good lighting, as well as efficient air conditioning, requires a 
dependable power plant of ample continuous capacity. Direct- 
current systems of varying voltages cannot meet the demands of 
present-day electrical-power requirements. In addition to the 
lack of capacity, mechanical difficulties, such as were brought out 
by Mr. Nystrom are apparent. The need of a different type 
system is recognized but, in general, little effort is being made 
toward applying such a system. Head-end power is the ideal 
source of electrical energy for modern passenger cars and ulti- 
mately will be adopted. However, at this time there is a great 
hesitancy to take such a far-reaching step because of the expected 
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restrictions in operating flexibility. Several roads have installed 
individual Diesel power plants generating 220-volt, 3-phase a-¢ 
power. 
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While these installations do not have a large amount oj 
operating experience, a sufficient amount has been gained to 
show this type of equipment is not only feasible but practical. 

Recently, eight railroads jointly agreed upon specifications 
covering new equipment which included the use of Diesel-engine 
alternators continuously trainlined, hermetically sealed air-con- 
ditioning units, and electrical and Diesel exhaust heating for 
cars, proposed to be operated in joint service. In this discussio 
it appeared that the Diesel-engine alternators are a necessary 
interim step between present direct-current electrical systems «1 
head-end power. 

The advantages of three-phase alternating-current powe1 
electric heating, totally enclosed three-phase motors, and her 
With an ade. 
quate supply of alternating-current power, either from the ind 
vidual Diesel-engine alternator or from head-end power, 
advantages can be utilized to their fullest extent. 

As an item of interest, in bidding on cars with individu 
Diesel-engine alternators continuously trainlined, a car-build 
estimated the weight of car at 5000 Ib less than a car equipy 
with a present conventional direct-current electrical systen 


metically sealed compressors are well recognized. 


A. M. Mriers.* When transportation by steam railroad 
was introduced about a century and a quarter ago, the advant 
offered over the then best forms of overland travel were so ¢ 
that almost any degree of discomfort was acceptable without 
due complaint, but over the succeeding decades, the desire 
men for progress, accelerated speeds, and discrimination 
road patrons have brought about constant and progress 
vision in performance standards in which the passenger 
continues to be one of the foremost factors. This never-¢ 
urge and need for improvement has been responsible for th 
velopment of truck detail which has greatly narrowed the ga 
between the normally opposed objectives of speed and 
comfort. 

Although the subject of passenger-car trucks is very 
and involved, progressive results have been accomplished 
different designs which successively have been reduced to pra 
tice, and as a further contribution of possible interest and v 
the general subject of ‘Passenger Riding Comfort,’”’ discus 
K. F. Nystrom, the purpose of this comment is to exar 
some detail the salient features of one of the latest and 
widely and successfully used designs, even though it is r 
that this particular truck, generally illustrated by Mr. Ny: 
Fig. 7, is quite well known. Further, the writer will dis 
outstandingly important functional characteristic of tl 
other passenger trucks which it is essential further to in 
and finally to outline the experience and views of th 
neering organization with which the writer is connected, 
important question of developing and recording test resul 

The truck here referred to is illustrated by Figs. 1 and 
embodies the results of experience with similar designs ext 
over a period of several years and the related over-all d 
ments accomplished to date. While the basic arrangem¢ 
lows the four-wheel drop-equalizer swing-motion bolster | 
of former standards, several important engineering advantage: 
are incorporated therein which have provided a materially 
base line of riding performance with respect to vertical and 
action and have resulted in a lowered operating noise level. 

Spring Suspension. Elliptical springs, unless lubricated 4 
properly encased, both offering numerous maintenance diff 
ties, have unstable characteristics caused by changes in interes 
friction through the formation of rust and penetration of othe 
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reign matter. For this reason, springs of the elliptical form 
uve been superseded by those of helical design and supplemented 
y hydraulic snubbers, two per truck, positioned vertically and 


esigned to provide the major portion of their resistance during 


lease action. It is here emphasized that these hydraulic de- 
ces are installed solely as a controlling or dampening means to 
revent or “head off’’ the beginnings of harmonic action due to 
sonance. Therefore the almost universal reference to these 
struments as “shock absorbers” is definitely a misnomer. 

In addition, the four double helical springs per bolster having 
0 outside diameter of 10 in., now being used, as compared with 
vo triple helical springs of 13°/, in. OD, employed by Mr. Ny- 
trom in the truck shown in his Fig. 3, were designed for low 
eriodicity or rate of natural oscillation, which characteristic re- 


ults in a definitely beneficial effect on the vertical riding per- 


mance. Although the periodicity of a spring varies inversely 
$ the square root of the static deflection, free to working, there 
$4 practical limit to the amount of static deflection which should 
eused. The figure of about 10 in., portioned approximately 60 
et cent for the bolster and 40 per cent for the equalizer springs, 
48 been found to produce very good results. Naturally high 
atic deflection is accomplished by corresponding effect on work- 
tg stresses because the outer diameter of the spring is more or 
es fixed, due to structural limitations. It has been proved by 
‘xperience, however, that these higher stresses, if confined within 
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reasonable limits, can be tolerated, as very good service life has 
been obtained with such designs. This indicates that spring 
failure, due to fatigue, is attributable more to wide stress rever- 
sals than to high fiber stress. 

Bolster Anchor. This device provides positive longitudinal 
positioning of the truck bolster with respect to the frame transom, 
and guides the vertical and lateral movements of the bolster. 
All frictional drag between bolster and transom is eliminated by 
disposing of metallic chafing plates. However, proper adjust- 
ment of this device is important, as experience has shown that 
excessive precompression of the rubber insulators can result in 
serious impairment of the riding qualities. 

Swing Hangers. The effective length of the bolster swing 
hanger has been increased considerably to provide a system of 
low natural period. This characteristic, together with the longer 
moment arm for overcoming frictional resistance, increases the 
smoothness of lateral action. 

Center Plate. The new designs provide the obvious advantages 
of lubricant retention and the exclusion of foreign matter. 

Noise-Elimination Features. The incorporation of rubber- 
mounted bolster anchors and composition pads at such points as 
equalizer feet, spring and center plate, have proved effective in 
isolating noise and high-frequency vibration from the car body. 
Improved center-plate construction has gone far to reduce and 
control noise from these locations to the car body. eat 


Other Features. Until a few years ago, it was the general be- 
lief that a long wheel base and even the use of three pairs of wheels 
per truck were requisites for a good-riding truck but this theory 
has been disproved by the superior performance of several late 
design four-wheel trucks which have wheel bases ranging from 
7 to 9 ft. The six-wheel truck has largely been discarded in 
favor of the four-wheel design for reduced weight and space occu- 
pied, except for extraordinary center-plate loads or where the 
braking conditions to be met are unusually severe. 

For improved riding qualities of practical value, truck designs 
must be such as to provide high mileage continuity of operation 
without the necessity of constant adjustments and related at- 
tention. This feature has been improved materially during 
the last decade, directly by advancement in various truck detail 
and indirectly because of the introduction of roller bearings, and 
the lengthening of better wheel-service performance periods 
through the use of recently improved wheel-slide-control de- 
vices and metallurgical progress. Improved slack free couplers 
and double-acting cushioning devices for the elimination of longi- 
tudinal shocks of operation and the disturbing effects of the ver- 
tical components of such shocks, together with more logical top- 
supported diaphragm and buffer-plate applications for reduction 
of noise and friction have contributed greatly to riding comfort, 

We have no “‘sacred standards” with respect to passenger 
trucks or other equipment features but rather endeavor to be 
constantly alert to investigate possible changes and improve- 
ments for the betterment of existing arrangements. One such 
problem now demanding and receiving concentrated attention 
relates to passenger-truck lateral action which is dependent upon 
a plurality of complex and variable functions, with improvement 
much more difficult of attainment than for the betterment of 
vertical action. 

To this end a new type bolster controller has been produced in 
co-operation with one of our suppliers. This device, which is in- 
stalled between the bolster and frame casting has been designed 
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to provide double-acting but very low cushioned resistance within 
the range of normal bolster movement and to produce increasing 
build-up of such resistance beyond this range so as to prevent the 
occasional shock caused by bolster contact against the frame 
during heavy lateral surges. The equipment is now ready for 
trial and comparative road-test performance data will be availé 
ble at a later date. 

Recording Equipment and Road-Testing Procedure. 
toward improvement in riding qualities of passenger trucks and 
cars has been handicapped greatly by the lack of reliable mea* 


Progress 
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uring and recording devices for the accumulation of operating 
data on which sound appraisals of the results of mechanical 
change may be based. Instruments heretofore used, which 
have been capable of providing the required records, have had 
the disadvantage of great bulk and weight, and the consequent 
necessity for fixed mounting and use in special test cars with 
the obvious limitations in scope of operation and the applica- 
bility of results. 

After much discouraging experience with the instrument. mak- 
ers in efforts to obtain efficient portable equipment, our engi- 
neers, themselves, now have developed an accelerometer which 
embodies the fundamental requirements for an instrument of this 
kind as we see them, namely, means for continuous simultaneous 
measurement and registration of the vertical and horizontal force 
reactions in terms of gravity, when operating over tangents or 
curves, together with accuracy and reliability, and of size and 
total weight consistent with convenient portability. 
celerometer and recorder are shown in Figs. 3 and 4. 

The accelerometer consists essentially of an instrument for 


The ac- 


measuring force reactions within the range of preset magnitudes. 
arrived at by experience in car operation, and an electrically op- 
erated recording device for counting and totaling the force reac- 
tions so measured, as they are accumulated. The measuring 
instrument is divided into two units, one to register the vertical 
accelerations, and the other a horizontal unit for measuring in 
both directions either lateral or longitudinal accelerations, de- 
pending upon the relative position of the instrument. 

The use of counter-type recording in an accelerometer, espe- 
cially for railroad work, has distinct advantages as it provides 
immediately a means for comparing total results over a given 
territory which is in contrast with the uncertainties of tape- 
recording, as well as the time and labor required for comprehen- 
sive analyses. 

In truck development and other work on riding-quality im- 
provements, it has long been our conviction and experience that 
a an engineering fundamental, a reliable ‘‘yardstick’’ or base 
must be made available at all times in the form of performance 
results of the then-best existing design or arrangement for si- 
multaneous comparison with the new or experimental application, 
whether it be a complete truck or one or more details of con- 
sequence which have been changed. Hence the indispensable 
teed for a companion base car operated with the unit under 
test, and reliable recording equipment placed in both cars with 
which the required records may be obtained. Thus numerous 
variables are eliminated; such as those brought about by inci- 
dental changes in weather, roadbed conditions, track alignment, 
running speeds, and the effects of acceleration and deceleration. 
This is the practice we follow when making road-test compari- 
sons, for which any two cars when coupled together in any 
revenue or special train may be used at any time in any terri- 
tory. It should be apparent that the value and integrity of the 
results are dependent first of all upon the character and _relia- 
bility of the recording equipment used. 

In conclusion, it is desired to emphasize that the present dis- 
cussion relates solely to riding qualities for car-occupant reaction 
a recorded inside the car. This is accented because the strains 
and stresses set up in truck and associated running-gear parts, 
resulting from the succession of dynamic loadings of operation 
to which they are subjected, is another important phase of the 
general subject which warrants detailed investigation in like 
Comparative manner. Through suitable instrumentation, the 
Magnitudes and locations of these strains should be ascertained 
for judgment of their relative importance, and evaluations of the 
different truck arrangements, not only for comparative perform- 
ance as manifested thereby, but also for possible further weight 
reduction through refinements in design. 


RAILROAD PASSENGER-CAR COMFORT—DISCUSSION 


To date, this problem has received relatively little attention 
by the railroads and manufacturers, but it is on our docket for the 
future advancement of the art. 


G. T. Witson.* In this discussion it is the intention to scan 
briefly the early beginnings of car heating and then to outline 
subsequent progress in ventilation and air conditioning and carry 
this through the period of recent improvements, first used ex- 
perimentally, then expanded in practice, and now being installed, 
with further refinements, on a broad scale. All this has been 
made possible, step by step, as a result of research, practical ex- 
periment, and the lessons learned from that stern and unrelenting 
teacher, experience. 

Heating. In the early days of railroading, the wood or coal- 
fired stove, as first used for heating the interiors of passenger cars, 
was a welcomed comfort convenience, especially during periods 
of subzero temperature and other adverse weather conditions. 
This simple and elemental form of heating means was then super- 
seded by the coal-fired hot-water radiator, then pressure steam, 
and later, by the currently used basic arrangement, consisting of 
low-pressure steam-heat floor radiation, supplied from the high- 
pressure coupled train line, charged from the locomotive. Al- 
though, since the turn of the century, development of apparatus 
for rail-travel purposes has kept pace with the art in the general 
field of heating, there still remained the highly objectionable 
uncertainties resulting from manual control by the train-crew 
members who still were relied upon. 

The year 1921 marked an epoch in the control of passenger- 
car heating because at that time the first experimental automatic 
thermostatic temperature-control apparatus was introduced in 
the United States, with the installation made on a Michigan 
Central Railroad coach, in co-operation with the then Vapor Car 
Hleating Company. Regardless of this addition of delicate 
mechanism to the railroad passenger car with all that it implied, 
there is no question about the modern development of this con- 
trol being one of the most productive improvements for human 
comfort which subsequently has been made available to travelers 
by rail through having overcome the annoyance and discomfort 
resulting from wide range in car-interior temperature common to 
manual operation. 

Over the past few decades, major changes in passenger-car con- 
sivuction and operation have taken place, such as the introduc- 
tion of the all-steel body, the longer train consists, and increased 
speeds, all of which influence the heating performance. The 
leakage rate from the early designs of all-steel bodies, together 
with the higher velocities of movement, demand greater heating 
capacities both in steam supply from the train line and radiation 
in the respective cars. It has been our experience that provisions 
for comfortable and acceptable heating conditions present a 
more complex problem than that of cooling, discussed later. 

Under conditions of geographical location commonly met, such 
as those on our System as one example, proper heating capacity 
must be provided within atmospheric temperature range on the 
order of plus 50 F to minus 25 F, which is approximately twice 
that for cooling. In predominantly north-south operations, the 
spread may be greater. In open-space cars, sufficient radiation 
for heating and protection against freezing at extremely low tem- 
peratures must be supplied which, in some instances, under the 
more normal atmospheric conditions, has resulted in considerable 
discomfort because of the necessary high surface temperatures 
and the larger radiation areas required. Through modulation, 
there are now available, three means of improving this situation, 
namely, the step method, throttling, and the thermostatic cycling 
control of steam to the radiator. 
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The heating equipment of the large number of new sleeping 
cars now under construction for our System will embody means 
for the room occupant to control both the floor and overhead heat 
on switch and damper, respectively, by manual selection. In 
these cars the cycling modulation is arranged to admit steam to 
the radiator in direct proportion to the temperature setting aad 
steam-condensing rate, thereby eliminating heat surges and over- 
runs of temperature common to the conventional thermostatic 
control. The overhead heat supply for the entire car will be pri- 
marily under the selective manipulation of the car porter, but is 
subject to further manual adjustmen. by the room occupant 
through use of the air-outlet damper in the same manner as pro- 
vided for cooling, referred to later. 

For the open-space cars, a semi-automatic temperature con- 
trol has been devised and standardized, it being only necessary 
for the trainman to select either “heating” or ‘cooling,’ after 
which the temperature is automatically regulated. 

For overhead heating the controls are arranged primarily for 
mild-weather conditions and during reductions in such outside 
temperatures the low floor heat is available, but when the freezing 
point is approached, a higher temperature setting takes control 
to compensate for the increased car-body losses. 

As we all know, car-body insulation is an extremely important 
factor for heating as well as for cooling performance and tests 
have confirmed the need for ample thickness of the best mate- 
rial available for this purpose which, at present, is that having 
mineral base, with the advantage of high thermal efficiency, light 
weight, and other favorable characteristics. 

The problem of heat delivery from the locomotive to the train 
is constantly becoming more serious. Steam demands are in- 
creasing, particularly for the modern-design passenger cars, be- 
cause of inside length and other related dimensional features and 
the higher sustained operating speeds. With present steam load 
of approximately 300 lb per hr at or below zero temperatures, 
and with the multiple-angled and high frictional resistance me- 
tallic connectors now available for use between the cars with 
tendency to leakage and exposure to condensation effects, par- 
ticularly while running over track pans, it is extremely difficult 
at these low exterior temperatures to supply to the rear units of 
trains having 15 or more cars, sufficient volume of steam for pro- 
tection against freezing. Obviously, if this need is not met, the 
inside temperature of the rear cars cannot be maintained at ac- 
ceptable or satisfactory levels. 

This is a problem of long standing and in recent years has be- 
come more acute because of the wide introduction of Diesel motive 
power which, for the most part, has received, when built, steam- 
heating plants of inadequate capacity and functional character- 
istics. We have long believed, however, that train-heating 
troubles could be reduced considerably through the use of an im- 
proved form of car connector, and now have completed laboratory 
developments and tests of a flexible type having uniform bore 
and body section between the end valves and freedom from the 
numerous pressure joints and right-angled bends inherent in the 
present connectors, 

It is fully realized that over the years, previous efforts in this 
direction have been unsuccessful but, regardless of this and be- 
cause of urgent need, the further work of developing such a 
connector in practical and reliable form is being actively pursued, 
with the conviction that the use of such a connector would result 
in substantially reduced line leakage and pressure drops through- 
out the train, with corresponding benefits. 

Cooling. The year 1929 marked another epoch in the funda- 
mental advancement of rail-travel comfort. At that time 
the Baltimore and Ohio Railroad in co-operation with the Carrier 
Corporation, completed the first installation of a self-contained 
refrigerating plant, with related apparatus, for cooling a car in- 
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terior mechanically, the application having been made and sue. 
cessfully operated in one of that railroad’s dining cars. There- 
after it soon became the general policy of the American railroads 
to equip, without undue delay, as large a number of cars as prac- 
ticable with the then available types of cooling apparatus, even 
though this was a new art. Practically all of the earlier installa- 
tions were made to existing cars, which naturally placed certain 
limitations on what could be done, and also on performance and 
service results. 

At that time, travelers by rail were not too critical because, like 
the supply of heat in cold weather, as provided in an earlier day, 
the primary desire was for the comforts of cooling during the 
seasons of hot weather. 

However, when the middle 1930’s had been reached, railroad 
equipment engineers and manufacturers recognized the necessity 
for research leading to refinements in performance, maintenance, 
and serviceability of apparatus to provide more effective solu- 
tion of the problem which presently became one of combined 
heating, ventilation, and air conditioning. 

In this early stage, performance results and mainte nance costs 
were used as the guides to show where changes would be most 
productive of results, and it soon became apparent that irrespee- 
tive of theoretical considerations, the most important requirement 
was continuity of operation which could be most successfull 
achieved by concentrating to the extent practicable on sim- 
plicity of design and installation of equipment. When check 
against acceptable standards for human comfort, it may be 
without equivocation that this principle is just as valuab! 
essential today as it was some few years ago. 

To this end, continued observations of human reactio 
inquiries addressed to rail patrons have been very helpful 
riving at suitable ranges of temperatures and relative humidi 
use in attaining progressively improved performance. 

One of the most common complaints thus revealed per 
to supposedly high temperatures which not infrequently 
found actually to have had their origins in discomfort due to hig 
relative humidity, this being a common fault inherent. it 
bulb thermostatic control when the full eveling cooling : 
was used, 

On this problem it was found that because of the admis 
unconditioned air from the outside and recirculating air 
the “off” cycle, when the dry-bulb thermostat had been sa 
this air having a higher wet-bulb temperature, created a 
effect. Then, when the operation of the cooling system \ 
sumed, the resulting high moisture content of the suppl 
actually produced the “clammy” feeling so often com; 
about by the car occupants, especially when exterior te! 
tures and moisture contents were in the higher ranges. 

For the betterment of this condition, our engineers, 
operation with those of the air-conditioning equipment 
facturers, developed and installed in 1941, the initial a 
tion to a railroad car of a modulated cooling system. Th 
sisted essentially of an evaporator split 60-40 per cent, in 
the higher-capacity section is cycled under the therm 
control, with the lower-capacity coil operating continuous 
protected against under-cooling in mild weather by mea 
low-limit thermostat. This eliminates the off cycle an 
vides uninterrupted but reduced cooling output, with su! 
latent capacity to maintain the desired relative humidity w 
decreasing the dry-bulb temperature. Thus a compar: 
flat wet and dry-bulb curve is produced within the limits 
prescribed comfort zone. Further refinements in this di 
could be obtained through division of the evaporator into 
than two sections, but this would lead to added mechanica 
plications which, in our opinion and experience, as previous 
mentioned, should be avoided. Because of the econon 
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power requirements, it is believed that two-part modulated 
electromechanical air-conditioning system, in conjunction with 
the axle-driven generator, is much more desirable than the use of 
reheat for moderation of relative humidity, because of respective 
power requirements. 

The fact remains, however, that the control of cooling tempera- 
tures probably is the most common cause of unsatisfactory com- 
fort conditions during the summer season. In the early develop- 
ments of this feature, the selective automatic arrangement was 
inmost common use, but the results obtained therewith depended 
upon the judgment and mental attitude of the train-crew mem- 
bers. On hot humid days the inclination was to use the low- 
temperature settings, with resulting chilling effects on the seated 
passengers. For the open-space cars, such as the coach, diner, 
and lounge, where the composite thermal characteristic of the 
occupants naturally vary over a considerable range, the possibili- 
ties of differential thermostat control were analyzed, using the 
accepted temperature relation between the inside and the outside 
f the car throughout the territory in which our System is oper- 
Although it was expected that the ‘‘northern curve’ 
vould prove satisfactory, it became necessary to introduce a lim- 
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ted deviation therefrom to the extent of using the “‘northern 
railroad curve,’’ which provides for slightly lower temperature 
for car interior than obtained when following the generally ac- 
epted northern curve. Through the use of such cooling, uniform 
mperature is obtained for all like cars of a train, and the adverse 
fects of temperature settings selected by train-crew members, 
with the inevitable result, is avoided. 

The cooling controls for the multiple-room car, such as the 
sleeper, require a different application, because here success de- 
ends more upon meeting the requirements of individuals than 
those of groups of car occupants. 

The large number of sleeping cars now under construction for 
ur System, previously mentioned, are receiving modulated 
ling equipment, together with provision for selective auto- 
matic control by the car attendant, and the damper providing 
nproved means for manual operation by the room occupant’ 
With this setup, the volume of cooled air may be varied over a 
uite wide range for adjustment of temperatures among the 
various rooms. It is our belief that such an arrangement of 
mtrols should prove superior to that provided by thermo- 
statically operated dividers, dampers, or separate reheat coils in 
the individual rooms. Such multiple automatic controls intro- 
uce undesired complications for maintenance and increase the 
lability of failure and discomfort to the passenger. Simplicity 
insuch apparatus is a proved advantage. 

Heating and Cooling. In each bedroom of the new cars, a con- 
picuously located plate is being provided which will contain 
refly worded but comprehensive instructions to the room occu- 
ant, set forth in easily readable sized etched lettering which 
hay be readily understood by travelers of either sex who cannot 
beexpected to be mechanically minded. 

Summary. The heating, air-conditioning, and ventilating sys- 
tems being incorporated in the new cars now under construction 
and delivery for our System, contain the cumulative results of 
~-Operative research and development extending over a period 
of several years and embody the important features of better 
wmidity control, adequate means available to the room occu- 
ant for year-round automatic or, if the need should arise, 
Manual regulation of temperature and ventilation to suit the 
individual requirement, and for protection against temporarily 
defective equipment anywhere in the car. Simplified and under- 
‘tandable instructions are posted for the guidance of the room 
xcupant. The principal improved mechanical features, not 
Previously mentioned but incorporated to assist in obtaining 
the desired improvement in performance, include a dry-type air- 
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blown condenser with reduced head pressure and corresponding 
power input to the compressor, separation of compressor and 
condenser units to facilitate maintenance, loop-type system for 
steam-heat supply to radiation, reduced number of valves, regu- 
lators, traps, and related apparatus beneath the car floor to 
minimize discharge of condensate on running gear, and after 
much experimentation, the installation of the impingement-type 
adhesive-coated metallic filter for better service from this im- 
portant detail. 


Criosure BY K. A. BROWNE 


Mr. G. T. Wilson gave an excellent paper on the history of 
development of heating and air conditioning as applied to pas- 
senger cars. His paper points out that the major development of 
combining the problem of heating and cooling cycles was made 
between the years of 1930-1934, and that since then work was 
limited only to the refinement of mechanical components. 

Yet the problem of creating comfortable conditions was ever 
present as pointed out by J. D. Loftis. Realizing the foregoing 
situation, it was decided to break away from the railroad practice 
and follow the specifications set up by ASHVE for buildings. 

Although we missed out on some of the requirements and the 
equipment used in our first installation was over-complicated, 
enough advantages were demonstrated to cause considerable 
changes in equipment currently offered the railroad. 

Our overhead equipment is offered as part of the railroad com- 
fort-air system by The Trane Company. Vapor Car Heating 
Company is installing convector side-wall panels in a number of 
currently built cars. 

It was gratifying to see that the companies mentioned and men 
of Mr. Loftis’ standing took notice of our work and applied the 
results in application of their equipment. a 


The stimulant to this type of general discussion of the railroad 
car and passenger comfort is the fact that patron preferences are 
becoming more easily discerned in rising and falling revenues. 
Design and styling will influence the riding public, but not neces- 
sarily sell them tickets. “Selling the tickets” is the combined 
job of engineering and design more than ever before, with a high 
competitive and comparative standard established in the informal 
comforts of the home of today and the ease and luxury which the 
automotive and air industries have inbred into other means of 
overland travel. 


C.LosurRE BY Brooks STEVENS 


A new train soundly conceived and tastefully executed is a suc- 
cess only in terms of public response. The perfection of its engi- 
neering and propriety of its interior and exterior design and styl- 
ing must meet the challenge of ever faster schedules and ever im- 
proved operating efficilency—with the critical vote of the public 
registered at the ticket windows. 

No form of travel where any distance is involved has a decided 
edge at this time, with all factors considered. Historically, how- 
ever, the railroads have a decided advantage in the length and 
breadth of public service and contact. From the standpoint of 
prudent public relations and sales planning, this is an exclusive 
asset upon which they can capitalize to a greater degree. 

For example, in the field of industrial design we are continually 
searching for new materials or adaptations of old materials which 
reduce the mechanical chill of transportation interiors. By using 
plastics, light metals, impregnated fabrics, processed woods, and 
protected papers a ‘permanent freshness” is achieved. The new 
paints have a very proper place in these treatments and contribute 
to a smart, distinctive appearance that wears equally well between 
Chicago and Milwaukee, or Chicago and Seattle. 

Designwise, people expect more than they did in 1940, and the 
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tempo of their expectations and demands will increase much more 
rapidly with each new car, each modern innovation for the home, 
than ever before. 

The same is true of the public’s observations of engineering im- 
provements. The same general standard-raising and apprecia- 
tive education of Mr. and Mrs. Passenger gives them the insight 
to a amn a bouncing car or a poorly conceiv ed heating system. 
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The railroads have been blasted from every angle for a little 
better than a decade. Despite a tariff situation that has handi- 
capped engineering and design improvements they have moved ir 
the right direction and have proved that fact by ‘‘selling tickets 

The next ten years will require a closer analysis of public prefe 
ence, and a fast-moving and proper interpretation into rail 
equipment and facilities. 
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This paper contains formulas and derivations of a de- 
sign procedure for dynamically loaded extension and com- 
pression springs which permits straightforward solutions 
to spring problems with minimum assumptions. It is 
based upon a new method of graphical representation of 
spring characteristics and includes the following equations 


GK 


for extension springs, or 


GK 
for compression springs. 
Q,=P(Y 
for extension springs, or 
Q.= P(Y- 


for compression springs 


C. 


where C is the spring index, Q is the load constant, and d 
isthe wire diameter as determined either mathematically 
or graphically. These items are utilized with ‘‘spring 
proportion tables’? (Table 1), for convenient solutions to 
problems. This paper also describes a method of cata- 
loging stock springs based upon a new graphical repre- 
sentation. 
NOMENCLATURE 
The following nomenclature is used in the paper: 
spring index 
(, = spring index, compression springs 


(, = spring index, extension springs ie : 

D = mean coil diameter 

d = wire diameter 
F = total deflection 

F, = theoretical equivalent initial deflection in extension 


springs 


f = deflection per coil produced by load (P — P,) in ex- 
tension springs or by load P, in compression springs 
fr = deflection per coil at 100,000 psi and no initial tension 


shown in “spring proportion tables” (Table 1) 
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pproach to the Desi sign of © 
Dynamically Loaded Extensi sion 


By CURT I. JOHNSON,' ENDICOTT, N 


G = torsional modulus of elasticity ~~ ® 
i= load increase factor 
AK = Wahl’s correction factor for stress? 
L = active length at load P 7 
L, = active length at load P, 
L, = total coil clearance 


L; = inactive length 


L, = solid active length 

n = number ofactive coils 
OD = outside coil diameter 

P = maximum working load % ya 
P, = minimum working load 
P, = load at 100,000 psi stress according to table >in 
P, = initial tension 

p = correction factor for effect of initial te nsion or coil clear- 

ance on spring index 

( = load constant 

Q, = load constant, compression springs 

Q, = load constant, extension springs 

R = spring rate 


S, = torsional stress 
length of stroke 
stroke-to-length ratio 
initial tension factor 
7’, = coil clearance factor 
= deflection ratio 


INTRODUCTION 


Although the basic formulas for spring design are well known, 
their efficient use is limited to establishing wire sizes and coil 
diameters for statically loaded springs. When these formulas 
are applied to the solution of spring problems involving dy- 
namically loaded springs which must meet specific requirements 
with respect to operating loads and spring rate, a laborious trial- 
and-error procedure is involved. Further complication is added 
to the problem because, in spite of the fact that such springs re- 
quire a definite minimum volume of material for satisfactory per- 
formance, machine designs are executed often without regard to 
adequate space requirements for these springs. For this reason, 
the author began compiling data to provide the designer with 
more definite reference material on spring design. While investi- 
gating these data, several relationships were discovered which re- 
sulted in a more straightforward design procedure, eliminating 
the necessity for numerous assumptions, and it is felt that this 
information may be of interest to mechanical engineers and de- 
signers in general. 

This material was developed from a new and more descriptive 
graphic portrayal of spring characteristics which reveals the 
presence of a “load constant” Q which remains the same as long 
as the wire and coil diameters are unchanged. Since these fac- 


4 “Mechanical Springs,”’ by A. M. Wahl, Penton Publishing Com- 
pany, Cleveland, Ohio, 1944. 
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tors make up the spring index, C = D/d, and since Q is deter- 
mined by the conditions of the problem, it follows that C may 
also be found for the specific problem, eliminating the necessity 
for any assumption of C. Hence the coil size selected is depend- 
ent upon the maximum load P and Q, or C. Values for Q and C 
may be found either mathematically or graphically and used with 


a “spring proportion table’ (Table 1), which has been developed | : 


for convenient solution to the problem. 

In the material which follows, the derivation of this design 
procedure will be shown along with allied data developed for 
making preliminary space allowances for springs in mechanisms. 
A description is included of the spring proportion tables, and 
a catalog of stock springs, based on graphic representations 
which give the designer an opportunity to evaluate the char- 
acteristics of a spring, and to re-evaluate the characteristics of the 
spring when any change is made with respect to the initial ten- 
sion, number of coils, or other physical dimensions. 

The following three equations are considered the basie equa- 
tions for spring design 


The use of these equations is facilitated by new equations and 
graphs in which consideration is given to the active coils in the 
spring only. The reader should keep this in mind; and in estab- 
lishing the maximum and minimum operating lengths, due allow- 
ance should be made for fastening devices, inactive loops, and 
coils. 

This new approach to spring design has been used successfully 
for some time in the design of small mechanisms for electric ac- 
counting and bookkeeping machines, and it is the author’s be- 


lief that since these procedures are based on the fundamental | 
spring formulas, this method of obtaining spring specifications — 


should be applicable regardless of the physical dimensions of the | 


GRAPHIC REPRESENTATION OF EXTENSION SPRINGS =a 


spring. 


The conventional graphic representation of extension springs, 
Fig. 1, has limitations because it does not lend itself to any ex- 
tensive analysis of the influence of the physical spring propor- 


ay 


Fig. 1 CoNnvENTIONAL REPRESENTATION OF AN EXTENSION 
SPRING 
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tions on the operating characteristics. A much more compre- 
hensive picture of the spring proportions and operating char- 
acteristics may be had by plotting the applied load versus the 
extended length of the active coils as in Fig. 2 
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Fie. 3 Q = Pd/f Remains Constant FOR A Speciric Corn Sivek 
AND MATERIAL REGARDLESS OF NUMBER OF COILS 


In Fig. 3 it is interesting to note that with this method of pre- 
sentation, the gradients for springs with varying numbers of 
active coils will converge at one point A, as long as the mean “4 
diameter D, wire diameter d, and initial tension P, remain 
stant. The value represented by B — A also remains const 
for any spring with the same mean coil diameter and wire d 
ameter and is independent of the active length of the spring 
This value, called the load constant Q, may be defined as the 
theoretical load required to deflect the spring a distance equal 
to its solid active length or to produce a deflection in one coil 
equal to its wire diameter. 

Referring to Fig. 2, if a load P causes a deflection f in each 
active coil of the spring a 


Q = nd 
P(1—T)  nf(i—T) 
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TABLE 1 


SPRING PROPORTION TABLES 


Spring WIRE DIAMETER (d) = 085 WIRE DIAMETER (d) = .090 WIRE DIAMETER (d) = .095 

Index | Outside — Deflection load Outside Deflection Load Outside Deflection Load 

| Diameter Per Coil Constant Diamet load PerCoil Constant | Diamet toad PerCoil Constant 

O. D. fr Qt D. PT D. Pr Qt 

3.0 .340 60,980 .0132 393,569 .360 68.365 .0139 441,233 .380 76.172 .0147 491.620 

3.2 58.851 .0155 323,324 -378 65.978 .0164 362.481 73.513 .0173 403.875 

3.4 .374 56.815 .0180 268.903 .396 63.696 .0190 301.469 .418 70.969 .0201 335.896 

3.6 54.877 .0206 226.076 .414 61.523 .0218 253.455 68.549 .0231 282.399 

3.8 .408 53.038 .0235 191.904 .432 59.461 .0249 215.145 66.251 .0263 239.713 

4.0 .425 51.295 -.0265 164,301 .450 57.507 .0281 184.199 .475 64.074 .0297 205.234 

4.2 49.646 .0298 141.758 55.658 .0315 158.926 62.014 .0333 177.075 

4.4 48.085 .0332 123.165 -486 53.908 .0351 138.082 .513 60.064 .0371 153.850 

4.6 .476 46.608 .0368 107.692 .504 52.253 .0390 120.734 oe 58.220 .0411 134,522 

4.8 493 45.210 .0406 94,710 50.685 .0430 106,180 56.474 .0453 118.305 

5.0 -510 43.886 .0445 83.736 .540 49.201 .0472 93.877 .570 54.820 .0498 104.597 

in oer 42.632 .0487 74.396 .558 47.795 .0516 83.405 .589 53.253 .0544 92.930 

5.4 544 41.442 .0531 66.396 576 46.461 .0562 74.437 .608 51.767 .0593 82.938 

5.6 40.313 .0576 59.505 594 45.195 .0610 66.711 .627 50.356 .0644 74.330 

5.8 .578 39.240 .0623 53.536 .612 43.992 .0660 60.020 646 49.016 .0696 66.874 

6.0 .595 38.219 .0672 48.340 .630 42.848 .0712 54.195 .665 47.741 .0751 60.384 

6.2 .612 37.248 .0723 43.797 .648 41.759 .0765 49.101 .684 46.528 .0808 54.708 

6.4 .629 36.323 .0776 39.805 666 40.722 .0821 44.626 .703 45.373 .0867 49.722 

6.6 35.441 .0830 36.285 39.733 .0879 40.679 44.271 .0928 45.324 

6.8 .663 34.599 .0887 33.168 .702 38.790 .0939 37.185 .741 43.219 .0991 41,431 

7.0 .680 33.795 .0945 30.398 .720 37.888  .1001 34.079 .760 42.215 .1056 37.971 

.697 33.027 .1005 27.928 .738 37.026 .1064 3k, 41.255 .1123 34,886 

7.4 .714 32.291 .1067 25.719 .756 36.202 .1130 28.834 .798 40.336 .1193 32.127 

7.6 31.907 23.738 .774 35.412 .1198 26.612 .817 39.456 .1264 29.651 

7.8 .748 30.912 .1197 21.954 .792 34.655 .1267 24.613 .836 38.613 .1338 27.424 

8.0 .765 30.264 .1264 20.345 .810 33.929 .1339 22.809 .855 37.804 .1413 25.414 

8.2 .782 29.642 .1334 18.890 .828 33.232 .1412 21.178 .874 37.027 .1491 23.596 

8.4 .799 29.045 .1405 17.570 .846 32.563 .1488 19.698 .893 36.282 .1570 21.948 

8.6 .816 28.471 .1478 16.371 864 31.920 .1565 18.353 912 35.565 .1652 20.449 

8.8 .833 15.278 .882 31.301 .1645 17.128 .931 34.875 .1736 19.084 

9.0 .850 27.388 .1630 14.280 .900 30.705 .1726 16.010 .950 34.211 .1822 17.838 

9.2 867 26.876 .1709 13,368 .918 30.131 .1809 14.987 .969 33.571 .1910 16.698 

9.4 .884 26.382 .1790 12,531 .936 29.577 .1895 14,049 .988 32.955  .2000 15.653 

9.6 .901 25.906 .1872 11.763 .954 29.044 1982 13.188 | 1.007 32.360 .2092 14.694 

9.8 .918 25.447 .1956 11,057 .972 28.529 .2071 12.396 | 1.026 31.787 .2186 13,811 

10.0 .935 25.003 .2042 10,406 .990 28.031 .2163 11.666 | 1.045 12,998 

10,2 .952 24.575 .2130 9.805} 1.008 27,551 2256 10.992 | 1.064 30.697 .2381 12.247 

10,4 969 24.160 .2220 9.249 | 1.026 27.086 .2351 10.369 | 1.083 30.180 .2482 11.554 

10.6 986 23.760 .2312 8.735 | 1,044 26.637 .2448 9.793 | 1.102 29.679 .2584 10.911 

10.8} 1.003 23.372 .2406 8.258 | 1.062 26.202 .2547 9.258 | 1121 29.195 .2689 10.315 

11,0} 1,020 22.996 .2501 7,815 | 1.080 25.781 .2648 8.762 | 1.140 28.726 .2795 9.762 

11.2 | 1,037 22.633 .2598 7.404 | 1.098 25.574 20548 8.300 | 1.159 28.271 .2904 9.248 

11.4} 1,054 22.280 .2698 7.020} 1.116 24.978 .2856 7.871 | 1.178 27.831 .3015 8.769 

11.6} 1,071 21.938 .2799 6.663 | 1,134 24.595 .2963 7.470 | 1,197 27.404 .3128 8.323 

11.8 | 1.088 21.607 .2901 6.330 | 1.152 24.223 .3072 7.096 | 1.216 26.990 .3243 7.907 

12.0} 1.105 21.285 .3006 6.018 | 1.170 23.863 .3183 6.747 | 1.235 26.588 .3360 7.518 a 

12,2 | 1,122 20.973 .3113 5.727 | 1.188 6.420 | 1.254 26.198 7.154 

12.4 | 1,139 20.669 .3221 5.454 | 1.206 23.172 .3411 25.818 .3600 6.813 

12.6 | 1.156 20.374 .3332 5.198 | 1.224 22.842 .3528 5.828 | 1.292 25.450 .3724 6.493 some 

12.8 | 1.173 20.088 .3444 4,958 | 1.242 22.520 .3646 3.583 25.092 .3849. 6.193 

13,0} 1.190 19.809 .3558 4.733 | 1.260 22.208 .3767 5.306 | 1.330 24.744 .3976 5.912 “a 

13.2 | 1,207 19,538 .3674 4,521 | 1.278 21.904 .3890 5.068 | 1.349 24.405 .4106 5.647 aot 

13.4} 1,224 19,274 .3791 4,321 | 1.296 21.608 .4014 4.844 | 1.368 24.075 .4237 5.398 plan 

13.6 | 1.241 19.017 .3911 4,133 | 1.314 21.320 .4141 4.634 | 1.387 23.755 .4371 5.163 ¥ 

13.8 | 1.258 18.767 .4032 3.956 | 1.332 21.039 .4270 4.435 | 1.406 23.442 (4507 4.941 : 

14.0 | 1,275 18,523 ,4156 3.789 | 1.350 20.766 .4400 4.247 | 1.425 23.138 .4645 4.732 

14.2 | 1,292 18.285 .4281 3.631 | 1.368 20.500 .4533 4.070 | 1.444 22.841 .4785 4.535 

14.4} 1,309 18.054 .4408 3.481 | 1.386 20.240 .4667 3.903 | 1.463 22.552 .4926 4,349 

14.6 | 1.326 17.828 .4537 3.340 | 1.404 19.987 .4804 3.745 | 1.482 22.270 = .5071 4.172 

14.8 | 1,343 17.608 .4668 3.207 | 1.422 19.740 .4942 3.595 | 1.501 21.994 
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50 
Since stress, or load P, is proportional to strain, or deflection o 
f, it follows from Equation [4] that Pd/f is constant for all springs 20 -” 
of the same material, wire diameter, and mean coil diameter. 1s = = 
By substituting Q = Pd/f and spring index C = D/d in Equa- = = 


tion [3], a formula is derived for calculating the wire diameter 


oy 
Values of C and Q are readily obtained from formulas derived > 4 — 7 i 
later, as Equations [7] and [10], which permit d to be determined 5 = —_- of 
analytically and, for quick reference, practical solutions have z 7 i — = > ho. ¢ 
been summarized in the graph, Fig. 5. est 
The ratio of the active length at maximum operating load to ° a Pal i 
the theoretical deflection of a spring having no initial tension is ° 5 == — = i 


known as deflection ratio Y. + 
Fem the geometry in Fig. 4 


WIRE OIAMETER IN INCHES d= 
VG 


Thus elimination of deflection factors shows the deflection , 


ratio to be an important factor in the design of springs, regardless Fie. 5 Q Versus d ror Determining Wire Diamerte 
. initial tension, because the load and length components P and (This figure has been modified for clarity.) 

L establish the boundaries which locate the gradient, and the 
rate component establishes the slope of the gradient. PG — 


Further from Fig. 4 Substituting Equation [6] 


Dividing by P and substituting Equation [4] 


GRAPHIC REPRESENTATION OF COMPRESSION SPRING: 


A method similar to the one just described for extension » 
may be used to analyze graphically the gradients and prop: 
ee of compression springs. In this case the active free length 
Z a ad spring is plotted against the applied compressive load, as 
de in Fig. 7, rather than in the conventional manner in Fig. 6. 

Lo — - ——_—_____» ss the geometry in Fig. 7 again it is established that 


Fic. 4 Grapuic REPRESENTATION OF DYNAMICALLY Loapep From here on, the compression-spring equations depart 
4 EXTENSION SPRING © what from those derived for extension springs. One reasot! 
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. ail 7 this is the fact that compression springs do not have initial ten- 


sion. Instead they require consideration with respect to coil 
clearance. By expressing coil clearance as a function of the com- 
pressive load P, a coil clearance factor 7', may then be used in 
the’expression P X 7’, to evaluate the additional load required 
to cause solid compression L, of the spring from its minimum op- 
erating length L. 

From the geometry in Fig. 8. 


But from Equation [6] 7 —_ 


P Ps pd: 


Fie. 6 CONVENTIONAL GRAPHIC KEPRESENTATION OF A Com- 


4 Therefore 
PRESSION SPRING 


Following the procedure for formulating Equation [10] 


L ont : ‘1 The wire diameter d can now be determined from Fig. 5 or from 
Equation [5] where 

j 


using values of C and Q from Equations [12] and [ 13}. 


O31 


COMPRESSION-SPRING Cor, CLEARANCE Factor 7’, 


ny : 1 _ f It is a common practice in compression-spring design to allow 
i 63 a coil clearance of 10 per cent of the wire diameter or coil deflec- 
tion, whichever is larger; but in formulating an equation for 
ett BAC > coil clearance, it is more satisfactory to allow 5 per cent of the 
— sc aclllacote F - ____ sum of the wire diameter and coil deflection or 0.05 (d + f) per 
coil. 
Nid FNxf(itTe) 


By designating this percentage as p, expressed as a decimal, 
then, in general, the clearance per coil is p (d + f). 

Letting total coil clearance = L, and spring rate = R, from 
Fig. 8 


ACTIVE FREE LENGTH 


Fic.7 New Grapnic REPRESENTATION OF A COMPRESSION SPRING 


PT, = 


° Thus it is seen that coil clearance is a function of the spring 
index and can be applied to the formulas for Q, and C, directly 
by expressing it as a function of Y, and developing corrected Y 
values for use in Equations [12] and [13]. pe 
Solving for Y in Equation [13] 


ings 


lL. 


rom 


- The difference is negligible if the ieiewe: factor 7’. in Equa- 
VAX WORKING LENGTH 

tion [16] is ignored 


ACTIVE FREE 


16.8 New GrapHic REPRESENTATION OF A DYNAMICALLY LOADED | 


for CoMPRESSION SPRING 


| 

P 
| 
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Equations [12] and [13] become 


GK 


EXTENSION-SPRING INITIAL TENSION 


Upon investigating the use of Equation [17] for determination 
of initial tension factor 7 for extension springs, it is found that 
by coincidence it produces very good results, and the general 
equations for Q, and C, may be written thus 


Q, = (1+ 


GK 
+ p) —1 +49] 


A p value of 0.05 produces medium initial tension whereas for 
high initial tension 0.10 should be used where C is greater than 4. 


[21] 


GRAPHICAL DETERMINATION OF SPRING INDEX C 


The actual use of the equations for C may be simplified con- 
siderably by plotting graphs of Y versus C. Fig. 9 is a Y versus 
C graph which has been prepared from Equations [10] and [13] 
for the design of music-wire springs. It is not necessary to plot 


a different set of Y versus C curves for compression springs, be- 


cause solving for Y in Equations [10] and [13] 


for extension springs 


for compression springs 
_GK 
rC?S, 


Therefore (1 — 7’) and 7, are increments to Y which can be 
taken into consideration when reading the graphs in the form of 
additions to or subtractions from Y and it is necessary only to plot 
C versus Y as determined from the equation 


70,000 PSI 
@ S,= 85,000 PS! 
@ s,=!00,000 PS! 


TOR % FACTOR 
MED | HIGH 
.20 | 40 
15 | 30 
9-14) 10 | .20 


3.5 4. 


1.0 COMPRESSION 25 3.0 
XTENSION 


(FROM CHART ABOVE) 
oo = — | 


SPRING INDEX, C 


Fic. 9 Y Versus C ror SELECTING SPRING INDEXES 
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The graph, Fig. 9, was calculated with G = 11,500,000 and S, = 
70,000 for Curve 1, 85,000 for Curve 2, and 100,000 for Curve 3, 
In using this graph to determine C, Y is calculated from Equation 
[6], and the 7' factor is added or the 7’, factor subtracted from Y 
to obtain the correct spring index C. This graph is very flexible 
in that the corresponding spring index for any value of 7 or 7, 
mav be obtained from the single curve. 


SprING-PROPORTION TABLES 


The design of helical extension and compression springs can be 
simplified to a considerable extent by the use of properly pre- 
pared reference tables. In addition, if these tables are arranged 
so that they may be used in conjunction with a mathematical 
or graphical design procedure as outlined in this paper, springs 
to meet very exacting requirements can be designed with a mini- 
mum of design time. 

Partly because the spring index C has such a great significance 
in spring calculations and partly because it produces a desirable 
range of outside diameters for springs, arbitrary values of C in 
steps of 0.2 are used in the calculation of the tables (see Table 
1). For the sake of convenience, the outside diameter OD is 
listed in preference to the mean diameter D. The loads and 
deflections are calculated from the basic formulas at 100,000 psi 
stress, making it easy to select springs for other stresses by direct 
proportions. 

To use the tables it is convenient to calculate Y from Equat 
[6] and then to determine either C or Q graphically, or fro. 
formulas included in this paper. After C or Q has been found, tl 
table may be scanned for the desired load Py at the established 
C or Q value 

100,000 P 
S, 
where P is the maximum operating load and S, is the de 
maximum stress. 

From the table, values may now be read for wire diame 
outside diameter OD, and deflection fy at table load Py. 
number of active coils may be calculated from the equation 


where s is the operating stroke and P,; is the minimum operating 
load. The solid active length L, may be determined from tl 
formula 


L, = nd 


to which should be added the necessary inactive coils and 
loops to get the final specifications for the spring. 

If the operating load and length conditions of a problen 
drawn to scale and represented similarly to the diagram, Fig. 4, 
Q may be scaled from a tentative initial tension point. and a coil 
of sufficient strength Py and corresponding Q value selected { 
Table 1. If the Q value is not exact, this may be remedied | 
changing the initial tension accordingly. After the initial tet 
is fixed, the solid length L, may be scaled, and the number of « 
determined from the formula 


= L, /d 


In the case of compression springs, as shown in Fig. 8, L, is mea* 
ured at the final Q value. Care should be taken when making 
graphical solutions to insure sufficient coil clearance and initial 


tension within recommended ranges. asec 
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JOHNSON—NEW APPROACH TO DESIGN OF EXTENSION AND COMPRESSION SPRINGS 


The graphical solution of spring problems is explained further 
and in greater detail in the section on the graphical cataloging 


of existing springs, where Q is utilized in conjunction with the 
catalog for making specifications for new springs from coil 
proportions of cataloged springs. 


IN MACHINE DESIGNS 


SPRINGS 


SpacE CONSIDERATIONS 


In order to introduce well-designed springs in a mechanism, it | 
is of primary importance to have sufficient space available to ac- 
For a 
statically loaded spring this is not nearly as important as for 


a spring subject to dynamic loadings; on the other hand, if the 


commodate a spring of the proper physical proportions. 


spring has to meet specific requirements with respect to its rate, 
For 
this reason a guide for making spring space allowances in the 
early phases of a design is a welcome aid to the designer. The 
spring tables will serve the purpose of establishing the required 
outside-diameter clearance for a spring with an appropriate 
spring index if the approximate maximum working load has been 
defined. 

It is quite another problem to determine the proper ratio 
between the active operating length L at load P and the working 
stroke s. 


the possible number of solutions to the problem is reduced. 


This may be done by substituting the load increase 


REQUIRING 


factor? 1 = P/P,, in Equation |6] after expressing the spring 5 


rate 2 in terms of loads and stroke 


y LR _ 

4 


y solving Equation [23] for the stroke-to-length ratio s/ZL at 
various values of Y and 7, the graph in Fig. 10 is produced. This 
graph may be used for selecting s/L and PP, values which will 
produce a spring with reasonable proportions. Since a spring 
idex between 6 and 9 falls within what may be considered an 
ptimum range, it will be well to select Y-values which eventually 
will produce a spring whose index will fall within that range. It 
should be noted that Equation [23] does not include a load term 
P. This is a valuable asset in that it is possible to determine 
suitable spring proportions without knowing the final load re- 
irements in the mechanisms 


SELECTED WORKING STRESS 


The load-increase factor i = P./P, takes on added significance 
When its use in conjunction with fatigue tests is realized. Fig. 
ll is a diagram showing the trend of results from fatigue tests of 
prings operating over various loading ranges. Failure in actual 
ests takes place at points above the maximum stress shown, but 
mn the same general curve. The maximum stress has been modi- 
fed to allow an adequate safety factor. 
sional stress in t 


Inasmuch as the tor- 
he spring will be proportional to the applied load 


Max stress P 
Min stress P; 


‘curve plotted with respect to max S, versus i may be superim- 
posed on the fatigue diagram, and used to determine safe maxi- 
tum design stresses for various load-increase factors. 


“Helical Spring Tables—I,” by Paul Klamp, Product Engineering, 
vol. 10, 1939, p. 361, 
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{6} and [23] for calculating Y, represents the active working “ee 
length at maximum load P. When determining length requiree 
ments between supports early in the design of a mechanism from 


The L term in the stroke-to-length ratio s/L and in Equations —s_—y 
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Y or s/L, it is necessary to add to the active working length 
the approximate inactive length to avoid the necessity for severe 
requirements with respect to initial tension or coil clearance in 
the final design. Also, for the same reason, when calculating Y 
for a spring to operate between two previously located supports, 
it is necessary to subtract the approximate inactive length. Fig. 
12 may be used as a guide in selecting the approximate inactive- 
length allowance when the maximum load is predictable. Curve 
1 is for extension springs with regular machine end loops. Curves 
2, 3, and 4 are for compression springs with squared, squared 


INACTIVE LENGTH ALLOWANCE 
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100 


Fig. 12 L; Versus P ror MakinG INacTIVE LENGTH ALLOWANCES 


and ground, and plain ends, respectively. The actual inactive 
length will be calculated from the accepted formulas when the 
coil proportions are known. 


. CATALOGING OF EXISTING SPRINGS 


‘ 
: “ag Manufacturers who use considerable numbers of extension and 


compression springs in their products are faced from time to time 
with the problem of selecting existing springs for changes in the 
machine design or for new applications. Unless sufficient data 
are available, it is»generally easier for the designer to specify a 
new spring than to use one that is already released for production. 
Consequently new springs are often duplications of existing de- 
signs. From the standpoint of economy and speed in procure- 
ment, it is desirable to be able to select a stock spring for the new 
application. In order to facilitate such selection, it is possible to 
use the information submitted in this paper for producing a spring 
catalog which will reflect accurately the spring specifications 
and make it easy for the designer to select a spring with the de- 
sired characteristics. Furthermore, with the method of catalog- 
ing springs described in the following paragraphs, it is possible 
to use available spring data to set up specifications for new springs 
in case a suitable existing spring is not found. 

Fig. 13 indicates the method used for plotting the gradients 
for various springs. It should be noted that the spring gradient 
starts at a distance L; from the Y-axis. This distance represents 
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the inactive coils and end loops of the spring. The inclusion of 
L,; makes it possible to consider the spring characteristics on the 
basis of the over-all dimensions of the spring rather than on the 
active coils alone. In the illustration, Fig. 13, showing a spring 
gradient, the upper end of the solid line represents the load which 
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SPRING CHARACTERISTICS 
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produces 70,000 Ib stress, and the upper end of the broken line 
represents the load producing 100,000 |b torsional stress. 

An actual chart of a family of gradients is shown in Fig. 14. 
The graphs on each chart represent springs, all of which have 
essentially the same free length. It is easily seen how conveniently 
s designer can select a spring that will give him the desired load 
at a definite extension, and also determine the stress at which 
the spring is working under those conditions. If these graphs 
are supplemented by a display panel as shown in Fig. 15, the 
designer has an opportunity to inspect the actual spring. 

The spring catalog is also useful in establishing specifications 
for new springs when existing springs cannot be found which will 
meet the requirements. An example of this is shown in Fig. 16 
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which is depicted a required spring whose gradient should go 
point B in the co-ordinate system. On the basis that an out- 
Side diameter of 0.375 will be satisfactory, a line is drawn through 
points B and C, since C is the terminal point for the gradient of a 
Sing with a 0.375 diam. The line FD; representing the initial 
tension of spring No. 2, is extended to the new gradient at F. 
new free length inside end loops is equal to the distance FL, 
tad the rate equals the slope of the gradient. The specifications 
the wire diameter and outside coil diameter were taken from 
the tabulated data on the graph for spring No. 2. 
Ina similar manner it is possible to obtain the specifications for 


SPRING Dispiay 


a spring which must have a definite rate. In this case it will be 
necessary to plot two points in the co-ordinate system and draw 
a line between them, extending the line and selecting a point C 
which lies close to the gradient drawn. The specifications can 
now be obtained as in the previous example. 

The procedures just described are further applications of the 
load constant principle and are similar to the graphical solution 
presented in the section on the “Spring Proportion Tables.” 
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A. H. Burr.‘ There would seem to be considerable merit in 
the author’s method representing the deflection curve of a spring 
with the spring length included. This gives an excellent con- 
ception of the space requirements. His several constants and 
ratios such as Q, 7’, Y, and 7 become convenient means of intro- 
ducing several design considerations into the formulas which lead 
to the determination of wire diameter. In regard to the over-all 
approach and the method of direct solution for wire diameter, it 
seems to the writer that only experience in their use can bring a 
full comprehension of their significance to spring-design practice. 

Under ‘“‘Nomenclature,” should not f be defined as the deflec- 
tion per coil produced by load P when there is no initial tension or 
compression? Only by this definition can the total deflection F, 
in terms of number of active coils n, be nf for the compression 
spring in Fig. 8, and nf (1 — T) = nf (P — P,)/P for the tension 
spring with initial tension P, in Fig. 2. 

There is an alternate proof for the statement that the load con- 
stant Q, represented by the distance BA in Fig. 3 of the paper, is 
constant or the same for all springs with the same mean coil 
diameters D, wire diameters d, and the same material. In both 
Figs. 2 and 7, Q is the spring rate R multiplied by the solid length 


‘ Department of Machine Design, Sibley School of Mechanical 
Engineering, Cornell University, Ithaca, N. Y. Mem. ASME. 
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L,. Spring rate R, from Equation [3], is P/nf = (Gd*)/(8 D'n.). 
 AlsoL, = nd. Hence 
4 Q = RL, 8 Din 


Q is seen to be a function of G,d, and D only. Equation [5] fol- 
lows readily from this after the substitution of C = D/d. 

In the derivation of Equation [12] does not the relationship 
LR/P = Y follow from the definition of Y and the geometry of 
Fig. 8, rather than from Equation [6], as stated? 

In the method the value of the spring index C is controlled by 
the deflection ratio Y = LR/P and other factors. It is suggested 
in the paper that C may be kept within a desirable range of 6 to 9 
by careful selection of Y-values. Can a guide for the selection of 
Y and of 7, the ratio of maximum to minimum working loads, be 
given? Without a guide does the problem become one of trial 
and error? 

It would be desirable to know the steel and its treatment on 
which Fig. 11 is based, also the factor of safety used in determin- 
ing the working stresses. 

It is not clear to the writer how the data in Fig. 12 are applied. 

If the author would furnish an illustrative example, a better 
choice could be made by a reader between this method and the 
more conventional trial-and-error method. 


F. W. Gasxins.5 We have here a new and different approach 
to the problem of spring design. The emphasis placed on the 
necessity for providing sufficient space for a spring having certain 
characteristics of load, rate, etc., and the convenient means pro- 
vided for establishing the dimensions of that space should be of 
inestimable value to the designer. With the method described 
available to him, and the implied warning that if he does not pro- 

vide proper space he will have to accept something less than satis- 
factory spring performance, we may hope that at least some of the 
unsound designs which are so common today will be avoided. 

Undoubtedly, it was the author’s desire to have his formulas 

— correct which caused him to include the Wahl 
“correction for curvature” factor. It is rather startling to en- 
; counter this factor in the basic equations. Whatever its value or 
7 = of value as a factor in establishing a safe maximum stress in 
- given case, its inclusion does have the virtue of tending to- 
ward conservative design from a stress standpoint. Spring 
manufacturers will rise up and call blessed any procedure which 
_ will accomplish that. 
In the method of depicting and comparing the characteristics 
of springs set forth under the heading ‘Cataloging of Existing 
Springs” and illustrated by Figs 13, 14, and 16, the designer is 
presented with angther invaluable aid. In a plant using many 
springs of similar kinds the saving resulting from the prevention 
of duplication and near duplication should be tremendous. 


H. F. Ross.* It is a common practice among engineers to deal 
with a problem from every possible angle. 
well-integrated system, conceived from certain new relationships 
developed by the author to establish a progressive procedure of 
spring selection, based upon a concept of physical dimensions as 
applied to the complete working range of the spring. The result- 
ing method should prove a real contribution to facilitate the prac- 
tical selection of springs for particular applications. 

In order to utilize this system, two new concepts must be kept 


5 The General Spring Company, Cincinnati, Ohio. 
® Research Division, United Shoe Machinery Corporation, Bev- 
erly, Mass. 
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inmind. These are symbolized by the letters Q and Y, represent- 
ing, respectively, the load to produce a deflection equal to the 
active solid length, and the ratio of the active length at maximum 
operating load to the theoretical deflection at that load. They 
may be used either for compression or tension springs, but the 
graphical distinction must be remembered. In addition, the 
representation of a clearance factor 7'., as a function of Y, and its 
use in modifying the value Q for compression springs, must be 
visualized, together with a similar modification of Q by an initial 
tension factor 7’ for tension springs. 

The following procedure is typical of a dynamic spring design 
by this method: 


1 Determine mathematically the value of Y as a function of 
the load-increase factor P/P,, making the value come within the 
limits of safe design on the stress-range chart. 

2 Find C or Q graphically or mathematically by the formulas 
provided. 

3 Extrapolate the load P at the maximum desired stress to 
the value Py, the load at 100,000 psi, in order to use the spring 
tables provided. 

4 Read values of wire diameter d, outside diameter, and de- 
flection per coil from the tables. This is permissible since the 
term Q is constant for any given wire size and coil diameter. 


5 Caleulate the number of active coils and the active solid 
length of the spring. 
6 Add provision for inactive wire or loops. 


It has been the experience of the writer in the limited time 


available to become acquainted with this system, that the time re- 


quired to arrive at a solution is somewhat longer than by other 
means. However, it is conceivable that the benefit coincident 
with a single solution, as opposed to trial and error, and the ae- 
cumulation of a catalog file as a permanent reference for selec- 
tion or modification, might prove to have an advantage over 
established methods. 

The writer suggests that the safety factor contained in the load- 


increase curve used in conjunction with the fatigue diagram be 


defined a little more clearly, and also that separate curves be made 


for tension and compression springs, since tension springs do not 


contain the beneficial residual stress produced in compression 
springs by cold-setting and therefore cannot be used successful 
over the same stress range in a dynamic application. 

The value of shotblasting and its effect on the stress-range § 
diagram has become increasingly recognized in the past few years 
The general load-increase curve shown in Fig. 11 might well be 
come a family of curves to facilitate this and other particular 
solutions not defined adequately by one curve. 

The author is to be commended for a significant contril 
to the literature in this field, particularly on the originalit 
integration of a new approach to spring design. 


J.T. Wanea.7 The ordinary objectives in designing a 
spring is to keep the working stress below a harmless limit 
get desirable deflections or restoring forces under the pre 
conditions. The usual method of making a solution is | 
and try ” using the two following fundamental formulas 


8KPD 
8PD*N 

Gd‘ 


The author’s method introduces a new variable called 


7 Professor of Machine Design, University of Che-Kiang 
Visiting Consulting Engineer, Allis-Chalmers Manufacturing 
pany, Milwaukee, Wis. 
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tion ratio,’ Y. The required given conditions for solution of 
problems of helical spring according to his method are as follows: 


Maximum length of the spring. 


2 Minimum length of the spring. net 

3 Load on spring at maximum working length. 

4 Load on spring at minimum working length, | 


Free length of the spring. 


o> 


It will be definitely a help to the designer if he has an idea of 
these lengths when he starts to work the problem. On the other 
hand, if what he has in his mind are only the maximum force he 
has to handle and a desirable. deflection under the given force, 
then he still must resort to trial-and-error methods. 

Some time ago the writer had a problem of designing a helical 
spring with the following specifications: 


1 It should have an initial compressive force of 1750 lb. 

2 The working compression beyond the position of initial com- 
pression is a stroke of 1!5/,,in. At the end of the stroke, further 
compression of the spring is prevented by some kind of stop 
mechanism. However, at the end of the stroke of 1'5/:. in., the 
spring should not be overstressed. 

3 The outside diameter of the coils should not exceed 6 in.; a 
smaller diameter will be preferred. 

4 It should have as short a length as possible. 

5 Maximum allowable shear stress is 70,000 psi. 


At the start, we did not have any idea of the lengths required 
for thé spring. If we were to use the author’s method, we would 
have to assume some of the lengths and later improve the results 
by trial and error. The problem was solved with the two funda- 
mental formulas by cut and try. The writer still feels that it 
isa better method than the author’s. The reason is that we are 
more familiar with the fundamental formulas. 

However, there are certain problems for which the author’s 
method will prove to be superior. It is also the writer’s opinion 
that when the design of springs becomes a sizable routine in a 
design office, special charts or formulas should be devised to facili- 
tate the work, as the author did for his office. 


F. P. Zimmer. The author and his associates have com- 
pleted an immense amount of work in assembling data for their 
method of spring calculation. For the use to which they intend 
to put it, the material should help them a great deal. The author 
is to be congratulated on the originality of his solution of his 
problem. 

A recent survey of spring uses in the automotive and other in- 
dustries shows that 95 per cent of the helical springs used fall 
inside the physical specifications of the Society of Automotive 
Engineers. These specifications are rather broad, so the fact 
that they cover such a usage indicates that many springs need not 
be extremely accurate. Because of this, we do not believe the 
suggested method will meet with much use by the ordinary drafts- 
man. It appears easier to use handbook tables which are figured 
for constant stress. For example, “Marks Handbook” at 60,000 
psi, torsion only, will give load, outside diameter, and deflection 
per single coil per 100-lb load. Ina matter of a very few minutes 
the deflection for the load, number of coils needed, and wire size 
are available. A mistake of 100 per cent, i.e., stress of 120,000 
psi will in many cases “get by” in static designs. 

The few who must figure springs most of the time have slide 
rules laid off in third and fourth-power logarithmic scales. A 
glance at such a rule and slight movement of the slide brings so 
_* Chief Engineer, Barnes-Gibson-Raymond, Division of Associated 
Spring Corporation, Detroit, Mich. Mem. ASME. 


_*“Manual on Design and Application of Helical and Spiral Springs 
‘or Ordnance,’’ Society of Automotive Engineers, 1943, pp. 28-29. 
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many springs under view that tables would not accelerate the 
computation but slow it down. 

The incorporation of Wahl’s correction into the stresses is not 
exactly essential for ordinary work. Actually, when one calcu- 
lates a spring, Wahl’s correction for curvature is necessary only 
when the spring must have an infinite life. The ordinary ma- 
chinery used to produce springs is not efficient if D/d ratio is less 
than 3. At this ratio Wahl’s correction can be shown to cover an 
area of cross section around 3 per cent. It is obvious that for 
long Kfe the start of failure in this 3 per cent of the area will ruin 
the spring. 

Many springs, however, are either static or used less than 
50,000 times during their life. Such springs, being highly 
stressed, are more liable to fail through setting than breakage. 
Using the Wahl correction, a compression spring at 150,000 psi 
might not set much with a D/d ration of 3, but were this ratio 
increased to 20, the same material would lose an appreciable 
amount. Therefore we would not use this correction in calculat- 
ing for a number of spring uses. Unfortunately, Wahl’s factor 
overcorrects these small ratios. 

In general, we believe stress calculations using the Wahl factor 
are essential in considering fatigue. We do not believe this cor- 
rection of much use as regards setting. In considering the effect _ 
of heat on springs the correction is often used, but curves using E 
ditions in springs. Notable in this respect is Mr. Zimmerli’s 
discussion which is very interesting. However, we do not con- 


ordinary torsion stresses are also reliable. We have used both 
sider ourselves qualified to offer additional comments on this ; 


AvuTHOR’s CLOSURE 


The several discussions submitted in conjunction with this 
paper offer valuable contributions to the subject. In some cases, 
they, actually have extended the scope of the paper to include dis- 
cussions on the relative merit of Wahl’s correction and stress con- 


kinds of curves but have published load-loss curves due to heat, 
phase of the subject. 


employing corrected stresses only. 

The author’s idea of classifying and setting up methods to se- 
lect springs for new applications from those made previously is 
excellent. For any one plant or product we believe this might be 
done with a saving to all goncerned. Looking over the mechani- 
cal-spring industry as a whole, we find there are no standard 
springs, save die-knockout springs. This is because the over-all 
demand of various users is so different as to render such a stand- 
ardization industry-wise impractical. The spring plant today is 
essentially a jobbing plant. With the present diversity of uses 

of springs, we are actually producing more different designs and 

kinds of springs than were thought of as little as 10 years ago. 

Mr. Gaskins has expressed the author’s ultimate objective in 
the preparation of this paper and the work which preceded it; 
namely, that of providing for machine designers a basis for a 
spring-design procedure that would encourage the allowance of - 
adequate space for springs in mechanisms at the early stages of a ad 
the design. A machine designer is not necessarily an expert in 
the design of helical springs, but with a clear concept of thisde- 
sign procedure, he will be influenced to provide the desirable 
spring space in his design. ’ 

The discussions offered by Mr. Burr and Mr. Ross indicate that > 
these gentlemep have given the paper a very thorough review. 
We wish to acknowledge Mr. Burr’s correction of our definition of 
f, which appears in the nomenclature. It is unfortunate that 
this error was not noted by us and we appreciate Mr. Burr’s 
calling this matter to our attention. Mr. Burr’s alternate deriva- 
tion of an equation for Q is accurate and interesting. 

Mr. Burr also called our attention to the need for guidance in 
the selection of Y- and i-values. By referring to Fig. 10 of the 
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paper, it may be seen that appropr inte a may be selected 
by making use of the scales for spring indexes, both for extension 
and compression springs, which appear in that figure. With 
respect to i-values, it has been found that a load-increase factor 
approaching 1.3 is very desirable. In the event that the spring 
designer has great latitude in the specifications for his spring, 
which is often true in the early phases of a machine-design prob- 
lem, he may work toward the following values in extension 
springs: C = 7,7 = 1.3, s/L = 0.13. For compression springs: 
C «7,1 = 1.3,38/L = 0.2. 

With this guide in mind, Mr. 
that may receive a direct approach in its solution rather than a 
trial-and-error method. The absence of a required rate in his 
problem permits us to select a load-increase factor 7, of 1.3, and 
we can thus establish the maximum operating load at 70,000 Ib 
as 1.3 X 1750. Because the condition of permissible stress and 
work required from the spring establishes the minimum volume 
of materia] in the spring, it follows that the shortest length of the 
spring is obtainable only with the largest permissible diameter. 
We can now refer to any reliable spring table and establish the 
outside diameter and wire diameter, as well as the deflection per 
eoil at maximum operating load that is consistent with the stress 
condition given in the problem. 

From Equation [16] we can determine with the available in- 
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formation the deflection ratio as Y = (d/f) + T.. Witha coil- 
clearance factor 7’, of 0.25, it appears that the proper deflection 
ratio for Mr. Wang’s problem would be 1.5. Referring to Fig. 
10, we can now establish the stroke to length ratio s/Z and thus 
set up an equation for the solution of the minimum operating 
length of the compression spring. It is interesting to note that 
this procedure also closely approximates the design procedure 
based on the data in the paper which Mr. Ross has suggested in 
his discussion. Quite by coincidence, Mr. Ross’ suggested proce. 
dure closely parallels one which we have submitted in the form of 
a recommendation to our Engineering Department. The entire 
and detailed procedure was not included as part of this paper be- 
cause of its length. It includes a complete set of tables for wire 
sizes between 0.004 and 0.170, giving data for 3600 spring coils, 
The author will be happy to forward a complete set of these tables 
to anyone who is interested. 

The author wishes to thank all the discussers for their contribu- 
tions of time and effort which have resulted in a fuller treatment 
of this very interesting subject. He also wishes to acknowledge 
with thanks the several contributions and valuable suggestions 
offered by his associates in the Customer and Production Engi- 
neering Department in IBM, particularly the encouragement he 
has received from Mr. E. W. Gardinor and Mr. W. G. Baird's 
valuable review of the paper. 
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The usual means for supplying scavenging air to two- 
cycle Diesel engines is by reciprocating piston pump, by 
engine-driven positive-displacement blower, or by motor- 
driven blower, either of the positive-displacement type or 
centrifugal type. The pressure-volume characteristics of 
the centrifugal blower are less favorable for engine scaveng- 
ing than those of either the Roots-type blower or the 
reciprocating pump. In spite of its somewhat lower 
efficiency, the centrifugal blower offers a solution to the 
problem of installing maximum additional horsepower to 
a plant restricted in space. This paper deals with the 
characteristics of this type blower and its advantages for 
certain applications. 
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URRENT practice in scavenging two-cycle Diesel engines 
C is to supply air by reciprocating piston pump, by engine- 

driven positive-displacement blower, and to a lesser extent 
by motor-driven blower, either positive-displacement or cen- 
trifugal. 

The efficiencies of these air sources vary greatly, as shown by 
Table 1. This efficiency is the ratio of engine power consumed 
by the blower and its drive to the theoretical adiabatic power, 
the engine power being referred to the crankshaft and including 
all losses of the drive. 


TABLE 1 TYPICAL EFFICIENCIES OF VARIOUS BLOWERS AND 
DRIVES 

Blower Drive Combined 

Blower type efficiency efficiency efficiency 

Reciprocating pump............. 0.50 to 0.68 0.95 0.48 to 0.65 
Positive blower, Roots-type, 

Positive blower, Roots-type, 

Centrifugal blower direct 

0.68 to 0.75 0.867 0.59 to 0.65 
Centrifugal blower gear-motor 

uve 0.68 to 0.75 0.84 0.57 to 0.63 


ad The product of 0.94 generator efficiency and 0.92 motor efficiency. 


From this table it is apparent that the Roots-type positive- 
displacement blower, gear-driven from the engine crankshaft, 
is the most efficient source of scavenging air. The centrifugal 
blower of itself can be quite efficient when properly propor- 
tioned but the loss due to the combined electrical losses of the 
generator and motor reduces it to a level about comparable with 
an efficient reciprocating pump. 

The pressure-volume characteristics of the centrifugal blower 
are less favorable fof engine scavenging than those of either the 
Roots-type blower or the reciprocating pump. This will be 
discussed later. 

In spite of the less favorable efficiency and pressure-volume 

' Assistant Chief Engineer, Nordberg Manufacturing Company. 
Jun. ASME. 

Presented at the 20th National Oil and Gas Power Conference, St. 
Louis, Mo., May 20-22, 1948, of Taz American Society or Mz- 
CHANICAL ENGINEERS. 
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Centr fugal Blowers for Two- -Cycle 
Diesel Engines 


By ROBERT CRAMER, JR.,! MILWAUKEE, WIS. 


characteristic, the motor-driven centrifugal blower has found its 
place in recent years for other reasons. When an additional 
engine is installed into an existing powerhouse, either in place of 
an older engine or in other available but restricted space, it has 
been found possible to include one or two additional cylinders in 
the space which would be occupied by the scavenging pump or 
gear-driven blower. The centrifugal blower may be located in a 
smaller structure outside the main powerhouse. Figs. 1, 2, and 3 
are a striking example. Fig. 1 shows the interior of the municipal 
power plant at Carthage, Mo. The foreground engine is an 
8-cylinder 21'/.-in. X 29-in. two-cycle engine, rated 3200 hp 
at 225 rpm, scavenged by a motor-driven blower. The engine 
directly behind, which occupies the same floor length, is a 6- 
cylinder engine of slightly smaller cylinder bore, scavenged by a 
reciprocating pump and rated 2250 hp at the same speed. Fig. 
2 is a view of the interior of the blower house showing the direct- 
motor-driven blower of 14,900 cfm, and Fig. 3 is an external view 
of the blower house showing also the intake pipe and the exhaust 
muffler. The left side of the blower house is a chamber housing a 
continuous self-cleaning air filter. 

For very large engines, especially with large numbers of cyl- 
inders, a much better distribution of scavenging air is possible 
than with an éngine-driven blower or pump located at one end 
of the crankshaft. Fig. 4 shows the arrangment of the scaveng- 
ing-air system for a large power plant currently being built in 
Mexico City. The engine is one of six 12-cylinder 29-in. X 
40-in. machines, the crankshaft being 57 ft long. It has been 
found that for engines of this length scavenging-air distribution to 
the cylinders becomes quite unbalanced if air is supplied through 
one end of the scavenging header. The arrangement shown 
provides even distribution and uniform scavenging for all cyl- 
inders. 

For an engine of the magnitude just mentioned, which requires 
45,000 cfm at a pressure rise of 3.6 psi, there are no commercially 
available Roots-type blowers which are suitable. Even if de- 
veloped they would be extremely large and require either a large 
slow-speed motor or a reduction gear. A reciprocating pump 
would be much too large and cumbersome. 

In ships where the machinery space is very crowded it has been 
found practical to locate the centrifugal blowers at almost any 
reasonable place and pipe the air to the engine. Fig. 5 shows a 
typical arrangement in a U. S. Maritime Commission VC2-M- 
AP4 Victory ship of 14,900 tons. 


REQUIREMENTS OF Two-CycLe ENGINES 


The air requirements of two-cycle engines are dependent 
upon so many factors that experience and experiment are the 
only reliable guides. Engines of the type being discussed require a 
scavenging-air volume 1.3 to 1.4 times the cylinder displacement, 
measured at atmospheric pressure. Schweitzer? has described 
methods for determining the amount of air and has shown that 
increasing air flow produces higher scavenging efficiency. It 
also improves engine cooling. 

The air requirements are based upor average conditions. 

2 “Porting of Two Cycle Diesel Engines, Part II,” by P. H. 


Schweitzer, Diesel Power, Diesel Transportation, vol. 20, June, 
1942, pp. 477-479. 
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INTERIOR OF POWER PLANT AT CARTHAGE, Mo. 


Fic. 2 ScavENGING BLowER INSTALLED IN THE CARTHAGE POWER 
PLANT 


However, the basic variable is air density, i.e., the weight of 
fresh air trapped in the cylinder at the end of the scavenging 
period. Hence a given engine will run equally well at lower 
volume of high density because the trapped weight of new air 
is the same, and the cooling effect is also proportional to the 
density. Elliott? has shown that humidity has a negligible 
effect on performance and may be disregarded. 

The power required to compress the scavenging air is a direct 
charge against the engine output, hence the air requirements are 
based on the minimum flow which will secure clear exhaust at 


3 “Conversion of Measurements of Power Output of Diesel En- 
gines to Standard Atmospheric Conditions,”’ hy M_ A. Elliott, Trans. 
ASME, vol. 68, 1946, pp. 525-539 
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blower characteristic and engine resistance on volume, the blower 
power may increase as much as 45 per cent from the 90 F, mini- 
mum barometer condition unless limited by blower-speed varia- 
tion or throttling. 


ENGINE RESISTANCE CHARACTERISTICS 


From experimental investigations on two-cycle engines of 
17.5 in., 21.5 in., and 29 in. bore, and numbers of cylinders from 
5 to 10, it appears that the resistance of the engine varies very 
nearly as the 1.5 to 1.6 power of the volume if speed and load 
are held constant. Fig. 6 shows typical resistance character- 
istics for a 21.5-in-bore engine plotted against air volume, and also 
shows pressure and power characteristics of a typical centrifugal 
blower. These will be discussed later. 

No attempt has been made to form a mathematical theory 
for the 1.5 to 1.6 exponent. It is thought that the resistance 
would vary approximately as the square of the volume if the 
temperature remained constant, but since increasing volume 
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the maximum load requirement and minimum atmospheric air 
density. 


: 120 MAXIMUM CONTINUOUS RATING 
The Diesel Engine Manufacturers Association (DEM 4A) 
standards‘ for rating engines provide for no corrections up to sale 
90 F, barometer as low as 28.25 in., and up to 1500 ft altitude. 5 804 
To meet guarantees, the air supply must be based upon density el 
at 90 F and minimum barometer at the installation location. 8 = 
: J BLOWER POWER 
Any available type of constant-speed blower which can supply oe y _ 
sufficient air for this condition will be oversize for any other 204 
condition of lower temperature or higher barometer. = 
Table 2 gives normal variation in atmospheric air density 
at 750 ft elevation above sea level in northern United States, *s 7? Va 
and shows that any’given installation may experience an increase 60° 
of inlet-air density of nearly 30 per cent from the minimum re- —— 7 
quirement just described. ain BLOWER RATING POINT~A THROTTLING 
"4 
TABLE 2 VARIATION OF ATMOSPHERIC AIR DENSITY *°T nesistance 
Condition deg in. Hg lb per cu ft Ratio a r 
Extreme heat, low barometer 28.5 0.069 1.00 § 10 
me cold, high barometer —20 29 
ormal or average......... 60 29.0 0.074 1.07 
id 
The blow: tional to air density at a give ; —— re 
ower power is proportional to air density at a given er amy ~~ 3 ; 
Volume and pressure rise. Together with the effect of the BLOWER INLET VOLUME -CFM 


‘*“Standard Practices for Stationary Diesel Engines,” third edition, 
1 Engine Manufacturers Association, New York, N. Y., 1946. 
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decreases exhaust. and ‘hence exhaust volume, it 
partially offsets the increase of resistance in the exhaust portion 
of the system. 

There is a considerable drop in resistance as load decreases 
due to reduced exhaust temperature and volume. This resistance 
decrease may be as much as 20 to 25 per cent between full load 
and no load. 

Accurate data are not available as to the effect of engine 
speed. Some limited data indicate a slight increase in resistance 
as speed increases, other conditions such as load and volume 
remaining constant. 

The resistance of an engine increases gradually in operation 
due to carbon formation in the scavenging and exhaust ports. 
This may be very slight when combustion is proper but may in 
time increase the resistance, as shown by scavenging pressure, 
up to 20 per cent if the combustion is poor. In such case, cleaning 
of the ports becomes necessary. 

The resistance also increases with increasing air density, but 
the pressure developed by a centrifugal blower does also, so it is 


not necessary to make an allowance for this except in motor 


horsepower. 
CHARACTERISTICS OF CENTRIFUGAL BLOWERS 


The general characteristics of centifugal blowers are covered 
adequately in the literature and textbooks and need not be 
reviewed here, except in so far as they are related to engine 
characteristics. 

The practice of blower manufacturers is to supply character- 
istic curves based upon standard conditions at the blower inlet 
and constant blower speed. Several curves are usually supplied 
showing the characteristic at various temperatures. : 
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the load drops to zero and the temperature decreases to 0 F, 
the volume will increase about 20 per cent and the power about 
45 per cent to the point B. Accepting the premise that weight 
flow is the necessary criterion for proper engine performance 
it will be seen that any point to the right of A and above the 90 
F characteristic will give better than minimum scavenging, and 
any throttling which does not reduce the volume below point 4 
is not detrimental. Hence by throttling to some point such as 
C, the blower power may be limited to a reasonable extent. 

The throttling valve may be located either in the blower suction 
or in the blower discharge. It is usually located in the discharge 
because it is more readily accessible to the engine operator, as 
reference to Fig. 4 will show. Automatic control has not been 
found necessary. Generally, the adjustment is mainly to com- 
pensate for atmospheric temperature variation, and a con- 
veniently located ammeter to show motor current is a rough 
but reliable guide to throttle setting. Fig. 7 shows a typical 
wafer-type butterfly valve with handwheel and worm drive. 


In studying the interrelation of the centrifugal blower and the _ a 
Diesel engine, it is important to realize that both speed and 
conditions at the blower inlet are variable as volume and — 2 


change. Characteristic curves must be constructed for the unit 
as installed, allowing for increasing resistance in the intake system 


with increasing volume, and also decreasing motor speed ~— 


increasing horsepower. Both of these factors increase the droop 


of the blower characteristic curves. Fouling of the engine, as — 
mentioned, and fouling of the blower vanes by dust and e 


must also be taken into account. 
The blower discharge-pressure curves in Fig. 6 are oon 
curves, the pressure droop being increased due to motor speed 


droop as volume and, consequently, power increase. Also, — o 
have been constructed by using the total pressure rise developed =| 


in the blower and subtracting the loss in inlet piping and filter, 
which increases almost as the square of the volume. 

There is a small pressure loss in the blower-discharge piping 
which has here been included with the engine resistance. 

For most efficient operation, the air volume of a two-cycle 
engine could decrease as the load decreases, but no available air 
source has this characteristic, with the possible exception of an 
exhaust-driven supercharger. The characteristic of positive- 
displacement blowers and pumps is very steep, i.e., the volume 
delivered is almost independent of changes in engine resistance 
or atmospheric conditions. The power required is affected only 
by atmospheric-density variations. 

The characteristics of the centrifugal blower are less favorable 
and, because it is necessary to select the blower for the 90 F, 
minimum-barometer, maximum-load condition plus allowance for 
engine and blower fouling, it is also necessary to limit the blower 
power at high-density (cold air) and minimum-load conditions 
to maintain reasonable fuel consumption and to avoid over- 
loading the motor. This is most conveniently done by throttling 
with a butterfly valve. Again referring to Fig. 6, the rating 
point (90 F, full load) is shown at A. If with no other changes 
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When centrifugal blowers are driven by direct-current m« 
as in marine installations, some compensation for atmospher 
variation may be accomplished by variable-speed control. 


STARTING AND CONTROL 


A centrifugal scavenging blower may be started in ad\ 
of starting the engine, with normal motor-starting equipment 
and in many power plants this method is used. Marin 
stallations operating on direct current from auxiliary generat 
ing units are always started in this way. There are severa 
portant objections to this procedure in a power plant 
have made it necessary to develop a method of starting engin 
and blower unit simultaneously and without the aid of other 
power. 

In a typical Diesel generating plant, operating with one engine 
idle, the unexpected loss of one operating unit may so overload 
the remaining units that the blower of the idle unit cannot be 
added to the bus load in advance of starting the idle unit. Also, 
in case of shutdown of the entire system, it is desirable to be able 
to start any unit without the aid of outside power. 
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If the large blower motor, which usually operates at the same 
voltage as the generators, is to be started from the bus, a circuit 
breaker or fuses must be provided in addition to the motor- 
starting equipment, and this protective equipment must have 
interrupting capacity equal to the total generating capacity of 
the plant. This equipment becomes large and expensive for a 
system comprising several units. 

Because engine resistance is very low when an engine is not 
running, it is necessary to reduce the volume by almost closing 
the throttle valve, in order to start a centrifugal blower without 
overloading the motor. This consumes time whenever the engine 
is started, and failure to do so results in tripping the blower 
protective device. 

In order to overcome these objections in alternating-current 
generating plants, a motor-driven scavenging blower may be 
electrically connected direct to its generator and will automat- 
ically start as its engine is started. This is shown diagrammati- 
ally in Fig. 8. To reduce the delay, the field of the exciter is 
energized by an auxiliary source of direct current (pilot excita- 
ion), usually a storage battery of about 90 volts. No circuit 
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breaker or other control is required for the blower motor, but a 
protective panel is provided to operate an alarm in case of motor 
overload, or to open the generator circuit breaker and generator 
field switch in case of a short circuit in the blower motor or its lead. 

It will be noted in Fig. 8 that the main power leads run directly 
rom the generator to the blower motor, there being no circuit 
breaker in the blowerleads. Since the engine cannot run without 
the blower, and the generator would draw power from the bus 
and run as a motor in case of failure of the blower, the circuit is 
arranged so that, in case of failure or fault in the blower leads, 
the main circuit breaker, connecting the generator to the bus, 
is opened and the generator field switch is opened at the same 
time. The interrupting capacity of the generator circuit breaker 
is determined by the total generating capacity connected to the 
plant bus. 

The electrical delay of the blower motor in following the 
generator during the starting period is substantially reduced by 
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to the exciter field during the starting period. 


determined experimentally that sufficient scavenging air is ». 


supplied to operate an engine on fuel and build up speed after 


the blower motor has reached approximately !/, of its rated speed. 
pp pe 


Using pilot excitation and starting on compressed air in the nor-— 


mal manner, the blower motor will begin to turn in a little over © 
2 sec after moving the engine-starting lever to the ‘Start’ posi- | 
tion, and will reach !/. speed in less than an additional second or © 


two. Thus it is only necessary to run the engine on starting 


air for a few seconds before going to the “Run” position. As 


used to eliminate the separate direct-current supply and return 
the exciter field to its normal arrangement. An adjusting resistor 
exciter field, the characteristics of this resistor being determined 
in each case by the direct-current voltage available and the 


» 

soon as the engine is up to speed, the manual transfer switch is | 


is necessary to provide the proper pilot current through the : 


characteristics of the exciter-field circuit. 

On some installations, pilot excitation has been applied auto- 
matically. A limit switch on the engine control lever initiates the 
transfer to battery excitation as soon as the lever is moved away 
from the “Stop” position. The transfer back to normal excita- 
tion is initiated by a voltage-sensitive relay set to operate about 
20 per cent under normal generator voltage and is usually backed 
up by a frequency-sensitive relay. All of these devices operate 
on a contactor which does the switching. 

Although there is no circuit breaker directly in the motor leads, 
protection is provided by the protective relays shown in Fig. 8. 
A two-pole thermal relay, having one normally open and one 
normally closed contact, is arranged to act on the engine alarm 
system in case of motor overload. Then the operator can deter- 
mine the cause of the overload and either throttle the air dis- 
charge to reduce the motor load or shut down the unit if it is due 
to other causes. In case of a fault in the blower circuit or in the 
motor, protection is afforded by an instantaneous relay which 
opens the power circuit breaker of the generator and also opens 
the generator-field switch. These relays are actuated by two 
sets of current transformers in the blower-motor circuit, or one 
set of double secondary-current transformers. In those cases 
where differential protection for the generator is provided, it is 
necessary to extend this differential protection system to include 
the blower motor and, in this case, the instantaneous relay is 
omitted. 

The observed time sequence of the starting cycle for a 10- 
cylinder, 29-in. X 40-in. 164-rpm Diesel generating unit in the 
power plant of the Iowa Electric Light & Power Company at 
Marshalltown, Iowa, and 34,000 cfm centrifugal blower directly 
connected to the generator leads is shown in Fig. 9. This in- 
stallation includes automatic pilot-excitation transfer equipment 
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with a voltage relay set to transfer to normal excitation at about 
2000 volts for a 2400-volt generator. The data for the engine- 
speed and blower-speed curves were recorded on the tape of a 
vibrograph, mechanically connected to a flat spot on the blower 
shaft and electrically connected to contacts on the engine cam- 
shaft. The scavenging-air pressure and generator-voltage curves 
were recorded by stop-watch observations. It will be noted that 
each of the curves builds up continuously without any hesitation 
or dropping off at the time of transfer from starting air to fuel, 
or at the time of transfer from battery excitation to normal ex- 


While the motor-driven centrifugal blower is not the most 
efficient source of scavenging air for a two-cycle Diesel engine, 
its use has provided one solution to the problem of installing 
maximum additional horsepower into a restricted space. When 
the blower is proportioned properly and its peculiarities are 
understood, it is a very satisfactory source of air. 

That the motor-driven blower is economically justified is 
proved by the fact that the author’s company has installed or 
has under construction, since the end of the war, Diesel-engine 
installations in excess of 170,000 hp — motor-driven 
Discussion 
R. Tom Sawyer. The writer would like to suggest that the 

title of this paper be changed to ‘Centrifugal Blowers for Two- 
Cycle Heavy-Duty Engines,” because the locomotive designer 
would be way behind if he had to use this type of motor-driven 
compressor. The centrifugal blower we use is driven by an ex- 
haust gas turbine which does not take any power from the gen- 
erator. 


bE. J. Kates. Referring to the high-altitude installation in 
Mexico City described by the author, would the author explain 
the factors which prevented obtaining an altitude power rating 
nearer the sea-level rating? 


T. M. Rosts.? In connection with the butterfly valve, and 
the fact that it is operated manually, with the changing labor 
conditions and the like, would it not be desirable to put some sort 
of control indicator on it? In other words, with manual opera- 
tion without any pointer or dial in connection with the load and 
density of the air, isn’t trouble likely to develop, because the 
operator might have the valve half shut instead of fully opened 
when it is supposed to be? The writer believes there is a definite 
danger in having a manually operated control on that butterfly 
valve. There should be some sort of table or chart to show in 
just what position it should be with varying conditions of load, 
and air temperature and density. 


J.C. Barnaby.’ This paper is a valuable contribution to the 
subject of centrifugal scavenging pumps for two-cycle engines. 
The author has covered the use of electrically driven centrifugal 
scavenging blowers and has drawn a comprehensive comparison 
with reciprocating and Roots-type scavenging blowers. How- 
ever, he does not mention blowers of the mechanically driven or 
exhaust-turbine-driven centrifugal type. During a recent trip 


+‘ American Locomotive Company, New York, N.Y. Mem. ASME. 
¢ Consulting Engineer, Diesel Specialist, New York, N. Y. Direc- 
tor at Large, ASME. 
7 General Diesel Sales Division, Fairbanks, Morse & Company, 
Chicago, Ill. Mem. ASME. 
fl * 8 Worthington Pump & Machinery Corporation, Harrison, N. J. 
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to Europe, the writer observed a number of engines equipped 
with gear-driven centrifugal blowers, and one unit equipped with 
an exhaust-gas-turbine-driven centrifugual scavenging blower, 
Both of these types have their advantages, especially the latter, 
which not only is self-compensating for load conditions on the 
engine, but also, under proper circumstances, may deliver scay- 
enging air without subtracting power from the engine. The 
possibilities of the exhaust-driven centrifugal scavenging blower 
are such that it should not be overlooked in any discussion of this 
nature. There also have been some applications of axial-flow 
compressors for scavenging. 

It would greatly enhance the value of the paper if the author 
could extend his Table 1 to include these other types, and also a 
discussion of their possibilities. 


E. H. Coppina.® The blower with its connecting system is 
certainly a necessary adjunct to these engines. The paper gives 
an interesting description of it and explains the economic reasons 
for adjusting the system for maximum efficiency. 

In view of the original cost of the installation and the savings 
which are available through proper adjustment, it appears that 
instruments should be provided which will allow a complete 
analysis of its operation. In addition to the barometer and 
thermometer for atmospheric-air conditions, there should be 
thermometers and manometers on both the upstream and down- 
stream sides of the airdamper. A consideration of these tempera- 
tures and pressures, together with the power input to the blower, 
would allow adjustment for optimum operation under varying 
engine loads and atmospheric conditions. 

Reference is made to carbon build-up in the exhaust ports. 
A study of the readings of the suggested instruments would 
allow comparisons of pressure drop through the engines, which 
would, in turn, indicate the condition of the ports. 

Mention is made of the necessity for cleaning the vanes of 
the blowers and it would be interesting to know if methods other 
than manual have been tried for cleaning these parts during 
operation. 


Louis Bonaventure,’ J. M. anp H. C. Kut- 
LANDER.!? Application of the motor-driven centrifugal blower 
for combustion-air supply for Diesel engines introduces certain 
operating problems in the power station. The direct starting 
of the motor-driven blower unit by boosted excitation on the 
pilot exciter has been working satisfactorily at the Marshalltown 
generating station since April 1, 1948, and a total of 31 starts 
have been made to May 17, 1948, without any difficulty or 
failure. With the starting of the engine, the blower starts 
to rotate, due to the low-frequency current of approximately 20 
cycles, causing sufficient current to flow in the motor windings to 
develop ample torque, and the motor rapidly comes up to speed 
with the engine. It is a satisfactory and certain means of simpli- 
fying the electrical gear and reducing cost. The motor at 
Marshalltown is tied directly to the generator terminals without 
the interposition of any electrical gear such as oil switches. 
The blower is rated 600 hp, 3600 rpm. Maximum electrical 
input is approximately 450 kw. 

The DEMA standards, mentioned in the paper, specify that 
the air supply should be based upon a density at 90 F, and a mini- 


am” Water Associated Oil Company, New York, N. Y. 
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12 Engineering Department, Iowa Electric Light and Power Com- 
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mum barometric pressure of 28.25 in. of mercury. Obviously, 
under low-temperature conditions such as exist in many parts 
of the country, it is possible to have entering-air temperatures 
of minus 20 F with a barometric pressure of, say, 30 in. At 
Marshalltown, a laboratory portable indicating wattmeter, in 
addition to an ammeter, was connected into the motor circuit 
and under noload condition on the engine other than supplying 
power to the blower at a temperature of 74 F, and a barometer of 
29.18 in., electrical input to the blower motor was 358 kw. 
At the 74-deg temperature, 29.18 in. barometer, full load on the 
unit, the electrical input to the motor was 398 kw. A projection 
of these test poirits to minus 20 F, same barometer, indicates a 
possible load at no load on the motor of 432 kw, and full load on 
the unit, same temperature, 481 kw. 

Table 3 herewith clearly indicates that the butterfly valve in 
the blower-discharge line should be adjusted as the entering- 
air temperature varies. It should be noted that this table is 
alculated for a constant barometer and a constant-volume air 
lischarge, the only variable being the temperature of the 
air entering the blower suction. 


TABLE 3 OBSERVED AND CALCULATED 
° ASSUMED BAROMETER 30 IN. 
Power input to blower, kw 
Temperature Air density, Engine load, Engine load, 
deg F lb per cu ft 5000 kw zero 
— 20 0.0900 481 432 
0 0.0864 462 416 
+ 20 0.0828 443 398 
40 0.0795 425 382 
60 0.0764 = 409 367 
70 0.0750 | 401 361 
74 0.07443 3982 3582 
80 0.0736 7 394 354 
90 0.0723 387 348 
100 0.0710 380 341 


* Kilowatts for this temperature observed from test; 
quirements calculated. 

‘ore: Air density based on perfect cas laws and * deean of 0.08071 
» per cu ft at 32 F and barometric pressure 0° 14.696 ps 


all other kilowatt 


This situation: therefore introduces two problems for the 
perator of such a unit. One is relatively simple, namely, some 
form of overload device to indicate overloading of motor, due to 
failure of operator to adjust butterfly valve properly for changing 
arometer, entering-air temperature, and engine loading. With 
he present high cost of fuel oil (roughly, at Marshalltown, 10 
ents per gal for No. 5 fuel), every kilowatthour and kilowatt of 
demand energy that can be saved on this blower unit in the reduc- 
tion of parasitic power, means a lower fuel cost per net kilo- 
watthour generated, and additional energy available for sale. 

The ammeter is not a satisfactory device for giving the operator 
m the floor such information. It merely indicates ampere 
fow to the motor and is useful only to meet the overloading 
‘ituation. Based on our experience to date, we recommend that 
an indicating wattmeter be installed to show the actual energy 
input in kilowatts to the motor. A further refinement on the 
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engine control panel would be a dial-type thermometer, for read- 
ing the entering-air temperature to blower suction, and a high- 
quality pressure gage to show scavenging-air header pressure, so 
that the operators by experience will learn to position the butterfly 
valve for the various hour-to-hour changes of outdoor air tem- 
perature, engine loading, and barometric pressure. This reduc- 
tion in parasitic power will mean high-economy operation of the 
unit under the present high cost of fuel oil. 

Data obtained so far indicate that, for each 1 deg F change in 
entering-air temperature, there is a change of power to the blower 
of 1 kw. The positioning of the butterfly valve is of power- 
saving importance. 


AuTHOR’s CLOSURE 

Answering Mr. Kates’s question: As soon as one investigates 
what happens to fuel consumption as a normal two-cycle engine 
is boosted by raising the back pressure, without any sort of 
supercharging arrangement, it will be found that the effect on 
fuel consumption is always adverse. As the manifold pressure 
and back pressure are boosted, a point is soon reached where the 
increase in blower power is more than the increase in engine 
power. In this case there is a gain of about 8 per cent. In 
other words, the derating would be 24 per cent without manifold 
boost, but with the manifold boost, it is only 16 per cent, and 
that is about the limit. Beyond this point it will be found that 
the blower power increases very rapidly. The blower for the 
Mexico City installation requires a 1000-hp motor. The power 
is actually around 900 hp. If there were no boost in the power, 
it would only be between 600 and 700 hp, hence it is taking 
200 hp to secure a gain of a little over 600 hp in the engine, and 
that is just about the limit of what is economical. 

Replying to Mr. Robie: We have not found it necessary to make 
any elaborate charts for the engine-room operator; a very simple 
expedient has taken care of that. Inscribing two red marks 
on the blower ammeter, located oa the engine gage board im- 
mediately adjacent to the control stand, takes care of the blower 
adjustment for the normal plant. The upper red line marks 
the danger point (overload), and the lower red line marks mini- 
mum power to secure sufficient scavenging air. The changes in 
atmospheric conditions usually do not occur so fast that the opera- 
tors cannot keep the blower power within the proper range, es- 
pecially since temperature is the main variable. 

The butterfly valve, shown in Fig. 7 of the paper, does not 
have a pointer, but as installed, there is a pointer on the other 
end of the stem which shows the position of the valve. 

The subject of instrumentation is mentioned; the answer is 
very simple. There is quite a bit of instrumentation provided 
in a large installation. In so far as the control of the operation 
of the engine is concerned, there is a manometer which shows 
the scavenging pressure, and this indicates quite satisfactorily 
the resistance in the engine-exhaust system. 
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The state of dynamic balance of an engine ahd the mag- 
nitude of minor orders of torsional vibration are greatly 
influenced by the firing sequence of the cylinders. Inves- 
tigation of this problem requires the evaluation of large 
numbers of vector diagrams and is therefore adaptable to 
the use of the Vectorscope.?- This mathematical instru- 
ment automatically and rapidly adds vector quantities 
with about the same accuracy as a good graphical summa- 
tion. The principle and operation of the Vectorscope and 
its application to the solution of various vector problems 
were given in an earlier paper.?. The present paper deals 
specifically with techniques involved in applying the Vec- 
torscope to the study of firing orders. Methods are indi- 
cated whereby large numbers of firing orders may be ex- 
amined expediently and rapidly. 


NOMENCLATURE 
number of cylinders or cranks _ 
number of independent firing orders 


. = centrifugal force due to unbalanced weights, |b 


The following nomenclature is used in the paper: 


fF, = inertia force due to reciprocating weights, lb 
F, primary inertia force, lb 
F, = secondary inertia force, lb 

>F, = vector sum of centrifugal forces, lb 


rF; vector sum of primary inertia forces, lb 
xF, = vector sum of secondary inertia forces, lb 
~M, = vector sum of primary moments, lb-in. 
~M, = vector sum of secondary moments, lb-in. 
N = rpm 
R, = crank radius, in. 
| = length of connecting rod, in. 
W, = reciprocating weight per crank, lb 
W. = rotating weight per crank, ib 
= gravitational constant, in./sec? (386 in.//sec?) 
d = distance between cylinders, in. 
K, = energy input from harmonic torques, in-lb 


M, = harmonic torque of cylinders, lb-in. 

vector sum of relative amplitudes at cranks, deg 

amplitude of torsional vibration at free end of 
crankshaft, = deg 


y = crank angle between successively firing cylinders, 
deg 

# = crank displacement from reference position, deg 

m = order of vibration 

@ = phase angle between vectors for successively firing 


cylinders (¢ = my), deg : 

‘Consultant Mechanical Engineer, Material Laboratory, New 
York Naval Shipyard. 

S. Patent No. 2,203,674. Vectorscope,” 
Dashefsky, Trans. ASME, vol. 61, 1939, pp. 403-414. 

Contributed by the Oil and Gas Power Division and presented at 
the 20th National Oil and Gas Power Conference, St. Louis, Mo., 
May 20-22, 1948, of Tum AMERICAN Society oF MECHANICAL ENGI- 
NEERS, 

Nore: The opinions expressed are those of the author and are not 
to be construed as official or reflecting the views of the Naval Service 
atlarge. Paper No. 48—OGP-1. 
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Improved Techniques in the Study of Engine | 
Firing Orders Using the Vectorscope 


By G. J. DASHEFSKY,! BROOKLYN, N. Y. 


Ri, Rit = terminal points of resultant vectors eat 
- ,C, = number of combinations of n cranks r at a time 
,P, = number of permutations of n cranks n at a time 


INTRODUCTION 


The state of engine balance and the magnitude of the minor 


orders of torsional vibration are intimately associated with the 
choice of firing order. The longitudinal spacing of cylinders 
which may also be an important factor is discussed in a paper 
by Cormac.? 

The number of firing orders possible in multicylinder engines 
rises very rapidly with the number of cylinders. The number of 
independent firing orders for in-line engines is given by 


2 


where n number of cranks. The term ‘independent firing 
order” is meant to indicate that pairs of firing orders exemplified 
by the 7-cylinder sequence 


or) 


3 
2 


bo 
OF 


1 6 


are equivalent in so far as the magnitudes of dynamic effects pro- 
duced. The time-phase relationship of the resultant is affected, 
but ordinarily is of no consequence. These two firing orders ap- 
ply to a single crank arrangement and represent the firing orders 
for rotation in opposite directions. 

The number of possible independent firing orders for multi- 
cylinder engines is given in the following table: 


No. of 
4 5 6 7 8 9 10 
No. of indep. 
firingorders.. 1 3 
No. of 
cylinders. ... 
No. of indep. 
firing orders. . 1814400 


12 60 360 2520 20160 181440 


11 12 


19958400 


It is apparent from this tabulation that the complete investigation 
of engines with 8 or more cylinders requires special means to 
handle the great number of firing orders. 

It has been found possible with the aid of the Vectorscope to 
handle expeditiously, yet comprehensively, engines up to 9 cyl- 
inders. The investigation of all of the firing orders of the 10- 
cylinder engine is believed to be feasible, although so far only 
some 30,000 of the 181,440 firing orders have been investigated 
for primary and secondary moments. The 11-cylinder engine 
has so many possible firing orders as to involve a prohibitive 
amount of work for a complete study. The Vectorscope does, 
however, permit the rapid selection of some better firing orders by 
a trial-and-error procedure. The nature of the Vectorscope is 
such that it serves as a visual aid in the selection of good crank 
arrangements, by manipulation of the weight representing the 
importance of the cranks. 

The selection of suitable firing orders for the 12-cylinder engine 


3"'The Design of Dynamically Balanced Crankshafts for Two- 
Stroke-Cycle Engines,’’ by P. Cormac, Engineering, London, Eng- 
land, vol. 128, October 11, 1929, pp. 458-461. 
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may be aided by considering the engine made up of two 6-cylinder 
units. By coupling the two units in suitable angular relation- 
ship, the primary and secondary forces and moments may be 
limited to desired values. The minor torsional vibrations are 
also affected, and may at times be undesirably large even though 
the resultant forces and moments are small. Determination 
of a suitable compromise is considerably simplified by use of the 
Vectorscope. 

Lewis, Breault, and Donaldson‘ presented an ingenious scheme 
for evaluating the firing orders of the 9-cylinder engine. This 
scheme consists essentially in dividing the cranks into two groups, 
evaluating the resultant for each group by special charts. There 
result 35 charts, each bearing points representing the vector re- 
sultants for both groups of cranks. The distance between any 
point in one group and a point in the second group represents 
the magnitude of the vector resultant for a firing order combining 
the crank groups represented by the points. 

Application of the Vectorscope to this method offers considera- 
ble advantage in speeding the process, and appears to provide a 
useful tool for handling this type of problem. 

The “convergent” method to be described later is suggested 
as a means for converging rapidly the selection of those firing 
orders which are of importance to a particular problem, rather 
than a complete study of all firing orders. 


DESCRIPTION OF VECTORSCOPE 


The mathematical principle of the Vectorscope and some of 
its general applications to the solution of problems reducible to 
vector summation have been given by Dashefsky.? The instru- 


4“The Crank Arrangement of a Nine-Cylinder Engine,” by F. M. 
Lewis, E. E. Breault, and R. M. Donaldson, Trans. ASME, vol. 59. 
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ment consists of a disk effectively pivoted at its center in a Car- 
dan suspension or on a single pivot bearing, as indicated in Figs, 
land 2. Pegs to receive weights proportional to the vector mag- 


Fic. 1 THe Vectorscore 
(Setup with 7-cylinder disk.) 
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nitudes are distributed around the disk in the same angular ori- order. Fig. 3 shows the moment diagram of a 7-cylinder engine _ 
entation as the vectors to be added. An adjustable pendular chosen as an example. Typical vector diagrams for evaluating 
weight provides the equilibrating moment for the disk-and-weight the resultant primary and secondary moments, 2M, and =M; are 
system and also a means for controlling the sensitivity of the 


instrument. The optical system, carried by the disk, projects’ ee 
a lamp filament focused as a spot of light on the screen, indi- —> 
cating the position of equilibrium of the disk. The displacement. a 


of the light spot from the zero position represents both magnitude 
and direction of the resultant vector. Use of a clear-glass screen 
permits marking the projected points upon translucent paper 
placed thereon. Adjustment and calibration of the Vectorscope 
are accomplished by placing a sheet of polar co-ordinate paper + ix-BGQ. 5) 43° 
on the glass top. The weights representing vectors are madé up 

by placing the weight carrier upon one of the pegs and adjusting 

the amount of weight to give the required deflection. The actual 

weight is of no importance. Sensitivity of deflection is con- = 
trolled by the vertical position of the pendular weight. 


3 
(a) Vector Diagram for <M, 
3600 g 


ENGINE BALANCE 


In the reciprocating in-line engine, the forces at each crank are 
as follows: 
The centrifugal force due to unbalanced rotating weights 


Inertia force due to reciprocating weights | 7 


= Ss — ‘ 
3600 g co 7 008 


4x? N?R, W, 4x? N*RW, R, 
= "cos + 
3600 g 3000 


NVR W | 
“a.” = F, (primary force)............ [4] 


= F, (secondary force)......... (5) 


Ordinarily only the primary and secondary forces F; and F; 
need be considered. The 4th harmonic is occasionally of im- 
portance in high-speed engines. 

Usually the cranks are equally spaced in angular relationship 2x 102.85" 2 
for which case 


6 
=F. = 0 (a) Vector for 
Unit of Mp = > c 
( 36009 


=F: = 0 
Each off these sets of forces gives rise to resultant moments _ 
vhose magnitudes depend upon the force at each cylinder, the 


longitudinal cylinder spacing (cylinder pitch) and the firing 


(b) Distribution of Weights on Vectorscope a 
Every 2nd Peg 


Moment D1aGRAM FOR 7-CYLINDER 2-CycLE ENGINE WITH Fie. 5 Vector SuMMATION FOR SECONDARY 
FiRiING ORDER 1-7-2-4-5-3-6 (Applies to Fig. 3.) 


8, 
(b) Distribution of Weights on Vectorscope Disk 
Let 
Fic. 4 Vector SUMMATION FOR PRIMARY MOMENTS 
ay (Applies to Fig. 3.) 
EM, 2.4 ie 
=> 
* 
\ 


shown in Figs. 4 and 5. As a matter of convenience, moments | 


are taken about P, a distance d ahead of crank No. 1, as shown 
in Fig. 3. For equal cylinder pitch, the importance of any crank 
in the moment diagram is expressed by the crank number. Each 
unit of moment vector diagram is given by Fd, Fid, or F.d as 
appropriate. 


ToRSIONAL-VIBRATION PROBLEM 


The choice of firing orders profoundly affects the magnitude 
of the minor orders of torsional vibration. A firing order emi- 
nently suitable as regards engine balance may be found to be en- 
tirely unfavorable because a minor order torsional vibration 
within the operating range may be severe. 

The amplitude of vibration in a multicylinder engine depends 
upon the energy input from the harmonic torques which may be 
expressed by 


Fic. 6 RELATIVE AMPLITUDES CURVE 
Firing order 1-7-2-4-5-3-6.) 


(For I-Noded torsional vibration. 


\ 


my 


4 x 360 205.72 
7 


(b) Distribution of Weights on Vectorscope Disk 


Fic. 7 Vecror SuMMATION FOR 28 FoR Minor ORDER 
(For engine of Fig. 6.) 


The amplitude a, at the front end of the engine is dependent upon 
the magnitude of energy input K;, and the damping in the sys- 
tem. The quantity M,(28) is therefore an index of vibration 
for any order. The values of 2@ for the families of orders are rep- 
resented by the familiar typical diagrams shown in Figs. 6 and 7, 


APPLICATION OF VECTORSCOPE TO FIRING-ORDER STUDIES 


The investigation of firing orders resolves itself into evaluating 
the resultants of vector diagrams representing engine-balance and 
torsional-vibration factors including 2M, and for each 
firing order. Now 28 occurs in families for each type of engine. 
In a complete study of firing orders, the number of vector dia- 
grams to be evaluated may be considerable. As an example, for 
each firing order of the 7-cylinder 2-cycle unit previously con- 
sidered, there are involved one vector diagram for 5M, and 
>My, and three vector diagrams for the families of 28 for the 
minor orders of torsional vibration. Since there are 360 inde- 
pendent firing orders, the total number of vector diagrams is 
4 X 360 = 1440. 

Because of the greatenumber of vector diagrams involved in this 
type of study, it is necessary to devise means for reducing the 
labor to practicable limits. 

The application of the Vectorscope to the system described by 
Lewis, Breault, and Donaldson,‘ can best be illustrated by an 
example. Consider the 7-cylinder 2-cycle engine shown in Figs. 
3 and 6. Using a Vectorscope disk with 7 equally spaced pegs, 
shown in Figs. 4 and 5, prepare weights proportional to the mo- 
ments of the cranks about P. For details as to this procedure 
refer to Dashefsky’s paper.?- Mark each weight carrier distinctly 
with its crank number. 

Having prepared the weights representing the vectors, it is 
now necessary to tabulate the vector groups for programming on 
the Vectorscope. The 7 cranks are listed according to the sched- 
ule for the 7-cylinder engine listed in Table 1. Retention of 
cranks 1 and 2 in Combination I avoids mirror-image ve:tor 
diagrams which are equivalent as regards firing order. Crank No 
1 will always be used as the reference vector. Taking Group 7 of 
Table 5 as an example, we deal with Combination I, cranks | 247, 
and Combination II, cranks 356. Since crank No. 1 is fixed as 
a reference point there remain in Combination I, cranks 2, 4, and 
7 which are to be permutated 6 ways 


247,274,427,472,724,742 


Keeping weight No. 1 representing the moment of crank No. |, 
on the Vectorscope disk in fixed reference position, the remaining 
weights 2 4 7 are distributed according to the foregoing permu- 
tations in the manner illustrated in Fig. 8. For each arrange 
ment of weights corresponding to one of the permutations, the 
indicating spot of light of the Vectorscope moves to a position 
representing the resultant vector radius and direction. These 
are recorded by marking a sheet of paper serving as the Vector 
scope screen, each point being appropriately labeled as shown 1 
Figs. 8 and 9. 
It is now necessary to obtain the resultants for permutations 

Combination II, namely, cranks 3 5 6. Permutations of cranks 


356 are 
356,365,536,563,635,653 


The Vectorscope chart is now turned through 180 deg, as show? 
in Fig. 9, so as to shift the resultants for Group II through 190 
deg. The weights for cranks 3, 5, and 6 are distributed so a8 © 
obtain the resultants for each permutation of Combination II, 2 
the manner previously accomplished for Combination I. Th 
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7 
1274 
1427 
1472 
1724 
1742 
1247 
| x 
- 1274 y X 1427 : 
x1472 
x 1724 
1742 X 
is 
CHART 
“ PRIMARY MOMENTS 
Fic. 8 Srep 1: Ostrain Resu_Tants FoR ALL PERMUTATIONS OF 
ComBinaTion I. PositTion or REFERENCE CRANK RBMAINS FIXED 
is AT Top. PreRMUTATION 1 27 4 SHown 
2 distance between any point for Combination I, and Combination 
. II represents the resultant for the firing order represented by the 
. two groups of cylinders. For example, the resultant represented 
by the line 21, Ri1 corresponds to the firing order 1-2-7-4-3-5-6. 
of The reason for shifting the vectors for Combination IT through 
\ 180 deg by turning the Vectorscope chart through 180 deg is il- 
18 lustrated in Fig. 10. It will be noted that the sum of the two 
nd vectors is now indicated ‘directly by the distance between the vec- 
tor terminals such as A1, Ris. 
The foregoing procedure is repeated for each of the 10 groups 
listed in Table 1. There result 10 charts, each of which represents 
1. the resultants for 36 firing orders. Where two points such as Ri 
int and Ri fall close together, a firing order with small unbalanced 
os moment is indicated. Where the points are far apart large un- 
vA balance is indicated. 
the If complete information is required, the primary moments for 
00 all firing orders are listed. The secondary moments may also 
ats be obtained from this listing. This is illustrated by reference to 
nn Fig. 4, which represents the vector’ relationship for primary 
i" moments for firing order 1-7-2-4-5-3-6. Since the vectors for 
secondary moments have a phase angle twice that of the primary 
od Moments, the same vector diagram represents the firing order 
snks 1-2-5-6-7-4-3 for secondary moments. It must be remembered 
that the unit of moments for the secondary must now be used. 
In investigating the values of 8, the procedure is much the 
fame as for the determination of moments just described. 
own Weights are prepared to represent the amplitudes at the cranks 
“180 % shown in the typical relative-amplitudes curve, Fig. 6. The 
3 to fy “eights are distributed for the Ist order in the same manner as 
1, in for the primary moments, obtaining two groups of points on each 
The # “art. The distance between points Ri and Ri represents the 


resultant for one 


firing order, for 2A;, that is, 


for the Ist order. 
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As before, 10 charts are required to cover all of the firing 
orders. Having the values of 28, for the Ist order for all 
firing orders, it is now simply a matter of transcription to write 
the values of 2 for other minor orders as illustrated in Fig. 11. 


“CONVERGENT” METHOD 


In many instances it is necessary to list only those firing orders 
which have desirably small primary and secondary moments and 
those values of 28 which are of importance to the specific prob- 
lem. The following procedure has been found to work out satis- 
factorily. Charts are prepared for primary moments as pre- 
viously described. It will be found that only a few and some- 
times no desirable firing orders appear on a chart. Visual in- 
spection is often sufficient for discarding many combinations of 
Riand Ri. 

Having selected and listed firing orders with suitably small pri- 
mary moments 2M,, these relatively few firing orders are now 
to be evaluated for secondary moments =M2. Secondary mo- 
ments may be rapidly checked on the Vectorscope, using the 
same weights as were used for primary moments. The phase re- 
lationship for secondary moments is (2 X 360)/7, corresponding 
to two peg spacings on the Vectorscope disk. Accordingly, to 
evaluate the resultant secondary moment, the weights are dis- 
tributed according to firing order on every second peg. This is 
a simple rapid procedure for each of the relatively few firing 
orders. Those firing orders having large secondary moments 
are now discarded, leaving only those having small primary as 
well as secondary moments. 

The values of 28 for torsional vibrations may now be investi- 
gated. If there is a particular minor order which is of importance, 
this should be evaluated first, so as further to eliminate firing 
orders which are unsuitable with regard to 28. The method for 
evaluating 28 on the Vectorscope has been described in detail.? 
Weights are prepared corresponding to the relative amplitudes of 
torsional vibration at the cranks, Fig. 6. The weights are dis- 
tributed on the disk according to firing order, skipping the requi- 
site number of pegs, depending upon the order of vibration. 

The foregoing process has been found to be rapidly convergent 
in sifting out usable firing orders. In one problem it was ad- 
vantageous to devote the first step of the study to investigation 
of a particularly important minor order of torsional vibration. Fir- 
ing orders unfavorable with respect to this order of vibration 
were discarded. The remaining firing orders were investigated 
for primary moments, and unsuitable firing orders from this as- 
pect, further discarded. In the next step the firing orders thus 
far suitable were further investigated for secondary moments. 
This procedure permitted examination of some 30,000 firing orders 
of a 10-cylinder engine with tolerable expenditure of time and 
labor. 

Firing orders for 3, 4, 5 and €-cylinder engines are given in 
Tables 1 to 4, inclusive. The study of firing orders in these 
engines is readily handled by direct distribution of Vectorscope 
weights according to the methods described by Dashefsky,? 
without necessity for operating separately on groups of cranks. 


SUMMARY 


of firing order upon bearing internal bend- 
ing moments, and similar properties is beyond the scope of this 
paper. No attempt has been made to present all of the fine points 
of technique. It is believed that each specific problem calls for 
improvisation which must be contributed by the individual in- 
vestigator. 

The illustrative examples in the foregoing discussion have dealt 
with the 2-cycle engine. It is believed, however, that application 
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4 
of the Vectorscope to the 4-cycle engine will be apparent as an ex- 
tension of the previous discussions, and from the detailed de- 
scriptions of Dashefsky.* 

Experience has shown that it is advantageous, when using the 
Vectorscope, to operate whenever convenient in such manner 
that the deflections for each of the two crank combinations are 
not extreme. This objective may be achieved by arranging the 
distribution of weights for each group around, rather than on one 
side of the disk, as suggested for the 8-cylinder engine, Table 7. 

The Appendix suggests a means for guarding against possible 
omissions in the tabulation of the various combinations of 
cranks and the permutations of each such combination. 


TABLE 
3- CYLINDER ENG/NE. 
INDEPENDENT FIRING ORDERS 
TABLE 2. 
‘> 4- CYLINDER ENGINE. 
INOEPENOENT FIRING ORDERS. 
Reference No \|Firing Orders 
- 
TABLE 3. 


CrLinDER ENGINE. 
DEPENDENT FikiING ORDERS 


eference No |Firing Orders 
_ 
| /42354 
4/2435 
| 
42534 | 
425435 
ABP _ 
13254 
war 
14325 


TABLE 4 


G- CYLINDER ENGINE 


INDEPENDENT FirRiING ORDERS 


Ket No\Firing Order’ Ret No \Firwng Order Ret No. Firing Order 
|123456 2) | 126435) 4/ 136425 
2 |/23465)| 22 126453) 42 | /36524 | 
3 | /23546| 23 | 126534) 43 | 142356 | 
4 | 123564| 24 | 44| 142365 | 
5 | 123645) 25 | 132456) 45 | 142536) 
6 |/23654| 26 | /32465| 46 142635 | 
7 |124356| 27 | 132546) 47 | (43256 | 
8 |/24365| 28 | 132564) 48 | /43 265) 
9 |/24536| 29 | 132645) 49 | /43526 
| /24563| 30 | /32654| 50 | /43625 
//_|/24635| 3/ | /34256| 5/ | /45236 
12 |124653| 32 | (34265 52 | /45326 
13 |/25346| 33 | 134526) 53 | 
4 |/25364| 34 | /34625| 54 | (46325 
15 | 125456! 35 | 135246 55 | /§2546 
/6 | /25463)| 36 | /35264) 56 | /52436 

| 4/7 | 125634) 37 | /35426) 57 | / 53246 
8 | /25643| 38 | /35624| 58 |/53426 
1/9 | /26345| 39 |/36245| 59 | 154236 
20 |/26354| 40 | /36254)| 60 | /543526 
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Coma I | Comes 
GrouP No. Agco EFG 
/ L234 S67 
3 /236 
4 4/237 456 
Ss 1/245 
1/246 3 
/247 356 
1256 347 
Ke) 1267 345 
TABLE G@ 


PERMUTATIONS = 3X 
Come.I : BCD 80,C08,0B8¢, DCB. 
Come ll : EFG, EGF, FEG FGEGEF GFE. 


COMBINATION I 
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x No/ Fix€EO 


COMBINATION IT 
VEC TORSCOPE Ser Ue For 4 Cycle ENGINES. 


ENGINES 


2 

= 


VecTORSCOPE SET UP 
8Crt.-2CvCLE ENGINE. 


inclusive. 


Tables 1 to 4, inclusive, give firing orders for engines from > _ 
to 6 cylinders. Suggested grouping of cylinders, distribution of 
Vectorscope weights for engines from 7 to 9 cylinders, and the _ 
permutations of 3, 4, and 5 cranks are given in Tables 5 to 12, 4 


The author wishes to express his sincere thanks to Capt. H. L. 
Dodson, USN, Director of the Laboratory, for permission and 
encouragement to prepare the paper, and also appreciation to the 
Navy Department for authorizing its publication. 
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| | 247])| 3568 
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24 368 2457 
25 | 378 
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Because of the complication in tabulating the groupings for 
engines with 7 or more cylinders, it is desirable to have a check on 
the completeness of the tabulation. Taking the 7-cylinder engine 
as an example, the number of independent firing orders is 


Nro = (n—1)!/2 =6X5X4X3=360 | 


Now consider the grouping of cylinders in Table 5. Crank No. 1 
is fixed as a reference point, and crank No. 2 is retained in Com- 
bination I to avoid mirror-image vector diagrams. The remaining 
5 cylinders are now tabulated as combinations under Combina- 
tion I. The combinations of n things r at a time are given by 


n(n — 1)(n — 2)... (n—r + 1) 


" r 


r. 


Accordingly, the number of combinations possible for Combina- 
tion I is 


5X4 


= = = 10 
2X1 


Combination IT in each of the groups is made up of the remaining 
cranks. 

The cranks in Combination I, except crank No. 1, which is 
fixed, are to be permutated. The number of permutations of n 


things n ata time is 


the basic expression 


(n — 1)!/2 


The number of points to be plotted is 6 + 6 = 12 for each 
chart, and a total of 10 X 12 = 120 for the complete study of 


primary moments. 


Discussion 


It is gratifying to note that the ingenious 
mathematical instrument developed by the author some years 
ago has been developed further and put to considerable practical 
use. The writer cannot offer any comments on the mathematics 
and geometry of engine balance, except to commend the clarity 
and conciseness with which the author presented this abstruse 
subject in this paper of limited length. However, the writer 


eh) has some questions relative to the construction and possible fu- 


ture development of the Vectorscope as an instrument. 

The complete investigation of engines, having large numbers 
of cylinders, for optimum firing order requires tests running into 
hundreds of thousands and even millions. Even with the Vector- 
scope, in its present construction, the execution of so many tests 
is beyond practical possibility. In particular, the shifting of the 


5 Professor of Engineering Research, Pennsylvania State College, 
State College,Pa. Mem. ASME. 
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This is consistent with the number of firing orders indicated by 


weights by hand appears to be a cumbersome and tedious opera- 
tion, subject to errors. Perhaps this operation could be facilitated 
by using, instead of weights, such loading devices as springs, 
chainomatic devices, or solenoids. The changing of loading, then, 
so it would appear, could be made more rapidly by hand, or could 
even be performed automatically according to a prearranged 
program, and the resultant vector could be recorded as to its 
direction and magnitude. Solutions for the detail problems of 
such a design are probably available already in recording balances, 
and calculating machinery. 

Probably the author has already given thought to the further 
development of the Vectorscope, and it would be of interest to 
learn of any plans which may be contemplated in these directions, 
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J.C. Georaian.° The new method of application of the Vec- 
torscope to firing-order studies is similar to the method as given 
by Lewis, Breault, and Donaldson,‘ and as such is a convenient 
method to reduce the amount of work necessary for complete 
firing-order studies. The convergent method proposed is a 
common-sense way to select the best firing order for a specific situ- 
ation. This same method may be used without the use of the 
Vectorscope by simple inspection. As an example, a 10-cylinder 
firing order is desired with a small =¢ for the 5th order. This may 
be found by noting that the 5th order is the difference of two 
groups of 5 cylinders. By inspection, it may be seen what the 
minimum value of 28 for the 5th order will be when 1-3-6-7-10 is 
subtracted from 2-4-5-8-9 shown in the phase diagram, Fig. 16 
of this discussion. 


Thus the number of permutations of the cranks in Combination 
The number of permutations of the cranks in Combination IT is q 10 
also 
3P3 3 x 2 x 1 = 6 2 4 
Therefore the total number of firing orders is , oe ; 
Nro = (sC2) X (sPs) X (sPs) = 10 X 6 X 6 = 360 FE. 6 


2-4-5-8-9 
Fia. 16 


8 
Ys Fig. 17 


With this arrangement the firing order must be such that any 
number on the top list of Fig. 16 must be combined with the 
number on the bottom list as opposite cranks in the crank dia- 
gram, and in this manner we arrive at a firing order of 1-9-7-2-6- 
8-3-4-10-5 as shown in the crank diagram, Fig. 17. 

Thus it is possible to select the firing order without the use of 
a Vectorscope and without the necessity of analyzing a large 
number of combinations. «This method is typical for engines with 
any number of cylinders. However, it must be admitted that 
the use of the Vectorscope would aid in the foregoing determina 
tion as there are still 1440 firing orders which will give the same 
5th order vector sum. 

The best firing order from the point of view of over-all external 
moments may be found by setting up symmetrical firing orders 
by starting at the center of the engine and placing the numbers 
of the cylinders in consecutive order on each side of the center in 
alternating order, e.g., for a 7-cylinder engine we start with No. 
4 cylinder and then place Nos. 3 and 5 on each side of it as 3-4-5, 
the next group will be 2 and 6 but are placed in alternate order 
as 6-3-4-5-2, then the last are 7 and 1 and we get the firing order 
1-6-3-4-5-2-7. 

6 Torsional Analyst, Nordberg Manufacturing Company, Mi- 
waukee, Wis. Jun. ASME. 
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In a similar manner we may obtain firing orders for any num- 
ber of cylinders. In the following tabulation we have listed firing 


orders to 12 cylinders: 
No. of cylinders 
1-4-3-2-5 


1-5-3-4-2-6 
1-6-3-4-5-2-7 

9 a 1-8-3-6-5-4-7-2-9 

10 ey 1-9-3-7-5-6-4-8-2-10 

11 1-10-3-8-5-6-7-4-9-2-11 

12 1-11-3-9-5-7-6-8-4-10-2-12 


The only disadvantage of the foregoing firing orders is that the 
center 2 and 3 cylinders fire in succession for an even number and 
an odd number of cylinders, respectively. This is not serious for 
cylinders 3 to 8, but for 9 and above, the angles between the 
cranks are getting so small that there is decided unbalanced in- 
ternal loading from these closely spaced cranks; if the bedplate is 
not stiff it will cause the engine to take an undesirable weaving 
action. In general, however, the firing orders from 3 to 8 are the 
standard firing orders used by most manufacturers of 2-cycle 
engines. 

For 4-cycle engines, the firing orders for an even number of 
cylinders are such as to use balanced crankshafts and therefore 
this limits the number of possible firing orders and crank arrange- 
ments. For an odd number of cylinders of 4-cycle engines, the 
number of crank arrangements will be the same as 2-cycle en- 
gines. However, with 4-cycle engines, every other crank fires in 
succession. 

The paper is quite valuable as it describes the most efficient use 
of the Vectorscope in solving firing-order problems. However, 
since the Vectorscope is not available for commercial use, the 
value of the paper would be greatly enhanced if for cylinders 
above 8, the best firing orders, had been tabulated with their 
values of [M,, and 


ALEXANDER Go.orr.’ As the author tacitly admits in his 
summary, the usefulness of the Vectorscope in reducing greatly 
the amount of computational effort could be made more appar- 
ent if the scope of the paper were enlarged to incorporate the study 
of bearing loads, internal bending moments imposed on the cylin- 
der block, and the like. 

The construction of the Vectorscope is ingenious. If a compre- 
hensive study of firing orders is to be made, the use of this instru- 
ment in the solution of problems, considered by the author, is al- 
most a necessity. It would seem that this instrument, as well as 
the clever methods described, which realize many possible com- 
putational short cuts, are of particular interest to a manufacturer 
of larger engines. However, the writer feels that the Vectorscope 
can be used advantageously in studying various phenomena per- 
taining to smaller engines as well. 

For instance, the study of torsional amplitudes or stresses in a 
multimass system-with damping furnished by a damper, as well 
as internally by the engine, is greatly facilitated by the use of the 
mobility method. Since this method requires extensive manipu- 
lation of complex numbers, the Vectorscope should result in sub- 
stantial saving of time. With very little additional effort it 
should be possible to add reciprocals of vectors. 

The use of this device can be further extended to the solution 
of many electrical problems, particularly those in filter design, 
impedance matching, etc. 


" Staff Engineer, Research Department, Caterpillar Tractor Com- 
bany, Peoria, Ill. 
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J. D. Swannack.* The writer’s comments are based upon 
experience with 2-cycle engines up to 12 cylinders. 

The subject of firing orders is one upon which the writer would 
prefer to speculate rather than to calculate. It is encouraging 
that the author has described a method for removing much of the 
numerical labor normally involved in firing-order investigations. 
It would be useful to know the author’s estimate of the time in- 
volved in obtaining and recording the primary-moment factor for 
a 10-cylinder firing sequence. 

The writer’s, and it is believed also the author’s thought, is that 
the most useful firing-order index is one arranged in ascending 
order of primary-moment factor. In most cases the primary 
moment is of primary importance. Unless one is committed to 
additional mechanical complications, he is forced to select a 
firing order with a reasonable primary balance. The designer 
must of course decide what is ‘‘reasonable.”’ 

The writer would be quite pleased to possess a list of firing 
orders whose primary-moment factor was less than 1, for all en- 
gines up to and including 12 cylinders. Undoubtedly, for 11 and 
12 cylinders this would be a long list. As the author says, it 
would involve a prohibitive amount of labor. 

A suggested sequence of investigation is mentioned in the 
author’s ‘“‘Convergent Method.” In most cases this will be the 
shortest path to a satisfactory firing order. The writer has found 
in engines of high piston speed and low over-all weight, the fol- 
lowing approach is advantageous: 


1 Consideration of primary balance. 

2 Consideration of internal bending moment and effect on a 
flexible engine frame. 

3 Investigation of secondary moment. 


It is appreciated that there might be disagreement over con- 
sidering torsional vibration last. However, the calculator work- 
ing on an engine of this type will shortly conclude that all firing 
orders are bad and resign himself to other means of dealing with 
this phase of the problem. 

The author’s interest in engine dynamics is greatly appreciated, 
and we sincerely hope he will continue to produce such useful 
contributions as the present paper. 


F. P. Porter.’ A ten-cylinder engine with equal firing inter- 
vals has 181,440 possible firing orders. If fifteen minutes were 
spent on calculating the balance factors for each of the firing 
orders, working 8 hours a day 300 days a year, it would take about 
18 years for one person to work them all out. For the 12-cyliader 
engine it would take about 100 times as long, or about 1800 
years. Thus it is apparent that the interesting device that Mr. 
Dashefsky has described may be used to advantage in the study 
of firing orders. 

The subject of firing orders is really very pertinent to all en- 
gine builders, particularly where the number of cylinders in- 
creases. Of course many of the good firing orders have been iden- 
tified and are being used by manufacturers at the present time. 
There are, however, special problems that come up that may in- 
fluence the choice of the firing order. Undoubtedly many here 
have rather definite ideas on some of those subjects. It would be 


interesting if some of them would give us their points of view on . 
this. 

There is one phase of the subject that undoubtedly the Vector- aa 
scope could handle as well as it handles the usual solution. This 
may be stated as the problem of determining the firing order for =) 


® Chief Design Calculator, Fairbanks, Morse & Company, Beloit, ae ; 
Wis. Mem. ASME. 

® Consulting Engineer, American Locomotive Company, Scheneo- 
tady, N. Y. 


. 
) 
: 
f 
r 
3. 7 
e 
or 
0 
18 
is 
4 
4 
he 
a 
-§- 
of 
ith 
nat 
= 
nae 
me 
ers 
ers 
in 
No. 
der 
der 
— 
‘ 


TRANSACTIONS OF THE ASME APRIL, 1949 


paper has been the presentation of the techniques for the use of 
the Vectorscope, rather than presentation of particular firing-order 
properties. In response to Mr. Georgian’s statement that the 
Vectorscope is not at present available for commercial use, it js 
desired to indicate that arrangements for commercial availability 
of the instrument are being completed. . 

The additional uses of the Vectorscope, mentioned by Mr, 


an engine that is structurally weaker than average, due to inten- 
tional design to make a light engine. Here the choice of the firing 
order might be influenced not only by good over-all balance but 
also by the requirement of minimum internal bending movement. 

There is an interesting but rather insignificant detail in speak- 
ing of the number of possible firing orders and crankshafts. If the 
cylinders of an engine were numbered by one manufacturer from 


one end of the engine and by another manufacturer from the  Goloff, are very interesting, particularly the suggested applica- - 
other end of a similar engine, it can happen that different firing tions of the instrument to problems involving the mobility dr 
orders for the two engines correspond identically to the same method. In general, the Vectorscope appears to be applicable to ba 
crankshaft. You can check this if you write down a few firing the solution of any problem which is reducible to a vector sum- th 
orders for the five-cylinder two-cycle engine. For example, con- mation. Its applicability to electrical problems will be deter- of 
sider the firing order 1-3-4-2-5. If the engine werenumbered from mined in any instance by the saving of time which the Vector- ch 
the other end, cyl 1 = cyl 5, cyl2 = cyl 4, ete.,3 = 3,4 = 2, scope may afford. in. 
5 = 1. Therefore the same crankshaft numbered from the other The author is in close agreement with Mr. Swannack as to 
end is 5-3-2-4-1 or 1-4-2-3-5, which is a different firing order forthe the importance of primary balance. However, most problems ! 
same crankshaft. The usual firing for this engine, namely, 1-4-3-2- result in a compromise among the several engine characteristics 
5, does not show this characteristic, since numbering from the other — which are influenced by firing order. It is regretted that the 
end gives 5-2-3-4-1 or 1-4-3-2-5, which is the same firingorder. It _ listing of firing orders with small primary unbalance desired by Th 
turns out that of the twelve possible firing orders for a 5-cylinder Mr. Swannack cannot be provided at this time. doe 
engine, there are only eight different crankshafts. For the 6-cylin- Regarding Mr. Swannack’s suggested sequence of investiga- me 
der engine, there are sixty possible firing orders but only 38 dif- tion, it seems to the author that in any particular problem, the dri 
ferent crankshafts. For the 7-cylinder engine, there are 360 pos- factor to be considered first should be the one which would elim- acc 
sible firing orders and 192 possible crankshafts. Although this inate the greatest number of firing orders with minimum labor. tair 
point is not very important, the writer thought it might be of | As an example of this is the problem discussed by Mr. Georgian, and 
interest at this time. Here the 5th order torsional is one of importance. This order mes 
7 has two sets of vectors 180 deg apart and is readily handled as 4 clos 
Avenen’s Cucevan simple arithmetic process. In this problem, this would be the I 
first step in eliminating large groups of undesirable firing orders. met 
The remarks of Professor Dejuhasz are appreciated. There The next steps would be in order, primary moments, secondary car 
are many good ways to accomplish the loading of the Vectorscope moments, and the other minor-order torsional factors. It seems ons 
disk. Some of those suggested by Professor Dejuhasz have been _ to the author that the sequence cannot be fixed but remains one int 
considered. The present scheme is the result of the inevitable of expedience for the particular problem in hand. over 
compromises which always seem to become necessary in these Regarding Mr. Swannack’s question as to the time required to nee 
cases. Some effort has already gone into the design of electro- obtain and list all of the primary-moment factors for the 10- 
magnetic loading, an automatic “permutating” device, and photo- cylinder engine, the mere writing of the 181, 440 firing orders 
graphic recordjng, but much still remains to be done in this di- _ would in itself be a long job. However, if we were to limit our- Ir 
rection. selves to examining all of the firing orders, but writing down only tool 
Mr. Georgian indicates a procedure for selecting good firing those having a primary-moment factor less than unity, our experi- calo 
orders without use of the Vectorscope. In his example pertain- ence thus far indicates that about 400 man-hours would be re- in th 
ing to a 10-cylinder engine, Mr. Georgian has selected the 5th quired to explore the primary, secondary, and minor-order tor- tivel 
order to illustrate the simple manner in which a good firing order — sional vibration factors. In this regard, the remarks on this deg 
may be selected. This results in sets of vectors differing in subject offered in Mr. Porter’s discussion are of interest. Test 
phase by 180 deg, and the vector sum may be arrived at by simple Mr. Porter in his discussion contributes in too casual a manner 0.37 
addition and subtraction. However, for all other orders such as the important and pertinent observation that a single crankshaft /y 
the 3, 4, 6, etc., which also require investigation, the phase angle configuration can satisfy more than one firing order. The author cond 
between vectors will not permit such simple manipulation. It is was not aware of this fact, and believes that it is not generally drill. 
here that the use of the Vectorscope may be better appreciated. recognized. Although Mr. Porter’s observation does not invali- Aut 
Any necessity for working with the 11-cylinder engine would also date any of the content of this paper, it is a most important con- Spee 
demonstrate the labor-saving features of the Vectorscope. tribution. At 
The suggested firtng orders for different number of cylinders The author is grateful to the discussers for their contributions 98, 1 
listed by Mr. Georgian are valuable as concerns engine balance but which have added considerable pertinent opinion and material 0.00: 
require further investigation to determine their desirability with and thus enhanced the value of the paper. It is hoped that wate 
respect to minor orders of torsional vibration and other character- _ the techniques indicated herein will provide an additional! tcol for with 
istics influenced by firing order. The purpose of the present handling this time-consuming problem, 
ney 
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Distribution of Heat Generated in Drilling : 


By A. O. SCHMIDT! anv J. R. ROUBIK,? MILWAUKEE, WIS. gan, ig 


The object of this investigation was to determine the 
amount of heat which goes into the workpiece, chips, and 
drill at different cutting speeds and feeds. A tubular test 
bar of extruded Dowmetal was used as the workpiece, 
thus making the cutting action of the drill similar to that 
of a single-point tool. The total heat, the heat in the 
chips, and the heat in the drill were measured separately 
ina calorimeter. 


RACTICALLY all of the energy expended in cutting 
Prnes is converted into heat which manifests itself in vary- 

ing amount and degree in the chips, tool, and workpiece. 
The energy referred to is that required at the cutting tool and 
does not include that energy which is necessarily dissipated as 
mechanical and electrical losses in the machine transmission and 
drive. Heat generated in a cutting operation can be determined 
accurately with a calorimeter, and the measurements thus ob- 
tained permit computations of work, power, chip temperatures, 
and tool forces (1).* Power data, derived from torque and thrust 
measurements on a carefully calibrated dynamometer, are in 
close agreement with calorimetric determinations (2). 

It is generally accepted that the major portion of heat in a 
metal-cutting operation is generated in forming the chips and is 
carried away by them. Calorimetric tests of milling operations 
on steel at cutting speeds of 100 to 800 fpm indicate that the heat 
in the chips comprises 60 to 70 per cent of the total heat. How- 
ever, since somewhat elaborate preparation and correction are 
needed with milling tests, simpler drilling tests were resorted to. 


Dritunc-Test PRrocepURE 


In a series of drilling tests the amounts of heat in the chips, 
tool, and workpiece were measured separately. Three different 
calorimetric tests were used to measure: (a) total heat, (b) heat 
in the tool, and (c) heat in the chips (see Figs. 1, 2, and 3, respec- 
tively). A 7/ig-in-diam drill with a 30-deg helix angle, 118- 
deg point angle, and 12-deg relief angle was used in al! tests. 
Test bars were made from a single piece of extruded Dowmetal, 
0.375 in. diam. A centrally located pilot hole 0.110 in. diam and 
1'/,in. deep was machined in each bar. To insure uniform cutting 
conditions, each piece was countersunk at the top with a 7/\,-in. 
drill. All tests were performed on a Kearney & Trecker 2-C 
Autometric precision boring machine with variable feeds and 
speeds, 

At each of the following peripheral cutting speeds of 9.8, 49, 
98, 147, 196, and 246 fpm, the drill was operated at feed rates of 
0.0022, 0.0057, and 0.0091 in. per revolution (ipr). Distilled 
Water at room temperature was measured into the calorimeter 
with a pipette. Water-temperature readings were taken immedi- 

‘Research Engineer in Charge of Metal Cutting Research, Kear- 
ney & Trecker Corporation. Mem. ASME. 

*Lecturer in Mechanics, Marquette University; and Research 

mai Kearney & Trecker Corporation. Jun. ASME. 

umbers in parentheses refer to the Bibliography at the end of 
the paper. 
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vata and Bibliography and presented at the Semi-Annual Meet- 
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Fig. (left) Catort- 
METRIC APPARATUS FOR 
MeasurRInG Torat Heat 
GENERATED IN DRILLING 


A drill7/:sin. diam 

B 50cc of water 

C container 

D blades on drill 7 
for agitation 

E 3/s-in. test bar 

F rubber grommet 

G three-jaw chuck 


Fic. 2 
Heat Toot AFTER 
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A drill 7/1sin. 
B container with 50 Mi 
ec of water 


Fie. 3 (left) Measurtne Heat 


In CHIPs 
Cc (Short chips resulting from brass 
point on drill fallinto water.) 
drill 7/1 in. diam 
43/s-in. test bar 
C chip guard made of 
cardboard 
D container with 50 ce 
of water 
D E insulator 2 
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ately before cutting and after the drill had removed 1 in. from 
the length of the test bar. The total heat was measured by per- 
forming the drilling operation with the workpiece, chips, and 
tool submerged in water, see Fig. 1. The heat in the tool was 
determined by cutting an identical test bar dry and dropping the 
tool into the calorimeter immediately upon completion of cutting, 
see Fig. 2. Heat in the chips was obtained by noting the tem- 
perature rise of the calorimeter and water into which only the 
chips were permitted to fall, see Fig. 3. When drilling at 100 
rpm, corrections for heat losses were made. At the higher cuttang 
speeds the time of cutting was short and heat losses were within 
the reading errors. Calorimetric temperature measurements in 
all cases are directly comparable since the different calorimeters 
were designed to have the same water equivalents. Therefore 
each calorimeter-temperature-rise value is a uniform true index 
or measure of heat whether it be total heat, heat in the chips, 
or heat in the tool. 


Test REsvutts 


Data obtained in these tests are plotted in Fig. 4. These curves 
indicate that for any given chip thickness the total amount of 
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TEMPERATURE RISE 


CALORIMETER 


‘, Oo RPM 500 1000 1500 2000 2500 3000 
SPEED{ O FPM.MAX. 50 100 150 200 250 
O FPM. AVE 50 100 150 200 


Fig. 4 CaLORIMETER TEMPERATURE RISE IN RELATION TO CUTTING 
SPEED AND FEED 
(2WTC = heat in workpiece, tool, and chips at a feed of 0.0022 ipr: 2C = 
heat in chips at feed of 0.0022 ipr; 27 = heat in tool at feed of 0.0022 ipr; 
5 and 9 denote feeds of 0.0057 and 0.0091 ipr, respectively.) 
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Fic. 5 AVERAGE TreMPERATURE IN MILLING oF STEEL WoRK- 
PIECE AND CHIPS IN RELATION TO CUTTING SPEED 


(Feed per tooth 0.008 in.; depth of cut 0.125 in.; milling cutter with 6-deg 
negative radial rake angle. Chip temperatures measured with a calo- 
rimeter, surface temperatures of identical workpieces 1 in. diam and 2 in. 
long determined by Alnor low-range thermocouple. Each of foregoing values 
was determined with a keen cutting edge; tool wear will change cutting 
forces and therefore cutting temperatures also.) 
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heat generated and contained in the chips, workpiece, and tool, 
as measured with the calorimeter shown in Fig. 1 is practically 
constant regardless of cutting speed, at least up to a periphe: 
cutting speed of 250 fpm. It can be seen that greater amour 
of heat occur with the finer chip thicknesses, whether the tot 
heat, heat in the chips, heat in the tool, or heat in the workpic 
be considered. Under the conditions of these tests higher te 
peratures would of course accompany greater amounts of he: 
Thus it may be said that at the same cutting speed, a fine fe 
will result in higher chip, tool, and workpiece temperatures th 
will a heavier feed. 

It is misleading to use the peripheral cutting speed in the int 
pretation of these drill-test data, since this value is only a ma 
mum and is not at all representative of the cutting speed on t 
smaller diameters of the drill contact with the workpiece. | 
of the cutting speed on the mean diameter of the workpiece 
more justifiable. If the last-mentioned values are used, it can 
seen that the test data extend only to 175 fpm. 
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CALORIMETER TEMPERATURE RISE 


RPM” O 500 1000 1500 2000 2500 
SPEED < FPM MAX. 0 100 150 200 250 
FPM AVEO 50 100 150 


Fic. 6 TypicaL DistripuTion OF Heat IN Tool, 
AND aT VARIOUS SPEEDS 


[C, curve represents heat in chips; 7'C, curve represents total heat in tool 
and chips; WTC, curve (100 per cent) represents total heat in workpiece, 
tool, and chips, or simply total heat. } 
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°F RISE TOTAL HEAT 
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Fic.7 at VARIOUS SPEEDS AND Fgexrps or CHIPS 
IN TOOL, AND IN WORKPIECE 


[C, curves represent heat in chips; 7, curves represent heat in tool; W, 
curves represent heat in workpiece. Number prefixes indicate feed in inches 
per revolution; (2), 0.0022; (5), 0.0057; and (9), 0.0091.) 
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pa 1000 rpm (69.4 fpm average) the slopes of the curves 
indicating heat in the chips have a lower value, see Figs. 4 and 6. 
It may be expected that the ordinates of each of these curves will 
attain a different constant value at some higher speed, perhaps 
between 3000 and 3500 rpm (208 and 243 fpm average). The 
basis for this statement may be found in Fig. 5 which shows that 
the temperature of milling chips, and therefore the heat in the 
chips, acquires a constant character between 200 and 250 fpm 
cutting speed. Chip-temperature value of course depends on the 
material being cut, tool angles, and thickness of chip, but remains 
practically constant for any given set of the foregoing conditions 
regardless of cutting speed above 200 fpm (2). 

Data for a feed rate of 0.0091 ipr have also been plotted in Fig. 
6 to show the percentages of heat in the chips, tool, and work- 
piece with the total heat taken as 100 per cent. In general, the 
chips contain the greatest proportion of the total heat with tool 
and workpiece following in that order. It can be seen, Fig. 7, 
that for the thicker chip the percentage of heat in the chips is 
greater, and the percentage of heat in both the tool and work- 
piece is less than it is for the thinner chip. : 

INTERPRETATION OF RESULTS 

Several factors affect the heat distribution in any machining 
operation. Practically all of the mechanical energy is trans- 
formed into heat primarily by the deformation of the metal in 
the chip and to a lesser degree by the friction of the chip against 
the tool face. A very small portion of the mechanical energy is 
converted into cold work and is evidenced as strain in the ma- 
chined surface to a depth of a few thousandths of an inch (4). 

The amounts of heat that are conducted from the chip to the 
tool and workpiece depend upon the temperature differential 
between these elements, their masses, and the length of time in 
contact with one another. Heat lost to the surrounding atmos- 
phere caused negligible error in these drill-test data because the 
time needed to complete each test was of only a few seconds’ 
duration. 

In view of the foregoing statements, it can be seen that data 
for the higher cutting speeds show greater amounts and percent- 
ages of heat in the chips because the heat has had less time to be 
conducted from the chip to the tool and workpiece. Thick chips 
have a lower temperature than thin chips, Fig. 4, but the per- 
centage of heat in the chips is greater for thicker chips, Figs. 7 and 
8. Because a thick chip has a greater mass and a lower tem- 
perature, the rate of conduction of heat away from a thick chip 
is less than it would be for a thin chip. 

In summary, thick chips mean less total work, lower tool tem- 
peratures, and lower workpiece temperatures (3). Higher cut- 
ting speeds neither increase nor decrease greatly the work per 
volume of material machined when cutting conditions and tool 
remain identical. Of course higher cutting speeds would increase 
power requirements since equal amounts of work would be done 
in shorter time intervals. As cutting speeds increase up to about 
200 fpm, they entail higher chip temperatures and lower work- 
piece temperatures. Above 200 fpm chip temperatures remain 
practically constant. Generally, tool temperatures will increase, 
however, if machining is continuous or prolonged, or the cutting 
Speed is increased, since the heat in the tool will accumulate 
faster than it can be dissipated in most instances. For the same 
reason the heat in the tool will be concentrated near the cutting 
edge and the temperature of this portion of the tool will be con- 
siderably higher than surrounding portions. Higher cutting 
Speed especially will tend to accentuate this condition. Chip 
thickness is limited by the strength of the tool, surface-finish re- 
quirements, and setup and machine limitations. Cutting speed 
is often limited by the ability of the tool to conduct heat away 
from the immediate vic inity of the cutting edge. 


SCHMIDT, ROUBIK—DISTRIBUTION OF HEAT GENERATED IN DRILLING 


Poe 
CALORIMETER 
TEMPERATURE PERCENT OF 
°F RISE TOTAL HEAT 
(2) (5) (9) 
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These curves are similar to those in Fig. 6 but represent three different 
eed rates and are placed together for comparison. The curves (9) C, (9) 
TC, and (9) WTC are the same as C, TC, and WTC in Fig. 6. C curves 
represent heat in chips; TC curves represent total heat in tool and chips; 
and WTC curves (100 per cent) represent total heat in workpiece, tool, and 
chips, or simply total heat or work. Number prefixes indicate feed in inches 
per revolution; (2), 0.0022; (5), 0.0057; and (9), 0.0091. To obtain calorim- 
eter temperature-rise values, use vertical scale which has same number 
as prefix number of curve. ] 


When only the lips of a drill are used to cut a tubular test bar 
the action is similar to machining with a single-point tool and 
therefore can be considered related to machining accomplished 
in planer, lathe, and many milling-machine operations (5) 


CONCLUSIONS 


The major portion of the heat generated in a metal-cutting 
operation is carried away by the chips. 

Under 200 fpm cutting speed the percentage of heat in the 
chips will vary with cutting speed and chip thickness; the higher 
the cutting speed and the thicker the chip, the higher will be the 
percentage of heat in the chips. Above a cutting speed of 200 fpm 
the amount of heat in the chips, and also the chip temperature, 
aéquire a constant character for otherwise identical cutting con- 
ditions. 

At low cutting speeds (around 10 fpm) the amount of heat 
in the chips will be about 40 to 52 per cent of the total heat gen- 
erated, depending upon the chip thickness. 

At higher cutting speeds (200 fpm and above) the amount of 
heat in the chips will vary between 60 and 80 per cent of the total 
heat generated, depending upon the chip thickness. The re- 
maining heat is distributed almost equally to the tool and work- 
piece. Since the workpiece is usually of larger mass than the 
tool, its temperature will be low while the heat in the tool is of 
necessity concentrated in a zone near the cutting edge which at 
high cutting speeds or under continuous machining will reach a 
high temperature. This is a frequent contributing cause of tool 
failure. 
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Discussion 


O. W. Boston.‘ The authors have employed a very ingenious 
means of determining the proportionate amount of heat which is 
absorbed by the tool, the chips, and the workpiece material 
when drilling a material having a diameter slightly less than 
that of the drill, and a hole drilled through the center of the ma- 
terial equal to the length of the chisel edge. In this way the cut- 
ting edges of the drill have a free cutting action. This work was 
started at the University of Michigan a number of years ago, at 
which time the objective was to determine the equivalent of the 
power developed at the drill point by measuring the torque and 
thrust, and the work done by measuring the amount of heat de- 
veloped as recorded by a calorimeter. In the writer’s opinion, 
this work was successful in that a heat-work balance was obtained 
within an error of 2 to 3 per cent. 

The present paper is a continuation of this type of work, and it 
is felt that the procedure is sound and that the results, although 
rather limited in amount, are relatively reliable. There is a ques- 
tion as to the time expended in drilling up to the time of taking 
thermal measurements, as well as a heat loss in transferring the 
drill to the calorimeter, Fig. 2, for determining the heat in the 
tool. Care must be exercised also in evaluating temperature 
end heat developed. 

This work confirms the general belief that the major portion 
of the heat generated in a metal-cutting operation is carried away 
by the chips. This is particularly true at high speeds, as is shown. 

This paper is one of several involving studies of metal-cutting 
temperatures and heat developed, and it is hoped that others of 
this nature will follow, as they all add to our knowledge on the 
subject of metal cutting. 


W. W. Grtpert.® The authors’ use of a calorimeter to measure 
the heat in the workpiece, the chips, and the drill provides a use- 
ful tool for the thermal analysis of the cutting process. The 
method of conducting the drilling tests as used in these experi- 
ments should promote good accuracy, since the pilot hole elimi- 
nates the rubbing action at the point of the drill. Since the bar 
being drilled was smaller than the outside diameter of the drill, 
this also eliminates the rubbing on the margin of the drill, pre- 
venting this source variation. 

Since some of the tests were run with the drill surrounded with 
distilled water, while other tests were run dry, some question 
might arise as to the effect of the cutting fluid in affecting the 
generation of heat. Torque and thrust dynamometers have 
shown there is little change in torque or thrust when using water 
as a cutting fluid in this type of drilling. 

One statement in the paper appears to be misleading owing to 
the misconception of the word, “temperature.’’ A careful dif- 
ferentiation should be made between temperature and heat. For 
instance, the statement,“ . . . at the same cutting speed, a fine 
feed will result in higher chip, tool, and workpiece temperatures 
than will a heavier feed.’”’ The temperature of the cutting edge is 
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higher for heavier feeds, but, since the time required to cut a 
given amount of material is shorter, the total heat going into 


the tool will be lower. 


M. E. Mercuant,® MICHAEL FIELD,? NORMAN ZLATIN.”? The 
information given in this paper is important and much needed, 
Many people, including the writers, have felt the need for such 4 
study, as reported here, for some time, and we wish to con- 
gratulate the authors on having carried out this useful research, 
The calorimeter method used is particularly well-suited to obtain- 
ing information on the distribution of heat in metal cutting, 

The information resulting from this study, while important 
and valuable, can be somewhat misleading as presented in the 
paper unless certain points are emphasized or are well under- 
stood by the reader. The writers would like to discuss certain 
The first point is one on which insufficient 


of these points. 
information appears in the paper. 
test for measuring total heat generated in drilling, the cutting 
operation takes place under water, whereas in making the 
calorimeter test for measuring the heat in the chips, the cutting 
operation takes place in the absence of water, i.e., dry. 

Earlier work in our own laboratories* has demonstrated that 
under certain conditions plain water can be a fairly effective cut- 
ting fluid in reducing tool forces and power consumption, i.e., 
heat generation. This is particularly true at very low cutting 
Since this is the case, it is possible that in the present 


In making the calorimeter 


speeds. 
study the results obtained in the tests made for measuring heat in 
the chips are not strictly comparable with those obtained in the 
tests made for measuring the total heat generated in drilling, par- 
ticularly at the lowest cutting speeds. The way to clarify this 
point would be to calibrate the calorimetric apparatus with a 
torque-and-thrust dynamometer when cutting with the drill 
point submerged in water, and also when drilling dry, and s 

determine what difference in power consumption, if an 

The tests should of course 
The writers would like t 


caused by the presence of the water. 
be made at very low cutting speeds. 
ask the authors whether such check tests have been run and if so 
what results were obtained. 

The next point for discussion is one on which it appear 
The calorimeter tests mad 


some clarification is needed. 
the authors measure average heat distribution in metal-cutting 
rather than actual temperature values; therefore statem¢ 
made about chip, tool, or workpiece ‘‘temperatures”’ in the 
should be read with certain mental reservations. The 
should realize that the heat measurements made by the au 
when interpreted in terms of temperatures, can give only) 

age temperature values; these in many cases may beat 
relation to the actual physical temperatures of importance 
metal cutting. For instance, the reader should realize that su 
statements by the authors as “. .. . a fine feed will result in higher 
chip, tool, and workpie¢e temperatures than will a heavier feed 
are correct only if it is understood that the temperatures te 
ferred to are average temperatures. 

It is well known of course that the actual temperatures at the 
chip-tool interface increase with increasing feed, which 
just the opposite of the behavior of the average chip and tool tear 
peratures mentioned in the foregoing quotation. In like manner 
it is well known that the actual chip-tool interface temperature 
increase rapidly with increasing cutting speed rather than remall- 
ing practically constant with speed as do the average chip ané 
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tool temperatures referred to by the authors. It is these actual 
chip-tool interface temperatures, rather than the average chip 
and tool temperatures, which are responsible for such important 
practical considerations as the fact that tool life (in terms of time) 
decreases with increasing feed (except at very fine feeds) and:cut- 
ting speed. 

Another point which the writers believe should be emphasized 
is the fact that the heat measurements made by the authors are 
based on removing a constant amount of metal at the different 
cutting speeds and feeds rather than on cutting for a constant 
length of time at the different speeds and feeds. It is quite proba- 
ble that if constant cutting time had been used as the basis of 
comparison, rather than a constant volume of metal removal, the 
average tool temperature would have increased with increasing 
feed and speed rather than decreasing or remaining constant as in 
the present tests. The trends of the average chip and workpiece 
temperatures should remain about the same in either case. 

The final point for discussion is the paradox which is apparently 
raised by the findings reported in this paper. Why should the 
average chip temperature decrease or remain constant with in- 
creasing feed and speed while the actual chip-tool interface tem- 
perature increases with increasing feed and speed? The answer 
lies in the mechanism of chip formation and heat generation in 
metal cutting. There are two major sources generating heat in 
the efitting of metals. In the process of chip formation, the 
metal is first deformed plastically in shear on a plane extending 
ahead of the cutting tool from the cutting edge to the surface of 
the workpiece. The deformation of the metal on this “shear 
plane’”’ is the first major source of heat generation. This deforma- 
tion forms the chip which then slides over the face of the tool, en- 
countering frictional resistance as it slides. This frictional resist- 
ance on the tool face is the second major source of heat generation 
in metal-cutting. The deformation on the shear plane raises the 
average temperature of the chip more or less uniformly; the fric- 
tion on the tool face makes the chip-tool interface temperature 
soar above this average value. The average temperature rise of 
the chip due to the deformation at the shear plane is controlled 
by the ratio of the length of the shear plane to the value of the 
feed per revolution. It is evident that this ratio would remain 
constant with changing feed if the angle between the shear plane 
and the path traveled by the cutting edge remained constant. 
However, it is found that this shear angle increases considera- 
bly with increasing feed."° As a result the average temperature 
rise resulting from deformation on the shear plane is less for large 
feeds than for small. Thus it is because the shear angle increases 
with increasing feed that the average chip temperature decreases 
with increasing feed. 

On the other hand, it is evident that with a heavy feed the 
chip is pressed against the tool face with greater force than with a 
light feed. As a result, more frictional heat is generated at the 
chip-tool interface at high feeds than at low. It is for this reason 
that the chip-tool interface temperature increases with increasing 
feed in spite of the fact that the average chip temperature de- 
creases. 

As regards the effect of cutting speed, it has been found that 
the shear angle changes only slightly with normal changes in 
speed (except at very low cutting speeds or where negative rakes 
are used).'° Therefore the average temperature rise of the chip 
due to deformation on the shear plane varies little if any with 
cutting speed. On the other hand the sliding speed of the chip 


*“Basic Mechanics of the Metal-Cutting Process,” by M. E. 


marchant, Journal of Applied Mechanics, Trans. ASME, vol. 66, 1944, 
A-168. 
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over the tool face increases directly with increasing cutting 
speed. Thus the rate at which heat is generated at the chip- 
tool interface increases with increasing speed and so the tempera- x 
ture at that interface does likewise, despite the fact that the av- | ‘ 
erage chip temperature remains practically constant. Such facts — 

as these help to resolve the apparent paradox raised by the paper. — 


V. Pascukis.!! The calorimetric test used by the authors _ 

yields of course mean temperatures. If the authors’ claim, 

that the heat losses are negligible, is correct, then the independ- 

ence of the value of WTC from speed (fpm) is understandable. : 
However, from a heat-transfer viewpoint, the following com- | 

ments may be made: 


(a) It would be misleading to apply the findings of the experi- > 
ments lasting only a few seconds to a production problem where , 
an operation may last several minutes, and heat losses therefore 
would count. 

(b) Were any experiments carried out which would show that 
the height of the water level in the container C (Figs. 1 and 2 of 
the paper) was sufficient? Heat is of course conducted in the 
drill A away from the cutting edge and, if the level is not high 
enough, part of the heat would not be measured. 

(c) The arrangement, Fig. 3, may give erroneous results if the 
rubber grommet F is not thick enough to prevent heat flow from 
the test bar B into the water. Either experimental or mathe- 
matical proof that this source of error is negligible would be wel- 
come. 

(d) In the last sentence of the conclusions the authors point 
out the danger of tool failure by excessive temperatures. The 
determination of the temperature at the cutting face is extremely 
difficult, if not impossible. But with data as presented in this 
paper as a basis, the cutting-edge temperature could possibly be 
determined with a reasonable degree of accuracy by the electric- 
analogy method. 


K. J. Triacer.'?. This interesting paper presents a clear pic- 
ture of the heat distribution when a constant volume of metal is 
removed by drilling over a range of speeds and feeds. That a fine 
feed should increase the amount of heat in the chips, tool, and 
workpiece per unit volume of metal removed is consistent with _ 
both theory and practice. However, the paper contains state-_ 
ments which, unless interpreted properly, are apt tobe misunder- 
stood. Under the heading “‘Test Results”’ it is stated: _ 

“Thus it may be said that at the same cutting speed, a fine 
feed will result in higher chip, tool, and workpiece temperatures 
than will a heavier feed.’’ The writer will agree to this statement 
under the conditions of the tests reported, i.e., when a 1-in. length 
is machined from the test bar. However, it is possible that the 
statement may be misinterpreted to mean the effect of feed when 
analyzed on the basis of the rate of metal removal. In this case 
an entirely different picture is obtained. At constant speed the 
feed is a direct measure of the rate of metal removal. To illus- 
trate this interpretation, compare the effect of feed at some con- 
stant cutting speed. 

The tables at topof page 250 are derived from Fig. 4of the paper, 
and compare the extremes of feed at a speed of 1500 rpm. 

It is apparent that if a comparison is made upon the basis of 
the rate of metal removal, an increase in feed results in an increase 
in the amount of heat in the chips, tool, and workpiece. This is 
shown by the temperature rise, degrees F per minute, in which the 
rate of metal removal is directly proportional to the feed. On_ 
this basis the time variable in the quantity of heat transferred to 


11 Heat and Mass Flow Analyzer Laboratory, Columbia Univer- _ 
sity, New York, N. Y. Mem. ASME. ears 

12 Professor of Mechanical Engineering, University of Illinois, 
Urbana, Ill. Mem. ASME. a 
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Heat 1n Toou 
Approx temp 


rise deg F Time to 

when 1 in. is drill 1 in. Temp rise, 
drilled length, min deg F per min 
1.65 0.3038 5.45 
0.67 


HEAT IN CHIPS 


4.68 0.303 15.45 
3.85 0.073 52.7 

1.59 0.303 5S 
0.45 0.073 6.17 


the chips, tool, and workpiece is eliminated. The principal factor 
affecting the quantity of heat involved is then the temperature 
at the interface of the chip and the tool. This tool-chip interface 
temperature, not to be confused with average chip temperature, 
has been found to be a function of feed at constant cutting speed. 

Figs. 9 and 10 of this discussion present the results of a series 
of tests which compose part of an extensive investigation on tool- 
chip interface temperatures. Fig. 9 shows the effect of speed upon 
tool-chip interface temperature (denoted cutting temperature) for 
a range of feeds. Each cutting temperature was obtained in es- 
sentially the same total cutting time, namely, 10 sec. 
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Fig. 10 compares the effect of feed upon cutting temperature at 
two cutting speeds (points obtained from Fig. 9), namely, 250 
sfpm and 400 sfpm. The relationships are straight lines on log- 
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= mean less total work, lower tool temperatures, and lower work- 
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ag re ne” arithmic co-ordinates and of the form 7’ = Cf" in which 7 = cut- 
ting temperature, deg F; C = const; f = feed in. per revolution; 
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and n is an exponent. The equation of the lines in Fig. 10 are 
T = 2013 f% 98 and 7 = 2175 f?-%78 for the 250 and 400 sfpm 


lines, respectively. 


The interpretation of the summary statment that “thick chips 
piece temperatures’? must then be based upon the premise of 
unit volume of metal removed. 


AuTuors’ CLOSURE 


All the comments appearing in the discussion are greatly ap- 
preciated. Professors Boston and Gilbert who have collabo- 
rated in a number of previous investigations of this kind must 
have had these tests in mind when preparing their discussions, 
Previous papers, listed in the Bibliography, should be taken into 
consideration for a clearer understanding of the foregoing report 
which is but one of a series. 

Measurements taken with this calorimetric arrangement 
come more accurate with a decrease in cutting time. In order to 
minimize heat losses at the low cutting speeds, such as at 100 
rpm, the cutting time was decreased by machining only '/2 in. of 
the workpiece material. The temperature values obtained in 
this manner were multiplied by 2 to give results equal to those 
which would be obtained in machining | in. of the test bar. Thi 
procedure was also resorted to in measuring the heat in the d 

A number of good questions were raised and partially answs 
by Messrs. Merchant, Field, and Zlatin. When a cutter 
chines identical workpieces or cuts test bars of equal dimens 
at various feeds and speeds, the distribution of the heat gener- 
ated in machining one workpiece, that is, in removing specif 
equal amounts of material each time, will be similar to the 
curves illustrated in Fig. 4 of the paper. In continuous cutti 
for specific equal periods of time at various feeds and speeds, tl 
distribution of heat generated will be similar to the curves shown 
in Fig. 11 of this closure. The values of heat in the chips and 
total heat, which are directly proportional to those given in Fig. 
11 are to be expected since more material will be removed at 
higher speeds and feeds during equal times of cutting, and hi 
more work will be done and more heat will be generated. Th« 
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aT Constant CuTtine TIME 
(Constant cutting time = 10 sec; 9 WTC = heat in workpiece, tool, 90¢ 
chips at a feed of 0.0091 ipr; 9C = heat in chips at a feed of 0.0091 ipr; 97 = 
heat in tool at feed of 0.0091 ipr; 2 and 5 denote feeds of 0.0022 and 0.000 
ipr, respectively. Curves should - . for comparison of heat value 
only. 
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upper six curves in Fig. 11 cannot be used directly for average 
temperature comparisons since different amounts of material are 
involved at each speed and feed. 

In previous, similar tests carried out with a dynamometer (5), 
when using only the cutting edge of a drill to machine a tubular 
test bar, no measurable difference in torque or thrust at the same 
feeds and speeds could be discerned whether the cutting was done 
dry or with the drill submerged in water or other coolants. The 
cutting speeds and feeds used in those tests were similar to the 
speeds and feeds mentioned in the paper. Eor example, the low- 
est peripheral speed used in previous tests of this nature was 13 
fpm, as compared to 10 fpm reported herein. Since no difference 
in torque or thrust, and hence no difference in work or power, 
could be found with a dynamometer between cutting dry and 
cutting with coolants, the values obtained with the calorimeter 
in measuring only the heat in the chips or the heat in the tool 
(cutting dry) should be directly comparable to those obtained in 
measuring the total heat (cutting under water). 

Calorimeter temperature-rise values in these tests may be inter- 
preted in terms of heat, work, power, and average temperature 
rise of the chips, workpiece, and tool. Average temperature rises 
rather than localized, instantaneous temperatures are ob- 
tained with the calorimeter since these temperatures must be 
determined by heat-balance computations in which the tempera- 
ture gradients that exist in the chips, workpiece, and tool during 
cutting and for some time after do not enter or are not considered. 

The actual temperature reached during the cutting operation 
by the tool tip itself, that is, by the cutting edge and the immedi- 
ately surrounding tool material, is of primary interest because 
the ability of the tool edge to stand up will decrease with increas- 
ing temperatures. Frequently it has been observed from a com- 
parison of chip-temper colors that the temperature of the chip 
on the side away from the tool was higher than on the side which 
rubs against the tool. Also, it has been observed frequently that 
the temper color of the chip on the rough surface away from the 
tool was formed before the temper color on the shiny surface 
which has rubbed against the tool face. This would indicate 
that the heat on the rough side was more intense than the heat on 
the shiny side and actually caused a rise in the temperature of the 
shiny side to a value high enough to produce a temper color after 
the heat had had time to flow through the width of the chip. 

For example, the temper colors on chips of SAE 1020 steel, 
180 Bhn, removed at a cutting speed of 450 fpm and a feed per 
tooth of 0.020 in. with a milling cutter having 0 deg axial rake, 
6 deg negative X 0.030 in. primary and 30 deg positive secondary 
radial rake, and 15 deg corner angle, indicated 500 F on the rough 
side and 450 F on the shiny side. These temper colors may not 
provide an accurate method of temperature measurement under 
these conditions, but the comparison of chip-temper colors may 
be used in determining that one temperature is lower than an- 
other. 

The average chip temperature, as measured with a calorimeter 
is therefore greater than the temperature of the chip at the tool- 
chip interface. At the higher cutting speeds the temperature of 
the chip is much lower than the temperature of the tool at the 
tool-chip interface. This difference in temperatures will affect 
the interpretation of data on tool-chip interface temperatures ob- 
tained with a tool-work thermocouple arrangement. Tool-chip 
Interface temperatures may represent approximately the tem- 
perature of the tool but not the temperature of the chip at the 
tool-chip interface. 

Tool life in terms of time means very little unless it is also ex- 
Pressed in amount of material removed or number of workpieces 
finished. An increase in feed per tooth (undeformed-chip thick- 
hess ) generally will be accompanied by an increase in number of 
Pleces finished before tool failure, and these pieces also will be 
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finished in shorter time intervals. This tendency holds true until > 
the feed per tooth (undeformed-chip thickness) becomes large 
enough to cause fracture of the tool or edge by virtue of excessive 
force. An increase in cutting speed, especially to very high ~ 
values, generally will cause a decrease in tool life whether ex- 
pressed in terms of time or number of pieces finished. 

Because, in actual shop operations, workpieces of similar di- 
mensions are machined, it was thought more appropriate to 
choose a uniform length of test bar as a standard condition of 
these tests rather than a uniform period of cutting time. This 
choice also greatly simplified the experimental setup and appar- 
tus, test procedure, and interpretation of data. _ 

If constant cutting time had been used as the basis of com- 
parison, the trends of the average chip and workpiece tempera- 
ture as given in this paper would remain unchanged. However, 
the average tool temperature would increase with increasing feed 
and speed as indicated by the lowest three curves in Fig. 11 here- 
with. This result must be expected since more chip material will 
rub against the tool face in a given period of time with either an 
increase in feed or an increase in speed. 

The authors would certainly welcome an investigation by Dr. 
Paschkis into tool temperatures by means of an electrical analogy. 
It is only for purposes of accuracy of measurement that an at- | 
tempt has been made to minimize heat losses. Heat losses are — 
negligible in those cases in which the cutting speeds are high or _ 
the operation performed takes but a few seconds. Of course the 
amounts of heat in the chips, tool, and workpiece will be affected 
by heat losses over periods of time encountered in production 
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Fic. 14 DraGRaM OF TEMPERATURES IN STEEL CuTTinG aT 400 Fpm 
CuTtTinG SPEED 


(Temperatures of workpiece, 100 F, and chip, 750 F, taken from Fig. 5. 
Tool-tip temperature, 1450 F, based upon tool-chip interface temperature 
measurements by Trigger.) 


operations, but. the amounts of heat distributed to the chips, 
tool, and work per unit of time or per unit of volume remain 
fairly constant under a given set of conditions. In order to 
measure the maximum average temperature of the chips and the 
heat, work, or power absorbed by the chips, heat losses must be 
minimized or corrections be applied to the calorimeter data. 
What happens to the heat in the chips a half-minute or minute 
after they have been formed has little importance in the problem. 
However, the heat in the tool generally will increase with pro- 
longed cutting until the tool reaches a point of balance at an 


as fast as it is acquired. 


elevated average temperature at w hich it can dissipate the heat 


AVERAGE CHIP TEMPERATURE °F 


2 4 10 2 4 6 
FEED THOUSANOTHS OF AN INCH PER TOOTH 


Fic. 15 Errect or Feep oN AVERAGE CHIP TEMPERATURE 


(These chip temperatures were measure d with a calorimeter when machining 

l-in-diam test bars of SAE 1055, normalized steel, with a 2-in-diam face 

mill which had two tungsten- -carbide tips of 6-deg negative radial rake. 

Depth of cut 0.125 in.; speed 285 fpm. The curve shown will remain ap- 
proximate ly the same at higher speeds.) 


In order to confine the heat of cutting to the lower part of the 
drill as much as possible, only '/:-in. length of the test bar was 
machined. Values obtained in this manner were multiplied by 
2 to have them correspond to the rest of the data. At the low 
temperatures and with the short intervals of time involved no 
significant heat flow occurred in the test arrangement illustrated 
in Fig. 3 of the paper (see Figs. 12 and 13 herewith). 

The discussion of Professor Trigger points out other important 
factors in relation to this paper. The cutting temperatures 
plotted in Figs. 9 and 10 of his discussion, represent, most proba- 
bly, temperatures of the tool near the cutting edge. © Tempera- 
ture of the steel workpiece and chips measured in milling are 
plotted in Fig. 5 of the paper. Based upon these tests and data 
provided by Professor Trigger, the temperatures in a steel-cutting 
operation will be similar to Fig. 14 of this closure. The effect of 
feed upon average chip temperature is opposite in nature to the 
effect the feed has on the cutting-edge temperature (Fig. 10 of 
Professor Trigger’s discussion). Typical average chip tempera- 
tures, as affected by feed are plotted in Fig. 15 herewith. 
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Values of thermal contact resistance are reported for 
two types of joints: (1) the joint between two blocks of 
laminated steel, either in direct contact or separated by 
cement or shims of steel, aluminum, or aluminum foil; 
(2) the joint between two blocks of cold-rolled steel with 
various surface finishes. The resistance as measured 
amounts to 0.3 to 8 in. of additional material, depending 
upon the configuration. Results are also given in terms 


of contact resistance. =) 
INTRODUCTION 


OME years ago the authors’ company instituted a test pro- 
gram to determine thermal contact resistance for several 
types of production joints, in order to evaluate this resist- 
ance more closely for use in the calculation of the temperature 
rise of various components of electrical equipment. In so far as 
was known, work previously done by others did not cover the 
particular materials or surfaces in which the company was in- 
terested. The results of this program are presented in this paper. 
If surfaces of two dry metal blocks are placed in contact, 
there remairis a considerable resistance to heat flow from one 
block to the other, unless the surfaces are bonded together by a 
solid metal bond as in welding, brazing, or soldering. This ther- 
mal resistance, known as “‘contact resistance,’’ is due to the dead 
air and sometimes also oxide layers, in the space between the 
surfaces. Contact resistance is present in addition to the usual 
thermal resistances of the materials themselves, as indicated in 
the thermal cire ‘uit, it, Pig. 1. The resistance of the contact may be 
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Fic. 1 Crrcuit ror Contact Resistance 


large compared with the other resistances, and should rarely be 
neglected. 


‘Thomson Laboratory, General Electric Company, West Lynn, 
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Thermal contact resistance 1/h, may vary widely, depending 
upon smoothness, contact pressure, and thermal conductivity of _ 
the metal and of the gas between the metal surfaces. 


Types or JOINTS 


Tests were made on joints in two types of blocks which are | = 
shown in Fig. 2. One consisted of the joint between two lami- 
nated steel blocks, each made up of packages of 25-milsheets of sili- 
con steel, now designated as AISI type M27. The chemical com- 
position of a typical ladle analysis of this steel is given in terms 
of maximum values as follows: Si-2.5 to 3.0; C-0.10; Mn-0.5; 
P-0.05; S-0.05. Slots were cut in the two center laminations 
as shown to provide space to insert the thermocouples, and then 
the laminations were stacked on a flat plate and welded together. 
Each block had one"end ground flat to fit the heater or the cooling 
pad. These blocks were either in direct contact or separated by 
cement or shims of steel, aluminum, or aluminum foil. co - 
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Test Serue 


The other tests were made on the joints between two cold- 
_ rolled steel blocks having machined surfaces in contact, with the 
a heated and cooled ends finished as in the preceding paragraph. 
One way to define a machined surface finish is by “average” rough- 
ness,* in accordance with ASA standards. The average value of 
roughness is the average deviation from a center line on a profile 
contour of the surface, expressed in microinches. Fig. 3 indicates 
the surface finishes which were tested in the program. Actual 
roughness in microinches was not measured; the surfaces were 
cut to match the standard specimens. 


PROCEDURE 


Copper-copnic thermocouples were soldered in the holes or 
slots shown in Fig. 3 to insure good thermal contact. The cold 
junction of the thermocouples was kept at 32 F. 

The heater consisted of a copper block in which two cartridge- 


3 Determining Surface Roughness,’’ by Walter Mikelson, Me- 
chanical Engineering, vol. 69, 1947, pp. 391-393. 


Fic. Surrace FinisHes or Steer Specimens TESTED 
(Numbers refer to average roughness in microinches.) 
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type heaters were embedded. This heater was supplied b 
bank of storage batteries to insure a constant rate of heat gen- 
eration. The cooling pad was a lead casting containing water 
coils through which tap water was circulated. 

In order to minimize heat losses, the heater, test block 
cooling pad were all enclosed by a heavy layer of cotton 

The apparatus arranged for testing is shown in Fig. 4. 
system was designed to keep uniform pressure betwee! 
blocks. A recess was cut in the top plate above the test blo 
insure the centering of the steel ball. The loads were varied 
varying the weight on the end of the beam. The testing | 
dure was to set the weight, turn on the heater and the tap 
and run until a steady state had been reached. At that 
usually about 3 hr after the start of the test, the ten tl 
couples were read. 


ANALYSIS 


Plotted in Fig. 5 to a reduced scale, are the results of a t 
test, giving the temperature distribution in the blocks as a fu 
tion of distance from the heated end. The discontinuity 
curve measures the temperature drop through the joint, whil 
temperature gradient gives the density of heat flow. The gra 
dients were linear and substantially equal on opposite sides of t! 
joint, which indicates that transverse heat flow was negligibl 
From the plot of the data the temperature gradient at each sid 
of the joint is determined and the average taken as the basis for 
calculating heat flow. 

The heat flow is given by the following equation nt 


Rewriting this equation to obtain the equivalent length & 
plicitly 


q 


per: 
min 
sent 
cont 


125 250 500 

WEIGHT 

rw 

rs 

> 


where we 


watt 


a 

ter 

nd 

te 

“he 

the 

to 

by 

ter, af oh de 

me 

m0- 

Vc 

vical 

the 

the 

grr 

the 

side 

for 


ex 


BRUNOT, 


The equivalent length may be expressed in terms of a contact 
resistance, 1/h, by dividing by the conductivity, or 


14 


At 


(dt)/(dz) 


= heat said , Watts per sq in. 


= thermal conductivity of the metal, 


— = average temperature gradient, deg C per in. 


= 
= temperature difference at joint, deg C 


= thermal resistance of joint per unit area, sq in. deg C per 


b = equivalent length of metal, in 


The temperature difference used in these relations is the tem- 


watts per sq in. 
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ReEsuULTs or TESTS 


Fig. 6 shows the variation of contact resistance with pressure 
for laminated steel blocks in direct contact or separated by 


shims. 
180 T T T T T 7 T 
| TEMPERATURE DISTANCE 
[3] 22 MIL STEEL SHIM 

BETWEEN TWO BLOCKS OF | 
> 25 Mil SILICON STEEL LAMINA- 


4 
| 
| 


deg C per in. 


100 


ms +—++- - 


TEMPERATURE °C 


perature drop between the surfaces of the test blocks as deter- ee 1 | | I 
mined from the curves. This temperature drop therefore repre- 0 bai 5 6 ? 
sents the effect of one joint when the laminations are in direct La ee a 
contact, and two or more joints when shims are used. Tee 
CONDITION 
BARE LAMINATIONS PARALLEL 
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7 Contact Resistance Versus Contact Pressure For STEEL BLocks 


Fig. 7 shows the variation of contact resistance with pressure due to the fact that the laminations are embedded deeper in 
for cold-rolled steel blocks with various surface finishes. foil. For more than five layers of foil the effect seems to be slight 
The numerical values in these two figures are obtained from and the resistance may be increased as the number of layer 
the test data, using Equation [2] to calculate the equivalent length becomes large due to the resistance between the layers of foil can b 
of the laminations on the steel blocks. These values are converted The tests on solid steel blocks with various degrees of smooth taneor 
to the general form 1/h, by using Equation [3], with k = 0.585 ness indicate that the smoother the surface the lower the resist ready. 
(watts per sq in.) /(deg C per in.) for 2.75 per cent silicon steeland ance. This may be due to the thinner layer of air or the larget As g 
k = 1.40 (watts per sq in.)/(deg C per in.) for cold-rolled steel. area of contact encountered. This latter idea may be substar and R, 
The values of k for silicon steel were determined in the company’s _ tiated by observing that the variation of resistance with pressut : 
laboratory. For cold-rolled steel k was obtained by interpolation is greater for the rough blocks, where the pressure may make th *Cor 
for 0.18 per cent carbon steel at 100 C between the data of refer- rough spots indent the surface of the other block and thu: ia 
ences.*5 If the results are needed in terms of Btu, hr, ft, deg more projections to come in contact. Publish 
a units, divide 1/h, by 273 to convert to hr (sq ft) deg F/Btu. If the gas between the surfaces is other than air, the resistal 8H, 
may be expected to increase or decrease, according to the grealet Associa 
or less resistivity of the gas, as compared with air. The effect me 
The tests on laminated steel blocks indicate that if a thick of changing the gas has not been investigated. The amount 
metal shim is used between the two surfaces, the hardness of the increase or decrease in surface resistance probably depends up0 
shim metal has little effect. If aluminum foil is substituted, the the roughness of the surface in contact as well as upon the ther- 
resistance is lowered as pressure is increased. This is probably mal conductivity of the gas. vue 
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BRUNOT, BUCKLAND— THERMAL CONTAC OT RES 


Discussion 


J. D. Ke_ver.*. Comparing Figs. 6 and 7 of the paper, it is 
interesting although not surprising that the thermal resistance 
of the contact between the surfaces of laminated blocks, whether 
the laminations are parallel or crossed, is about 5 times as great 
as that of even the roughest solid-block surfaces tested. 

Comparing the thermal conductances in Btu per (sq ft) (hr) 
(deg F) for steel contact surfaces at about 212 F, and a pressure 
of 10 psi, with those found by Weills and Ryder’ under the same 
conditions, the authors’ figures are about 400 for a surface rough- 
ness of 63 microinches and 1050 for 4 microinches; whereas the 
Weills-Ryder values are about 200 for a surface roughness of 50 
to 100 microinches and 1700 for 10 microinches, or only one 
half as great for the rough surfaces, but 60 per cent greater for the 
smooth surfaces. These discrepancies do not point to any error 
in either set of tests, but to variation in the character of the 
surface roughness not indicated by the root-mean-square rough- 
ness figures. 

In the writer’s opinion, it is not merely the rms roughness but 
more especially the height of the highest peaks of the surface 
above the mean level, which largely determines the thermal 
conductance through the air film between the surfaces. This 
was explained in a paper by the writer,’ on the basis of which 
analysis it is probable that at least 95 per cent and likely 98 per 
cent of the conductance in the authors’ tests was due to the air 
film, and only 5 per cent to 2 per cent to actual metallic contact. 

In view of this it would have been interesting if the authors’ tests 
could have been repeated, first in vacuo and second with a gas 
of high thermal conductivity, such as hydrogen, filling the space 
between the contact surfaces. 


Myron Trisvus.*® The contact resistance should consist es- 
sentially of three parallel resistances as shown in Fig. 8 of this 
discussion. A measure of the variations of Rist with pressure 


Conduction Radiation 


Direct 
Across Across Metallic 
Air Gap Air Space Rond 
the 
foil. can be obtained by measuring the electrical resistance simul- 


oth: taneously with the thermal resistance using the apparatus al- 


ready designed by the authors. 
As a first approximation the writer considered that perhaps Rit 
and Ri; would be very large in comparison with Ri for, say, sam- 


‘Consulting Engineer, Pittsburgh, Pa. Mem. ASME. 


allow Stationary Metal Surfaces,” by N. D. Weills and E. A. Ryder. 
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tance *“Heat Conduction in Strip Coil Annealing,” by J. D. Keller, 
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ple A of Fig. 7 of the paper. 


should be 
1 ess 

2x rouge 2 X 10 = 12 X 

h conductivity of air 12 X 0.014 


- deg F (sq ft) (hr)per Btu 
= 3.28 sq in. deg C per watt 
This is in general agreement with the intercepts for samples A, _ 
B, and C, 


The application of the same analysis to the other samples did 
not produce this sort of agreement. 


AutTuors’ CLOSURE 
The comments of Messrs. Keller and Tribus help to clarify 
the meaning of the data presented. The variation of contact 7 
resistance with the character of the surface is seen to be sub- 7m 
stantial, and the question would seem to be whether root-mean- ad 


square roughness is a suitable criterion. The authors attempted 
to clarify this point in so far as these particular tests were con- 
cerned by the inclusion of a photograph of the surfaces. This 
indicated which particular machining, all varieties of which re- 
sulted in rms roughness of, say, 63, was used in the sample. Two 
other ways of evaluating the surface according to ASA stand- 
ards are average peak-to-valley and maximum peak-to-valley. 
Each of the first two definitions give the same value for all types 
of machining, i.e., ground, profiled, shaped, and milled are all 63 
for average, and all 220 for average peak-to-valley. The maxi- 
mum peak-to-valley roughness undoubtedly would have dif- 
ferent values for the different types of machining, and these 
maximum points must be the only ones in contact at the low pres- 
sures. Therefore if the data of this paper were to be used for 
other types of surfaces than the ones specifically described, it 
would be desirable to compare the maximum peak-to-valley 
roughness with the maximum peak-to-valley roughness of the 
actual kind of machining that was tested. 

The concept of parallel resistances to heat flow across a con- 
tact area is extremely useful. If R, is defined as b/A;kae, Rz.as 
1/hrA and R; as b/(k2A2), where ka and k: are thermal conductivi- a 
ties of air and metal, respectively, A; and A, are areas not in 
contact and in contact, respectively, and 6 is average or maxi- = 
mum roughness, the basis of Mr. Tribus’ first approximation be- 7 
comes clear. His calculated value of 3.28 sq in. deg C per watt is 
slightly less than that shown on the curve. Since the total re- 
sistance must be less than any of the component resistances, then, 
in order to make the resistance across the air gap larger, the 1000 
rms microinches should be replaced by some larger value corre- 
sponding to maximum peak-to-valley roughness. 

Since application of Mr. Tribus’ analysis to the smoother 
samples did not produce the same sort of agreement, it is worth 
while to speculate about the reason. A similar calculation for the 
4-rms roughness gives 0.0131 sq in. degC per watt. As this is only 
5 per cent of the test value, it would seem that some other re- 
sistance now dominates, such as the oxide film over the entire 
surface. Another possibility is that the maximum peak-to- 
valley roughness may be far in exeéss of the average for these — 
very smooth surfaces. ~ 


x 
Set 
e the 


ah 


» 


of 


Re: 
mal 
two f 


tus 
stack 
tivel) 
coole 
plate 
of th 
taine 
gradi 
temp 
ture 


tiona 
hensi 
chani 
orgar 
contr 
by a 
comb 
in th 
whic! 


not 


TI 
is We 
conti 


| . fi 
|W 
curre 
(sq f 
The 
cept 
creas 
oil, 

ont 
Tar 
Ne 
unde 


Results are presented of the measurements of the ther- 
mal resistance of dry and oil-filled joints formed between 
two flat surfaces of various metals. Experimental appara- 
tus consisted of two test blocks, 3 in. diam X 3 in. long, 
stacked axially on one another, in contact with an induc- 
tively heated copper block at one end and with a water- 
cooled copper block at the other, all placed between the 
platens of a hydraulic press. The thermal conductance 
of the joint formed between the two test blocks was ob- 
tained from the measured heat flow and temperature 
gradient through the blocks and studied as a function of 
temperature, pressure, and,surface finish. The tempera- 
ture at the joint ranged from 300 to 500 F, the thermal 
current across the joint from 10,000 to 130,000 Btu/(hr) 
(sq ft), the temperature drop across the joint from 1 to 
100 F, and the pressure on the joint from 2 to 8000 psi. 
The thermal resistance, interpreted by analogy to the con- 
cept of electrical spreading resistance, is decreased by in- 
creasing the temperature and pressure, by the inclusion of 
oil, or by plating the surfaces with a soft metal. 


INTRODUCTION 


HIS paper describes experimental work conducted at the 

Beacon Laboratories of The Texas Company, in evaluation 

of the thermal resistance of joints formed between sta- 
tionary metal surfaces. This work was a portion of a compre- 
hensive program’ conceived by Dr. Charles E. Lucke of the Me- 
chanical Engineering Department, Columbia University, and 
organized by Pratt & Whitney Aircraft, to make possible the 
control of the metal temperatures of high-duty aircraft engines 
by analysis and study of the resistances to the dissipation of 
combustion heat. However, the thermal-resistance data reported 
in this paper apply equally well to all classes of machinery in 
which heat transfer across joints, formed between metal surfaces 
not in relative motion, is a factor. 


JoInt-CONDUCTANCE MECHANISM 


The close analogy between thermal and electrical conduction 
is well known. Much study has been given to the phenomena 
controlling electrical resistance or conductance, in contrast to 


‘Chemical Engineer, Beacon Laboratories, The Texas Company, 
Beacon, N. Y. Present address, Cornell Aeronautical Laboratory, 
Inc., Buffalo, N. Y. 


* Consulting Engineer, Pratt and Whitney Aircraft, East Hartford, 

nn, 

* The results of one phase of this work have been published: ‘‘Heat 
Transfer From a Baffled-Finned Cylinder to Air,” A. W. Lemmon, 
Jr, A. P. Colburn, and H. B. Nottage, Trans. ASME, vol. 67, 1945, 
pp. 601-612, 

‘Reference (9)§ was the only one found which was concerned with 
the study of the thermal resistance of metallic contacts. 

“= in parentheses refer to the Bibliography at the end of the 
r. 

Also reference (2). 

Contributed by the Heat Transfer Division and presented at the 

mi-Annual Meeting, Milwaukee, Wis., May 30-June 5, 1948, of 

HE AMERICAN SoctpTy OF MBCHANICAL ENGINEERS. 

OTE: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
theSociety. Paper No. 48—SA-43. 


Thermal Resistance Measurements of Joints 
Formed Between Stationary Metal Surfaces _ 


By N. D. WEILLS! ano E. A. RYDER? 


= 


the paucity of information on the thermal resistance of joints.‘ 
In particular, R. Holm (1)5* has published a large amount of 
experimental and qualitative theoretical material which forms a 
good foundation for the explanation of the behavior of the elec- 
trical properties of metallic contacts. The concept of spreading 
resistance developed through study of the electrical contacts has 
been adapted for the interpretation of the behavior of the 
resistance presented by a joint between flat surfaces in a thermal 
circuit. 

In these experimental measurements the thermal conductance 
of the joints was observed primarily as a function of the pressure 
or load on the joint. It is possible, at sufficiently high pressures, 
or for sufficiently smooth and flat surfaces, for the entire surface — 
area of each end face to be in contact with that of the other. The 
resistance of the joint then would be zero. At usual pressures, | 
however, these faces are in contact over only a fraction of their 
total area. This total contact area is made up of the sum of a large 
number of separate small contact areas distributed more or. less 
uniformly over the surface of each face in a manner depending 
upon the roughness and flatness of the surfaces. When it is as- — 
sumed that air fills the “void” spaces, the dominant flow of heat 
across the joint is through these contact areas, due to the high - 
resistance offered by the parallel path through the air, whose 
thermal conductivity is about one thousandth that of the metal. 
The resistance to the flow of heat is thus mainly associated with | 
the metal-to-metal contacts, and can be discussed simply by 
use of the concept of spreading resistance. a 

As shown schematically in Fig. 1, the term “‘spreading re- i 
sistance,” or “spreading conductance,”’ 


expresses the concept _ 


HEAT FLOW 


SS 


VM 


Fic. | Scuematic REPRESENTATION OF Heat Across 
TALLIC-CONTACT AREAS 


that the lines of flow of heat must fan or spread out after passing — 
through a contact area which is smaller in size than fhe bounda- 
ries of the solids in contact. It is a measure of the fact that not - 
all of the volume of the solids in contact is equally available for _ 
the conduction or flow of heat. me 
A calculation has been performed? in which the spreading con- et. ee 
ductance of a contact was derived in the idealized case, in which — + aeqr . 
the contact area is a circle centered in the lower contact surface of “i 
a right circular cylinder. It was possible to calculate the change __ 
in the spreading conductance, or what is the same thing, the joint —__ 
conductance, if one neglects the effect of air in the region not oe . 


7 L.C. Roess, personal communication. 
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. contact, in this ideal case as a function of the relative area of 

the contact region and the boundary cylinder. Since the area in 

metallic contact is directly proportional to the load during plastic 

deformation and to the two-thirds power of the load during elas- 

tie deformation (3), the variation of the joint or spreading con- 

oe ductance of this ideal type of joint with contact area, and thus 

: with pressure, can then be used as a basis for thinking about the 

way in which the conductance of the actual joint, composed of 

7 many contact regions which are neither circular nor surrounded by 

circular boundary cylinders, can be expected to vary as the load 

is changed. Qualitatively, the general trend of the spreading 

conductance with pressure for the ideal case agrees with the ex- 
perimental curves to be discussed.* 

The presence of a film of oxide or other foreign material of low 
thermal conductivity could contribute to the thermal resistance 
of tke joint (1). However, calculations show that except at 
very low pressures the oxide resistance appears to — for 
only a small part of the total resistance. - al J 


EXPERIMENTAL APPARATUS AND PROCEDURB sit” 


Apparatus. The experimental apparatus used most in this 


investigation is shown in Fig. 2. The test gap was formed be- 
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Fic. 2 Test APPARATUS 


tween the end faces of two 3-in-diam X 3-in-long metal “bars or 
blocks, D and E. Heat was supplied to the test blocks from a 
copper heater block C, inductively heated in a high-frequency 
electromagnetic field. Removal of the heat flowing across the 
test gap was accomplished in a copper coolant block F. Through 
this block water flowed at a controlled rate, and inlet tempera- 
ture, approximately room temperature, in a closed system con- 
taining a rotary pump and a heat exchanger. The flow of heat 
was determined from the measurements of the rate of coolant- 
water flow and its temperature increase. The latter measurement 
was made with the aid of a multijunction differential thermo- 
couple, which was a composite of ten differential copper-con- 
stantan elements in series and was accurately calibrated by two 
Beckmann thermometers. 

The assembly of blocks stacked axially on one another, with 


* A more complete discussion of the spreading-resistance concept, 
as used in the interpretation of the experimental data, is beyond 
the scope of this paper. 
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the addition of transite insulation B above the heater block, and 
a pressure-measuring device G below the coolant block, was 
placed between the platens A of a 100-ton hydraulic press which 
permitted pressures on the test gap as high as 25,000 psi. A 
precision Bourdon-tube gage indicated hydraulic pressures cor- 
responding to pressures on the blocks greater than 1000 psi. 
Below 1000 psi, the pressure required to overcome the friction 
of the press ram made it necessary to use an independent meas- 
uring device in this region. This pressure-measuring device con- 
sisted of a hollow aluminum cylinder on which were mounted 
wire strain gages arranged in a simple bridge circuit. The test 
blocks were insulated by a layer of glass wool about 1 in. thick 
and covered with a shell of Foamglas which was 2 in. thick. 

An earlier test apparatus used only at very low pressures (2 
to 150 psi) was similar to the one just described with the exception 
that heat was supplied from a calrod cast in a copper block, and 
pressure was applied through a simple lever system. 

Thermocouple Technique. Temperatures at chosen locations in 
the test blocks were measured with iron-constantan thermocou- 
ples placed in small holes (0.04 to 0.06 in. diam) drilled radially toa 
depth of /,in. to lin. The use of small wires (B & S gage Nos. 
28 and 30) reduced conduction errors. A copper dental cement 
served as a heat conductor and secured the thermocouples in the 
holes. This thermocouple technique® and the measurements of 
thermocouple locations with a traveling microscope permitted 
the measurement of the temperature gradient through the test 
blocks with a precision of about 1 per cent. 

Temperature Gradient. In each test block, the thermocouples 
were located in axial rows of three to four thermocouples. In 
the early apparatus, two rows of thermocouples diametrically 
opposite were installed. In the induction-heated apparatus it 
was necessary to. include two more rows of thermocouples mak- 
ing four in all, spaced 90 deg apart, to average out the effect of 
asymmetrical heat flow caused by the inability to get precise 
central loading. 

From the temperature and the measured location of each 
junction, the temperature gradient in each test block was deter- 
mined by the method of least squares. In all cases the gradient 
was found to be linear in the region of the test gap, indicating no 
measurable radial heat flow which would cause warping of tl 
surfaces bounding the joint. 

Thermal Conductance. The temperature at each surfaci 
bounding the joint was determined by extrapolating the tem- 
perature-distance curve, as shown in Fig. 3. The thermal co 
ductance of the gap then was calculated from the following 
pression 


where q/A is the thermal current or heat flow per unit 
section of area expressed in Btu/(hr)(sq ft),and At is the tem 
ture drop across the gap in deg F. 

Metal Surfaces. The metals used are described in Tal 
The test surfaces were ground in one of two roughness rang 
10 microinches (rms) was considered smooth and 50 t 
microinches (rms) was chosen as the range for a rough su 
Roughness measurements were made either with a profilo 
or a Brush surface analyzer. 

The flatness of the surfaces was checked by comparison wit 
a standard surface plate, and was found to be within the 4 
racy of the dial gage employed or +0.0001 in. 

Experimental Procedure. Before testing freshly ground | 
the test surfaces were pressed together at room temperature und 
the maximum anticipated load as a preliminary treatmen 
signed to smooth out unusual high spots on the surfaces 


® Developed by Dr. H. D. Baker of Columbia University. 
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TABLE 1 


Aluminum 1 


Aluminum 


Aluminum 


Aluminum 


Aluminum 


@ Numbers from Shore monotron hardness indicator. 
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Metal No. no. no. no. Cc Mn ly Ss Ni 
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Fic. 3 


TypicaL TEMPERATURE-DiIsTANCE GRADIENTS THROUGH 
Test Biockxs 


would produce an abnormally high resistance. Following this 
pretreatment, the test surfaces were cleaned with an organic 
solvent and placed together to form the joint. After applying a 
light load, the test joint was brought up to a predetermined 
steady temperature, and measurements of temperature, heat 
flow, and pressure were recorded. Without disturbing the test 
joint and while maintaining the temperature, the pressure was 
increased by definite increments, and the recording of measure- 
ments repeated after each increase of pressure. On occasions 
measurements were made likewise upon successively decreasing 
the pressure without disturbing the joint, but normally the joint 
was broken following the highest pressure reading, and the se- 
quence of measurements repeated starting again at low pressure. 
The second and subsequent assemblies of the same joint provide 
the mating surfaces with new areas of metal contact as no pro- 
vision or attempt was made to match the surfaces in the same way 
twice. 

Roughness measurements, following the room-temperature 
pretreatment, indicated a maximum smoothing of the surfaces 
of about 20 per cent. An additional decrease in roughness was 
usually found following normal operation at the test tempera- 
ture. In the data which follow, the roughness values recorded 
are those measured just prior to the initial conductance meas- 
urements of a given joint. 

Precision of Measurements. The errors associated with the 
experimental measurement of temperature, thermocouple loca- 
tion, thermal current, and pressure are small compared with the 
Variation due to asymmetrical heat flow caused by not having 
Perfectly uniform loading over the cross section of all the joints 
and the variations due to changes in the metals themselves. The 
effects of asymmetrical heat flow are noted in Fig. 3 which shows 
typical temperature-distance curves through the test blocks and 
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Cr Si Mo Fe Cu Mg Zn Sn 
22 0.08 1.05 0.21 0.17 .. 370 Cylinder 


0.26 0.82 


DESIGNATION, CHEMICAL COMPOSITION, HARDNESS, AND APPLICATION OF AIRCRAFT-ENGINE METALS TESTED — 


Hard- Appli- 
Pb ness? cation 


0.27 
0.46 
0.62 


0.65 


50 
0.40 90 


12.31 


0.65 84-89... 1-3 9-13.5 1 110 Valve 


the temperature drop across the joint. The individual tempera- 
ture points shown on the curves are classified according to the 
axial thermocouple rows in each block. Although in one instance, 
the highest point in row No. 1 (point A), the experimental tem- 
perature deviates as much as 5 deg F from the mean linear least- 
squares line, this same point varies only 0.5 deg F from the mean 
of the measurements in its row. Evidently the heat flow is 
nearly constant in any one axial path but varies somewhat from 
point to point over the joint area. These data, which show the 
asymmetrical heat flow to be more pronounced near the heater, 
were taken at 70 psi. At higher pressures all four rows agree 
much better with the mean curve. 

The standard error in the thermal conductance of the joint is 
related to that of the thermal current and that of the temperature 


_ drop across the joint as follows 


2 Tat 2 


The extrapolation to the test-joint surface of each block produces 
a standard error in the temperature drop of about 2 deg F. The 
standard error in the the nal conductivity of the test blocks, to 
which the temperature gradients are inversely proportional, is 
less than 4 per cent. The estimated standard error in the ther- 
mal current is 2 per cent. 

The experimental measurements which are presented in the 
next section show large differences depending upon the metal or 
the conditions at the joint. These differences, although they re- 
main for the most part unexplained, are definitely outside the 
range of the standard error in the thermal conductance, based 
upon the precision of the experimental measurements. 

Equivalent Thickness of Aluminum. To help in visualizing 
the scale of conductance values, a quantity Do, called the equiva- 
lent thickness of aluminum, is introduced. This is the thick- 
ness of aluminum which would present to the flow of heat a re- 
sistance equivalent to that of the joint having a given thermal 
conductance, the aluminum having the same area as the joint. 
It seems reasonable that a joint having a Do value less than 0.25 
in. will have little effect on heat flow in an engine. This repre- 
sents a conductance of 5600 Btu/(hr)(sq ft)(deg F) and is — 
cated on some of the figures giving experimental data. 


EXPERIMENTAL RESULTS 


Low-Pressure Data. In Figs. 4(a) and 4(b) are sn curves 
of the measured joint thermal conductance versus pressure for 
joints formed between surfaces of steel and No. 1 aluminum. 
The measurements were made with the low-pressure apparatus 
and extend only to about 100 psi. In the region below about 10 
psi, the conductance varies with a power of the pressure which is 
less than unity, while beyond this pressure the experimental 
curves are essentially linear up to the maximum pressure reached. 

An estimate of the area in metal contact at about 10 psi indi- 
cated that less than 1 per cent, and possibly even less than 0.1 
per cent, of the total area is actually in metallic contact. This 
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small contact area suggests that the dominant thermal conductor 
in this pressure region is the air in the void space. This conclu- 
sion is further supported in the later discussion of the effect of 
surface roughness and type of metal on the conductance in this 
region. The shape of these curves may then be due to the de- 
crease, With increase of pressure, in the proportion of heat flow- 
ing across the void space, becoming small relative to that through 
the metal contacts somewhere in the beginning of the linear 
region. 

High-Pressure Data. In the pressure region beyond 10 psi 
there is no doubt that the larger fraction of heat flows through 
the metal-contact areas. The experimental conductance versus 
pressure curves follow the pattern predicted by the spreading- 
resistance concept when the area of metal contact is proportional 
to the pressure, i.e., when plastic flow pertains. Plastic flow 
was realized since the experimental h versus P curve, measured 
on increasing the load on a given joint, was not reproduced 
when the load on the undisturbed joint was then decreased. 
This latter curve was always higher than the loading curve. 
Likewise the marking of one surface by another at the areas of 
metal contact was observed and noted to be uniformly distributed 
over most of the surface. 
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Experimental curves of thermal conductance versus pressure 
representing joints formed between clean dry surfaces and meas- 
ured with the induction-heated apparatus are shown in Fig. 5. 
In Fig. 5(a) are shown curves for joints between smooth and 
rough surfaces of steel at mean temperatures at the joint of 300 
and 500 F. The curve of the rough joint at 300 F represents the 
mean of several different assemblies of the joint, measurements 
having been made only with increasing pressure as indicated by 
the arrow. The experimental points fell very near the mean line 
which is linear up to the maximum pressure of 8000 psi. In this 
sense this curve is said to be reproducible. At 500 F, the rough- 
joint curve is parallel to and somewhat higher than the preceding 
curve. Again this curve was reproducible. 

The slope of the smooth-joint curves is steeper, reflecting a 
larger contact area. A mean curve for this joint at 300 F is 
shown. bisecting the hatched area, which is bounded by two 
experimental curves each representing a different assembly of the 
joint. The dotted curves, bracketing the mean line, show the 
limit of the standard error in the thermal conductance repre- 
sented by the mean line. Since the experimental curves are 
within the scope of the dotted lines, their differences are be- 
lieved to be due only to experimental uncertainty. The curve at 
500 F represents only one assembly, but with more measurements 
a similar spread would be expected. 

Figs. 5(b) and (c) show thermal conductance-pressure curves for 
smooth and rough surfaces of No. 1 aluminum at 300 and 500 
F, respectively. Again, the hatched area shows the spread in 
the experimental curves, each representing a new assembly of the 
joint. The expected experimental error (dotted lines) is much 
less with aluminum than with steel for a given thermal conduct- 
ance and joint temperature. To establish the same joint tem- 
perature for aluminum as for steel, more heat must flow through 
the test blocks, so that the temperature drop across the joint is 
greater and more accurately measurable. For aluminum, the 
estimated experimental error does not begin to account for the 
difference between the curves. This difference is rather small 
at about 10 psi and increases with pressure. Although the 
reason for this difference is not understood thoroughly, it is be- 
lieved to be associated with changes in the condition of the 
metal surfaces bounding the joint. It is expected that the 
aluminum contact areas would deform plastically by different 
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amounts, depending upon the degree of previous work-hardening, 
crystal growth, and degree of resoftening. 

Fig. 5(d) shows experimental curves for a joint formed between 
smooth surfaces of No. 2 aluminum. The curve at 300 F is re- 
producible within experimental error, but at 500 F there is a large 
spread in the data similar to that observed with the No. 1 alumi- 
num. A similar effect is noted in Fig. 5(e) which represents a 
joint formed between rough surfaces of No. 2 aluminum. An 
additional contribution to the surface-condition error of these 
curves may be changes in hardness due to precipitation or solu- 
tion of copper which is a constituent of the No. 2 alloy. 

With the rough joint anomalous results were obtained in the 
region from 1000 to 2000 psi. An attempt was made to trace in 
detail the shape of the curve in the irregularity, but reproducibil- 
ity was not obtained. The results of these measurements, which 
were all made without breaking the joint, are shown in Fig. 6. 
The letters refer to the sequence in which each curve was ob- 
tained, the arrows to the direction of pressure, and the dotted 
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lines serve to connect each curve. This irregularity was likewise 
observed for the same joint filled with oil as will be shown. 

Fig. 5(f) shows reproducible curves at 300 F and 500 F, for 
joints formed between rough surfaces of bronze, measured in the 
usual way. However, when a given load was allowed to remain 
on the joint for a time at 500 F, the thermal conductance in- 
creased markedly, approaching a nearly constant value after 
about 5 hr. The upper curve represents a line drawn through 
the final mean of the conductance values, obtained by soaking 
at each of several pressures and at 500 F. The change with time 
is attributed to creep of the metal-contact areas. No attempt was 
made to measure the change of conductance of this joint during 
soaking at 300 F. Soaking the No. 2 aluminum at 500 F, and at 
several low pressures, revealed no measurable change of conduct- 
ance during periods up to 6 hr. 

Temperature. It will be noted that the curves in Fig. 5, which 
represent the conductance of the joints at 500 F, generally are 
higher than the corresponding curves at 300 F. This is par- 
ticularly true at low pressures of the order of 10 psi, where re- 
Producibility is best. Table 2 compares the conductance values 
for each joint at 500 F with those at 300 F at this low pressure. 
os ratio of the conductance at 500 F to that at 300 F 
18 1.5, 


It was suggested that at low pressures the dominant flow of 
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heat was across the void space which was presumed to be filled 
with air. Here the thermal conductance of the joint is propor- 
tional to the thermal conductivity of air, and inversely pro- 
portional to the thickness of the void space. The thermal con- 
ductivity of air increases by 20 per cent with increase in tempera- 
ture from 300 to 500 F.!° 

At a given pressure the thickness of the void space should be a 
function of the modulus of elasticity or hardness of the metal ia 
depending upon whether elastic or plastic deformation is con- 
sidered. Upon increasing the temperature from 300 to 500 F, 
these quantities are reduced in a ratio of 1.4 for the elastic modu- : 
lus (5), and 1.8 for hardness (6), which is in general agreement 
with the conductance measurement. 

At the higher pressures, where the dominant heat flow is 
through the metallic contacts, the decrease in hardness should ° 
tend to increase the contact area and therefore to increase the 
joint conductance. 

In Fig. 7 are shown curves of conductance versus the mean 
temperature of the joint at 10 psi. It is noted that the roughness 
of the surfaces appears to influence the relation between the con- 
ductance and temperature. 


1000 }— No.| ALUMINUM: 
ROUGH SURFACES 


Fie. 7 Errect or TEMPERATURE ON CONDUCTANCE OF Dry JoINT 
AT 10 Pst 


Metal. The thermal conductance of a joint is also influenced 
by the kind of metal forming the joint. It may be shown that a 
the slopes of conductance-pressure curves, each representing a 7 
different metal at a similar roughness and at the same mean tem- Po 
perature, increase in the same sequence as the hardness values 
shown in Table 1. 

Hysteresis. When a joint is loaded progressively and then 
unloaded without being disturbed, the thermal conductance, ob- 
served upon increasing the load, is not reproduced upon unload- 
ing. The conductance on the unloading portion of the cycle is 
always higher than that obtained on loading. Examples are 
given in Fig. 8. The loops a, b, and c in Fig. 8(a) were meas- 
ured in sequence without disturbing the joint. Since curve c at 
500 F is higher than the curves representing this temperature 
shown in Fig. 5(f), some smoothing of the joint surfaces proba- 
bly occurred at 300 F, producing a better fit for this measurement , 
at 500 F. a 

Two different assemblies of the aluminum-steel joint are repre- ; 
sented in Fig. 8(b). The difference in the curves is characteristic 
of the behavior observed previously for the No. 1 aluminum. 

The steel-steel joint shown in Fig. 8(c) represents only one 
assembly of the joint, the pressures being increased successively, 
then decreased several times without disturbing the joint. After 
the initial loading of this joint, the curves are reproduced tolera- 
bly well. These curves indicate that the metal-contact areas 
behave elastically, following an initial plastic deformation. 

Surface Roughness. A rough correlation showing the depend- Be 
ency of the conductance upon surface roughness is given in Fig. 9 
for joints formed between dry surfaces at 300 F and at 10 psi. 


© Reference (4), p. 391. 
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Although the spread of the data is rather large, it is not as great 
as would be expected if the dominant flow of heat at this pressure 
were across the metallic contacts. The thermal conductivity, to 
which the spreading conductance is proportional, of aluminum > oe 
is 4 to 5 times that of steel, and its hardness, to which the con- 
ductance is inversely proportional, is about one third that of — 
steel. Thus at a given roughness, the conductance of aluminum ets 
could be of the order of 10 to 15 times that of steel. Asthe spread — mints 
of the data is not this large, it is assumed that the dominant con- | 
ductor under these conditions is the air-filled space. A similar 
plot (not included) for higher pressure showed large differences yg 11 Approximate CORRELATION BETWEEN COoNnDUCTANCE 
between the conductance of steel and aluminum. ROUGHNESS, AND PressuRE FoR Dry Steet Joints at 300 | 
Likewise, the spread of the data in Fig. 9 is evidence that a 
measure of the roughness does not fully describe a joint formed Fig. 12.1% In Fig. 12(a), the rate of change of the slope o 
between any one metal. This is brought out in Fig. 10 which — the curve is small down to pressures as low as 2 to 3 psi, in con- 
shows curves of joints formed between surfaces of the same steel _ trast to the observation with the dry joint, Fig. 4, in which an 
at 300 F, produced by a similar surface-grinding operation, abrupt change in curve shape occurred at about 10 psi. The 
Marked inconsistency is shown. Despite this, an approximate havior of these curves at high pressure is shown in Figs. 12() 4 
correlation between the conductance, roughness, and pressure at 12(c). 
300 F for dry joints formed between steel surfaces, taken from Where oil instead of air fills the void spaces in the joint, more 
Figs. 9 and 10, is shown in Fig. 11. The uncertainty in the heat flows across the oil-filled areas and less across the metal 
values is large, but the trend is clearly indicated. contacts than in the dry joint. The proportion of the heat flowing 
Oil-Filled Joints. The thermal conductance of oil-filled joints, | through the oil decreases with increase in pressure and metallie 
measured in the same way as the dry joints, was found to be a 11 No retaining sleeve was placed around the joint in these ! 
function of both the pressure and the temperature, as shown in urements. 
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TABLE 2 COMPARISONS OF THERMAL-CONDUCTANCE MEASUREMENTS AT 10 PSI 


Thermal conductance, Btu/(hr) (sq ft) (deg F)— 
500 F il 


Surface roughness—rms, microinches— Dry Dry 500 F 300 F F 
Joint Surface 1 Surface 2 Mean 300 F 500 F Dry 300F Oil 300 F Dry 300F 
Steel Smooth vs. smooth surfaces. .... . 3 3 2200 3600 1.6 
Rough vs. rough surfaces......... 70 78 400 800 2.0 1350 3.4 
No. 1 Aluminum Smooth vs. smooth surfaces....... 16 16 1800 3500 1.9 
Rough vs. rough surfaces......... 6 60 1300 1500 1.2 2000 1.5 
No. 2 Aluminum Smooth vs. smooth surfaces....... 15 13 1900 2500 1.3 
Reugh vs. rough surfaces......... 5 50 500 650 1.3 1600 3.2 
Bronze Rough vs. rough surfaces......... 70 75 800 1200 1.5 1200 1.5 
No. 1 Aluminum Smooth vs. 
steel surface. . 66 800 1600 2.0 
Average 1.5 oe 2.3 
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contact area up to a point beyond which the flow of heat is pre- 
dominantly through the metal. 

The joint formed between rough surfaces of bronze is most 
characteristic. Here the flow of heat across the oil can be said 
to dominate up to about 2000 psi. Beyond this pressure the 
contact areas control, producing a curve of shape similar to that 
of the corresponding dry joint. The experimental curves, repre- 
senting rough surfaces of steel, show that the conductance of oil- 
filled joints is not so easily reproduced as that of dry joints. 
Again the irregularity characteristic of the No. 2 aluminum dry 
joint is present in the oil-filled-joint curve. 

Continued soaking at 500 F of an oil-filled, rough, steel-steel 
joint caused some decomposition of the oil which lowered the 
conductance progressively. 

The effect of temperature on the conductance of an oil-filled 
joint at iow pressure is shown in Fig. 12(d). The inconsistency 
in general slope of these curves is unexplained. 

Table 2 shows the conductance of oil-filled joints to be about 
twice that of dry joints at 10 psi and 300 F. The effect of the oil 
is also noted in Figs. 12(b) and 12(c), where both dry and oil-filled- 
joint curves are compared. 

Thermal Conductivity of Oil. Although Texaco AEO-120 oil 
was used exclusively in this investigation, thermal conduc- 
tivity and other measurements were made on a wide variety of 
commercial aviation oils. Table 3 shows that little difference in 
thermal conductance of joints filled with different oils would be 
expected. 

Insertion of Soft Metal in Joint. A rough-surfaced steel disk, 
0.23 in. thick and plated with a thin layer of copper,'* was in- 


® The copper-plating was done through the courtesy of Thompson 
ucts, Ine. 


160004 
300°F Al 300°F 
SMOOTH SURFACES 
3000}— 120001 
No.2 Al. ROUGH SURFACES 
No.| ALUMINUM 
of 
STEEL ROUGH SURFACES 40007— 
Al R 
2000 “No.2 Al ory- 
- | 
PRESSURE, psi PRESSURE, psi 


° 
STEEL SMOOTH SURFACES 


TABLE 3 PROPERTIES OF AIRPLANE-ENGINB 
Thermal 
conductivity Viscosity—~ 
Cal/cem*sec Specific in Saybolt Vis- 


Number Temp, (deg C/em), gravity, sec at cosity 


a 
of oil deg _ divide nos. by 108 60 F/60 F 100 F 210F index 
50 381 0.8838 1560 120.4 103 
90 
2 50 360 0.8916 1574 117.3 99 
90 
50 357 0.8893 1682 119.3 97 
90 356 
4 50 7 349 0.8916 1558 118.2 101 
378 103 
90 pt Sell 370 0.8871 1525 118.6 104 
878 88711571 121.7 
90 3690 
50 (0.9639 13864 99.387 
50 275 0.9548 4588 116.9 —45 
9 50 360 0.8899 1589 123.7 105 
90 372 
50 
90 345 0.8967 «1954 121.387 


4 Measurements of thermal conductivity made by Dr. O, Kenneth Bates 
at St. Lawrence University, Canton, N. Y. 
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serted in the joint between two steel surfaces. Without dis- 
turbing the joint, successive conductance measurements were 
made at increasing and then decreasing pressures. Conductance 
values, corrected to represent only one joint and taken both be- 
fore and after copper-plating the disk, are shown in Fig. 13. 
Qualitatively, the increased conductance following copper-plating 
is to be expected. 

Thermal Conductivity of Metals. The measurements made in 
these experiments also were used to calculate the thermal con- 
ductivities of the metal bars employed. Although these data 
are not included here, it is noted that the standard error in the 
thermal conductivity-temperature curve for each metal was in 
the range from 1 to 4 per cent. 

A check with handbook values (7) was obtained for No. 1 and 
No. 2 aluminum in an annealed condition as shown in Table 4. 


‘CONCLUSION 


If the parameters governing the thermal and mechanical be- 
havior of a metal joint were completely known, the data pre- 
sented here would permit the prediction of its thermal resistance 
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with a practically useful accuracy. Due to these unknowns and 
to the incompleteness of this study, no attempt was made to cor- 
relate all the observed variables by means of relationships which 
might be obtained by means of dimensional analysis. An ex- 


TABLE 4 COMPARISON OF THERMAL CONDUCTIVITY FOR 
NO. 1 AND NO. 2 ALUMINUM WITH ALCOA HANDBOOK VALUES 
AT 212 FIN ANNEALED CONDITION; BTU/HR-SQ FT-(DEG F/FT) 


Alcoa (7) 
A-51-S-O 120 
18-S-O 109 


Aluminum no. Experimental 


118 
102 


ample of this method has been given by J. F. Alcock (8). Varia- 
tions of the sort reported in this paper may be expected to occur 
in practice, particularly with metals such as aluminum. 

Based on the experimental observations, the following specific 
conclusions are drawn: 


1 The thermal conductance of a dry joint increases with pres- 
sure, linearly for steel, and generally exponentially for aluminum 
and bronze. 

2 The thermal resistance of both dry and oil-filled joints de- 
creases with a decrease in the roughness of the surfaces. 

3 Ata given temperature, pressure, and roughness, the ther- 
mal resistance of both dry and oil-filled joints decreases in the 
order of steel, bronze, and aluminum. 

4 The thermal resistance of a dry joint decreases as the tem- 
perature increases. For oil-filled joints, no consistent relation- 
ship has been found. 

5 The thermal resistance is about one half as great for oil- 
filled joints as for dry joints at 10 psi. The effect of the oil de- 
creases at higher pressures. The thermal resistance is decreased 
by copper-plating one surface of a steel joint. 

6 Large variations in the general slope of the thermal con- 
ductance-pressure relation are characteristic of the No. 1 alumi- 
num at 300 and 500 F, and of the No. 2 aluminum at 500 F. 

7 A hysteresis-like loop in the thermal conductance-pressure 
relation is obtained when the pressure is decreased following an 
increase. 

8 The ability to measure thermal conductivities of the metals 
with a standard error of less than 4 per cent confirms other esti- 
mates of the precision attained in the experimental data generally. 
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Discussion 


J. D. Kevier.'® This paper represents a very great advance 
in the knowledge of this little-studied subject. The test meth- 
ods and apparatus and the scope of the investigation are all 
admirable, and it is only to be regretted that the authors did not 
succeed in determining definitely the relative magnitudes of the 
gas-film component and the true contact component of the total 
conductance. The present discussion is in no way intended as a 
criticism of this excellent work, but has the object of clarifying 
certain points. 

Referring to Fig. 3 of the paper and accompanying text, it is 
a possible objection to the temperature-gradient method that a 
small change of slope could cause considerable error in the ap- 
parent temperature drop across the contact. The temperature 
drop in the example of Fig. 3, apparently was only 10 or 12 deg F, 
and in this case an error of 2 deg F would mean almost 20 per cent 
difference in the conductance. However, apparently a sufficient 
number of readings were taken for each test to give a much greater 
accuracy than this would indicate. 

Although at low pressures the true metallic conductance con- 
stitutes only a minor part of the total, nevertheless, it may be 
well to point out that the contact conductance apparently is not 
related to the unit pressure but to the total force exerted on the 
contacting surfaces. Holm, on the basis of his own work and that 
of Bowden and Tabor, concluded that the number of micro- 
scopic contact points ranged between 4 and 10, entirely independ- 
ent of the macroscopic contact area. It is well known that the 
resistance of electrical contacts is determined by the total force 
pressing them together, and has no relation to the pressure per 
unit area. (An exception would be that of contacts thin enough 
to be flexible.) As to the fraction of the macroscopic area which 
is in actual metallic contact, Bowden and Tabor found, on the 
basis of electrical-resistance measurements, that this fraction 
was !/19,000 for smooth steel surfaces under a pressure of 13!/. psi, 
for contacts of a certain size. 

The metallic conductance through the few actual contact points 
of microscopic size can be estimated from the tests of Jacobs 
and Starr, in which the contacts were placed in an evacuated 
chamber so that the air-film conductance was absent. A tran- 
sient-heat-flow method was used in these tests, but the technique 
was such that the results can hardly be questioned. Jacobs and 
Starr tested contacts of copper, silver, and gold, but not steel or 
aluminum. However, the conductance for each metal should be 
proportional to its thermal conductivity, and for steel contacts at 
10 psi and 77 F, the conductance in Btu/(sq ft) (hr) (deg | 
calculated from Jacobs and Starr’s tests of copper would lb 
13.4; on the tests of silver, 45.5; on the tests of gold, 65.8. The 
discrepancy is considerable, but taking a mean value of about 30, 
the metallic-contact conductance would be about 2 per cent of th 
total conductance of 1420 found by the authors for the same con- 
ditions. The surfaces tested by Jacobs and Starr were polished 
to approximately optical flatness, hence must have been « 
siderably smoother than the authors’ smooth surfaces. 

It would have been of great interest if at least some of 
authors’ tests could have been repeated with the contacts 1! 
vacuum, and again, with the gap between the surfaces filled with 4 


13 Consulting Engineer, Pittsburgh,Pa. Mem.ASME. | 
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gas of much higher thermal conductivity than air, such as hy- 
or if even the electrical conductance could 
have been determined at various pressures, which would have 
eliminated the effect of the gas film. 
due allowance had been made for radiation, the relative magni- 


drogen or helium; 
By these expedients, after 


tude of each of the two conductances could have been deter- 
mined definitely. 

As regards the gas-film conductance, in the writer’s opinion this 
would not be determined by the root-mean-square roughness of 
the surfaces alone. Profilometer measurements show that in 
addition to the more or less regular surface variations of sine- 
wave or saw-tooth form, there are occasional individual peaks pro- 
jecting considerably higher, as indicated in Fig. 14 of this dis- 
cussion. It is on the tops of these peaks that metallic contact 
occurs. The gas-film conductance depends not only upon the 
rms roughness but also upon the height of these peaks above the 
surface surrounding their base. 
cent study of heat conductance in strip-coil annealing,'* the air- 
film conductance varies from about 1'/, to as much as 3!/2 times 
that which would exist if the air-film thickness were entirely uni- 
form. 

The authors seem to feel that the similarity of form of the ex- 
perimental conductance versus pressure curves to those derived 
from calculation of the true conductance of a single contact (both 
curves becoming concave upward at higher pressures), if it does 
not prove, at least indicates almost certainly that the true con- 
tact conductance far outweighs the gas-film conductance at 
high pressures. While the latter is probably true, the similarity 
of the curves cannot be considered as proof of it; for the air-film 
conductance curve can also become concave upward at higher 
pressures, as will be clear from the following reasoning. As the 


14 “‘Heat-Transmission in Strip-Coil Annealing,”’ by J. D. Keller, 
Association of Iron and Steel Engineers, Yearbook, 1948. 


As discussed in the writer’s re- 
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contact peaks, Fig. 14 of discussion, are squashed down under the 
increased pressure, not only does the average thickness of the air 


AVERAGE THICKNESS 
oF GAS FILM 


“MINIMUM THICKNESS MAXIMUM 
OF GAS FILM. THICKNESS 
OF GAS FILM. 


film decrease and the film conductance increase as its reciprocal 
but the “form-factor’’ multiplier would increase toward the 
higher value mentioned as the height of the crushed peaks ap- 
proached zero. The combined effect could result in the air- 
film conductance also increasing at a higher rate than the pres- 
sure, just as the authors show that the true contact conductance 
must do. 


AutHors’ CLOSURE 

The authors acknowledge, with appreciation, the discussion 
by Mr. Keller. Certainly much information is desired for an ac- 
curate interpretation of the joint resistance mechanism. Al- 
though recognized as being of great interest, a study with various 
gases and liquids in the joint was not permitted in the time al- 
lowed for this project. 

Since preparation of this paper, two studies in this field, in addi- 
tion to Mr. Keller’s, have been presented. 16 


16 Thermal Contact Resistance of Laminated and Machined 
Joints,”” by A. W. Brunot and Florence F. Buckland, presented at the 
Semi-Annual Meeting, Milwaukee, Wis., May 30-June 4, 1948, of The 
American Society of Mechanical Engineers. 

16‘*Thermal Resistance of Metal Contacts,’’ by W. B. Kouwen- 
hoven and J. H. Potter, presented at the National Metal Congress, 
Philadelphia, Pa., Oct. 25-29, 1948, American Welding Society. 
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tunnel of a profile identical to the 4412 airfoil section of the 
National Advisory Committee for Aeronautics. The tests 
included photographic observations of the inception and 
growth of cavitation as influenced by velocity, pressure 
(submergence), and angle of attack, and measurements, 
during cavitation-free operation, of the hydrodynamic 
forces and moments as functions of Reynolds number and 
angle of attack. The relation between the angle of attack 
and the value of the cavitation parameter at which incep- 
tion occurs is shown for each face of the hydrofoil. The 
effect of profile geometry in causing cavitation, and the 
significance of distinctly different types of cavitation ob- 
tained with change in variables are discussed. Convenient 
curves are given showing the submergence required to 
avoid cavitation for different velocities and angles of at- 
tack. The measured hydrodynamic characteristics are 
presented in graphical form and are also compared with 
previously existing data from wind-tunnel tests of a finite- 
aspect-ratio span. The experimental procedure and its 
reliability in indicating true infinite-aspect-ratio char- 
acteristics are discussed. 
NOMENCLATURE 


The following nomenclature is used in the paper: 


a = angle of attack between hydrofoil and mean flow of 
water, in degrees 

d, = drag force per unit length of hydrofoil span in pounds 

= lift force per unit length of hydrofoil span in pounds 


Ms. = pitching moment per unit length of hydrofoil span in 

foot pounds, measured about the aerodynamic center 

Vo = relative velocity between the water and the hydrofoil in 
feet per second 

p = density of water in slugs per cubic foot 

# = absolute viscosity of water in pound-seconds per square 
foot 

¢ = chord of hydrofoil section in feet 

b = span of hydrofoil test unit in feet = 16 


b/c = aspect ratio 

ac = aerodynamic center, the point about which the pitching- 
moment coefficient is independent of the angle of 
attack or lift coefficient 

center of pressure, the point at which the resultant of all 
the hydrodynamic forces acting on the hydrofoil is 
applied 


— 


‘Assistant Professor of Hydraulics, Massachusetts Institute of 
echnology. Formerly Hydraulic Engineer at the Hydrodynamics 
boratory of the California Institute of Technology. Mem. ASME. 
Contributed by the Hydraulic Division and presented at the Semi- 
Annual Meeting, Milwaukee, Wis., May 30—June 4, 1948, of THe 
AMERICAN Society or MECHANICAL ENGINEERS. 
OTe: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
othe Society. Paper No. 48—SA-30. 


Cavitation Characteristics and Infinite- 

Aspect-Ratio Characteristics 

of a Hydrofoil Section 


This paper describes ‘‘two-dimensional”’ tests in a water 
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Section lift coefficient 


Cavitation parameter 


72 
p 

2 


Where, in addition to terms defined 


= absolute pressure in undisturbed flow, psf 
= pressure in cavitation bubble (taken as equal to vapor 
pressure of water for these tests), psf 


> 


INTRODUCTION 


4 

The usefulness of a profile as a hydrofoil depends upon its sus- 
ceptibility to cavitation and its behavior when cavitating, as | 
well as its hydrodynamic characteristics when cavitation is ab- 
sent. In the past, the bulk of the basic hydrofoil performance _ 
data have been determined either in wind tunnels, where cavita- 
tion cannot be produced, or in towing tanks where cavitation, 
if produced, cannot be examined conveniently. Therefore not 
only have there been very little data available showing the cavi- 
tation characteristics of hydrofoil shapes, but there have been 
only a few very limited descriptions of how cavitation begins 
and grows on a hydrofoil surface. 

In 1943 a test program was undertaken in the high-speed water 
tunnel of the California Institute of Technology (1),? which pro- — 
vided an opportunity for making a detailed study of the char- _ 
acteristics of a hydrofoil that included cavitation as well as 
the normal hydrodynamic data. This program was initiated at 
the request of the David Taylor Model Basin with the objective 
of investigating, in general, the testing of small-scale hydrofoils 
in a water tunnel of the Cal-Tech type under both cavitating 
and noncavitating conditions. 


2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


: 

nt (about aerodynamic center) 


¢ 
TRANSACTIONS OF THE ASME 
For these experiments, the test installation in the water tunnel 23'-5 3/4 


was arranged to provide as nearly as practical two-dimensional 
flow so that all observations and measurements would correspond 
to the infinite-aspect-ratio condition. The actual investigations 
included the following: 

1 Visual and photographic observations of the cavitation on 
the hydrofoil as it appeared, developed, and disappeared, as 
functions of both velocity and angle of attack. 

2 Measurements of the hydrodynamic forces and moments 
acting on the hydrofoil, also as functions of velocity and angle 
of attack. For reasons to be discussed, the force measurements 
were limited to the noncavitating conditions. The results of 
both categories of tests are presented here, together with a dis- 
cussion of the test procedures used. 


9 EXPERIMENTAL EQUIPMENT AND INSTALLATION 


Ne The Hydrofoil Profile. Test units with profiles identical to 
the NACA 4412 airfoil section were supplied for these experi- 
ments by the David Taylor Model Basin. The profile of this 
section is shown in Fig. 1, together with a tabulation of its co- 
ordinates. It is one of the four-digit-series shapes of the National 
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Advisory Committee for Aeronautics described in references 
(2,3, 4,5). It has a 12 per cent thickness ratio with a 4 per cent 
camber. The hydrodynamic characteristics, including surface 
pressure measurements, had been determined previously by 
wind-tunnel tests and were available for comparing with the 
water-tunnel data. 

The Water Tunnel. A diagram showing the Cal-Tech water 
tunnel (1) as it was when used for these experiments is given in 
Fig. 2.2 The tunnel is a closed-circuit type with an enclosed jet 
working section. The absence of any free surface limits experi- 
ments to those simulating conditions at great depths. In this 
tunnel water is circulated (counterclockwise in Fig. 2) with a 
variable-speed pump to give a wide range of velocities in the cylin- 
drical working section. The working-section diameter is 14 in. 
and its length is 72 in. Visual and photographic observations 
can be made through transparent lucite windows whose inner 
faces conform to the cylindrical shape of the tunnel. A system of 
pressure regulation permits the fluid pressure in the working 
section to be controlled independently of the velocity, so that 
cavitation can be produced or avoided as desired. The tunnel 
is equipped with a three-component balance for measuring the 
hydrodynamic forces and moments acting on a test body. The 
balance system is shown schematically in Fig. 3. A rigid vertical 
spindle is supported near its mid-point in such a way that it is 
free to rotate about any axis but cannot translate. One end pro- 
jects into the working section to receive the test unit upon which 


3 For a description of the high-speed water tunnel as recently re- 
vised see, ““The Hydrodynamics Laboratory at the California Insti- 
tute of Technolegy,’”’ by R. T. Knapp, Joseph Levy, J. P. O'Neill, 
and F. B. Brown Trans. ASME, vol. 70, 1948, pp. 437-457. 
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certain hydrodynamic forces and moments act. The other end 
is restrained from moving by the application of external forces 


unit are obtained. 
created by hydraulic pressure acting on a piston-and-cylinder 
assembly. 


rotating the upper portion of the spindle about its own geomet- 
ric axis so that the angle of attack of the test unit can be changed 
during tests. 

Test Installation. Since the so-called infinite-aspect-ratio 
characteristics were desired in these experiments, two-dimensional 
flow was approximated by having the test unit completely span the 
working section. In this instance, the circular cross section of 
the stream was modified by inserting panels at top and bottom 
of the working section to form parallel walls, as shown in Fig. 4. 


WORKING SECTION | 
| 
¥ PLAN VIEW OF 
BOTTOM wai. 
tow TEST UNIT # 


SUPPOR TING J 
SECTION 


VERTICAL GROSS SECTION 
Fic. 4 Hyproroi. Test INSTALLATION 


In the approximately rectangular section which resulted, the 
test unit was mounted spanwise between the two plane walls. This 
type of installation causes approximately a uniform effect of 
the hydrofoil on the fluid along the full length of the test span. 
The span was supported at one tip by the balance spindle and 
cantilevered into the stream. The hydrofoil angle of attack was 
changed by rotating the spindle. Referring to Fig. 1, a positive 
angle signified a clockwise rotation of the hydrofoil. Measure- 
ments of drag, lift, and pitching moment were obtained as reac- 
tions of the pressure cylinders shown in Fig. 3. 

In addition to the desirability of having a large span-to-chord 
tatio, the proportions of the hydrofoil test unit depended upon 
the physical capacity of the balance and force measuring ap- 
paratus, and the structural rigidity of the test unit itself. In 
order to remain within the capacity range of the balance, it was 
hecessary to reduce the size of the test unit, and hence its rigidity 
in the lift direction. Thus if the cantilevered hydrofoil com- 
pletely spanned the working section, severe deflections were ob- 
tained at high lifts. As a result, two installations were provided 
as shown in Fig. 5. In one the test unit spanned the entire 10-in. 
distance between top and bottom walls except for small clear- 
alee gaps at either end. In the other the test unit spanned one 
half the 10-in. space up to the center line of the tunnel. 

A dummy section extending from top down composed the re- 
mainder of the span. A small gap at the lower wall and at the 
‘ater line of the tunnel between the ends of the two semispans 
“rved to isolate the lower half during measurements. An angle- 
indexing device permitted the angle of attack of the upper half 
‘be changed simultaneously with the lower. With this arrange- 
ment the forees transmitted to the balance were cut in half, per- 
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and couples. By measuring the magnitudes of the restraining 7 


forces the corresponding hydrodynamic forces acting on the test - 
In this balance the restraining forces are — 


ATTACK ANGLE 
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The pressure, which is measured by precision | 
weighing-type pressure gages, is proportional to the force ap-_ 
plied. Provisions are incorporated in the spindle structure for 
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mitting an extension of the range of test velocities. Furthermore, 
the maximum deflection of the hydrofoil for any particular ve- 
locity and angle of attack was reduced by a large factor. 

With the 3-in. chord dimension finally selected as a com- 
promise between the several factors, it was possible to obtain 
measurements for Reynolds numbers of nearly 1,000,000. The 
3-in. size resulted in a good chord-to-span ratio (3.33), and was 
also large enough to permit an accurate shaping of the profile. 
Fig. 6 shows the two semispans used, and Fig. 7 is a view into 
the end of the working section, showing the parallel walls and 
the test unit in place. 
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CAVITATION CHARACTERISTICS 


Definition of Cavitation. The word “cavitation” is used to 
signify either the hydrodynamic phenomenon of the formation 
of vapor-filled bubbles or “cavities” at low pressures and the 
subsequent collapse of such bubbles, or the physical damage to 
materials which form the boundaries of the fluid passages in which 
this bubble formation and collapse occur. In this paper atten- 
tion is limited to the phenomenon itself. By this usage, an object 
such as a projectile, a hydrofoil, or a pump blade is said to 
“cavitate”’ if such vapor bubbles are formed, even though no 
physical damage occurs. 

It is generally assumed that cavitation will occur whenever 
the pressure at some point in the fluid becomes equal to the 
vapor pressure. Local “boiling” results in vapor-filled cavities 
which grow so long as they are in a low-pressure environment, 
but collapse when carried by the relative flow into a zone of high 
pressure. Assuming the beginning or “inception” of cavitation 
occurs when the pressure equals the vapor pressure exactly, 
implies that the fluid will not support a tension and ignores the 
possibility of dissolved gases being released to cause premature 
cavitation at pressures higher than the vapor pressure. Neverthe- 
less, there is considerable experimental information to indicate 
that with water containing ordinary amounts of impurities and 
dissolved air, cavitation does occur at pressures that are very 
close to the vapor pressure. 

The Cavitation Parameter. A relative flow between an im- 
mersed object and the surrounding fluid results in a variation in 
pressure along the surface of the object. At any point on the 
object the difference between the pressure at that point and the 
pressure in the undisturbed fluid at some distance from the object 
is proportional to the square of the relative velocity, or 


where Py and V» are the pressure and velocity for the undisturbed 
fluid, P is the pressure at the surface of the object, and p is the 


density of the fluid. At some point’on the object P will be a 
Vo? 


will have a definite value. In the absence of cavitation (and 
neglecting Reynolds number effects) this value will depend only 
upon the shape of the object. Now it is easy to imagine a set of 
conditions such that Pmin becomes equal to the vapor pressure of 
the liquid. This could be accomplished by increasing the relative 
velocity Vo for a fixed value of the pressure Po; or by continu- 
ously lowering Po with V» held constant. Either procedure will 
result in a lowering of the absolute values of all the local pres- 
sures on the surface of the object. If carried to the point that 
Pin equals the vapor pressure, incipient conditions are said to 
exist and cavitation should begin. 

This beginning will mean the appearance of tiny cavities at or 
near the place on the object where the minimum pressure is ob- 
tained. If a pressure less than the vapor pressure is not possible 
(which is assumed), then continual increase in Vo (or decrease 
in Po) will mean that the pressure at other points along the sur- 
face of the object will become equal to the vapor pressure. Thus 
the zone of cavitation will extend from its original inception point. 


_ Up to the inception point the value of the fraction aeagvezcd 
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remains fixed. For conditions beyond the inception point the 


value decreases since Pmin is identically equal to the vapor pres- 
sure, whereas Vo is increasing (or Po is decreasing). Thus the sid 
value of this fraction becomes an index of the stage of advance. wit 
ment or “degree” of cavitation. pom 
Written with the vapor pressure replacing Pmin, thus inn 
occ 
K on | 
up} 
this fraction can be used as a cavitation parameter to relate the 
conditions of flow to the possibility of cavitation occurring, as 
well as to the degree of cavitation once the phenomenon begins, 
Thus for any system where the relative velocity is Vo and the 
pressure in the fluid is Py, K will have a definite value. Cavita- 
tion will occur only if the shape of the immersed object is such 
For the particular case of 
= K 
the value is known as K, (K for inception of cavitation) on the 
particular object. ‘ 
By adjusting the flow conditions so K is greater than, equal a 
to, or less than K;,, the full range of possibilities can be estab- Fe 
lished from no cavitation to advanced stages of cavitation. a ; 
The immersed object referred to in the foregoing discussion can . , P 
be actually a body such as a hydrofoil, or the solid boundary of — 
the passage such as the throat of a Venturi meter. p . 
Test Procedure. The procedure used during cavitation tests ; " 
was to vary the pressure while all the other factors were held kK 
constant. Thus for a given angle of attack, ao, at any velocity, pom 
the pressure was reduced in steps until cavitation appeared and — 
then became well developed, that is, until K became equal to, and 
then less than K,;. The cavitation parameter for each step was 
calculated from simultaneously measured values of the velocity 
and pressure. Measurements were taken as ao was varied from 
—10 to +16 deg. Flow velocities ranged up to 45 fps. During can b 
these experiments the inception and development of cavitatio! been n 
was photographed through the transparent windows.  Thest values 
photographs were made with high-voltage flash lamps having with t} 
flash duration of about 20 microseconds. Goo 
Inception of Cavitation Versus Angle of Attack. In Fig. 8 to an ; 
value of the cavitation parameter at which cavitatio! the wit 
appears on the hydrofoil is plotted as a function of the ang larly, | 
attack. Two curves are shown, one marking the incipient angle, 
tation on the upper surface of the hydrofoil and one on its lowe! eral fa 
In the area above the curves, cavitation did not occur, while be erepan 
low the curves it existed in varying degrees. These two curve curved 
cross at ao = —1.4 deg, where cavitation appeared simultaneous Small ¢ 
on top and bottom surfaces. For any other angle, cavitation errors | 
occurred on one surface before the other. extrem, 
Furthermore, the lowest value of K at which cavitation * 9 ticyjay) 
peared is at —1.4 deg. As already mentioned, the incep! | to be ey 
point depends upon the shape of the object presented to ™ and th 
flow. Fig. 1 shows that with the chord of the foil (line joinil aspect- 
leading and trailing edges) parallel to the flow, the upper" HM of the | 
face will cause a greater deflection of fluid, higher local velocity: bitchin, 
and should cause a lower pressure than will the lower suri: HM One fur 
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Fig. 8 indicates that this is true. For ao = 0 deg, cavitation was 
visible first on the upper side at K = 0.7 and later on the lower 
side at K = 0.42. As the hydrofoil was pitched into the stream, 
with either positive or negative angles, the flow had to pass 
around the sharply curved leading edge. This resulted in. in- 
creased accelerations and lower pressures so that cavitation 
occurred earlier (at higher K values). The lowest pressure was 
on the lower surface of the hydrofoil if ao was negative, but on the 
upper surface if ao was positive. 
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Fic.8 Vatues or at Wuicu Cavitation Beains Versus ANGLE 
or ATTACK 


As ao was changed from zero the surface which was pitched 
into the stream was subjected to extra dynamic pressure. At 
first this merely delayed cavitation on this surface, but eventually 
the pressure became so large that cavitation did not occur on this 
side at all. Thus, for example, for positive angles, cavitation was 
not obtained on the underside of the foil for angles greater than 
about 2'/, deg. 

K; From Wind-Tunnel Pressure-Distribution Data. If the dis- 
tribution of static pressure over the surface of a body is known 
fornoncavitating flow, the fraction a7 


Py — 


can be evaluated. Pressure-distribution measurements have 
been made in the wind tunnel for the NACA 4412 airfoil (3), and 
values of K; calculated from these data are compared in Fig. 8 
with the values obtained in the water tunnel. 

Good agreement is shown for the upper side of the hydrofoil up 
to an angle of about 7 deg. Beyond this, K; as predicted from 
the wind tunnel is higher than the water-tunnel values. Simi- 
larly, for the lower surface, best agreement is shown near zero 
angle, with increasing deviation at large negative angles. Sev- 
eral factors are of possible importance in explaining the dis- 
crepancies. At attack angles away from zero the sharply 
curved leading edge of the hydrofoil is presented to the flow. 
Small errors in formation of the profile here will result in large 
‘rors in the minimum pressures. In fact, this indicates that 
extreme care must be taken in the manufacture of models, par- 
ticularly small-scale ones, if accurate and consistent results are 
tobe expected. Another factor is that for both the wind tunnel 
and the water tunnel the greatest deviations from infinite- 
‘spect-ratio conditions are at large angles of attack. The effect 
of the proximity of the walls (particularly those parallel] to the 
bitching axis of the hydrofoil) becomes a significant variable (6). 
One further possibility is that — water will support a 
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tension under dynamic loading, despite impurities and turbu- 
lence. If this is so, a cavity will not form unless the fluid is sub- 
jected to the low-pressure environment for a definite length of 
time. With asudden drop and sharp rise in pressure, such as the 
flow experiences as it passes over the leading edge of the hydro- 
foil at large angles of attack, the fluid may pass through the low- 
pressure zone before a cavity develops. Thus the first cavita- 


tion would appear only at reduced values of K, where the low- — 


pressure zone is extended. This latter question is one of the im- 
portant unanswered questions about the mechanics of cavitation. 

Submergence to Prevent Cavitation. In many applications of 
hydrofoils the static pressure is measured in terms of submer- 
gence, the vertical depth of the unit below the water surface. 
The data in Fig. 8 have been replotted in Fig. 15 to show the 
submergence necessary to prevent complete cavitation on the 
hydrofoil. ,The submergence is given in the left-hand diagram 
as a function of velocity for certain angles of attack, and in the 
right-hand diagram as a function of angle of attack for fixed 
velocities. In both diagrams all points below the constant ap or 
constant Vo curves are for cavitation-free operation. Note that 
the minimum submergence is required when a9 = —1.4 deg; for 
all other angles it is greater. Note also that, at a given velocity, 
the range of angles is limited. For example, at 70 fps and 30 ft 
submergence, cavitation-free operation is possible only within 
the limits of —2.2 deg and +2.4 deg. 

It should be emphasized that the method of obtaining these 
data corresponds to conditions expected at appreciable depths 
below the free surface. If the hydrofoil is but slightly sub- 
merged there results a production of waves at the surface and a 
change in the relative flow pattern near the hydrofoil itself. This 
wil] change the values of K; for the hydrofoil and hence the 


accuracy of the data for shallow submergences in the two dia- _ 


grams in Fig. 15. 

Zone of Cavitation. The behavior of a cavitating hydrofoil 
depends upon how the cavitation forms and grows and how these 
cavities affect the flow. 


foil at several stages of development. 
attack angle and velocity of flow. 


Each figure is for a fixed 
The variation in K, and 


In Figs. 10 to 14, inclusive, are shown the a 
appearance of cavitation on one or both surfaces of the hydro- 
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hence degree of cavitation, was obtained by changing the pres- __ 


sure in the working section. (The semispan installation was in 
use when these photographs were taken, and the horizontal joint, 
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marking the division between the two halves, can be seen in some 
cases.) Fig. 9, which will be useful in discussing these photo- 
graphs, is another diagram of K, versus ao, on which have been 
indicated numbers corresponding to the several photographs in 
Figs. 10 to 14. Each number is located on the diagram at the 
value of A and at the angle of attack at which the photograph 
was taken. Thus the relationship between conditions for in- 
ception of cavitation and the conditions for each photograph is 
shown graphically. 

The relative susceptibility to cavitation on the two surfaces of 
the hydrofoil is shown in the views in Fig. 11 which were taken 
with zero angle of attack. In Fig. 11(u, 6, ¢), in the left-hand 
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Fig. 13) CaviraTION ON Upper SurFACE OF AS Virewep From Boru Sipes or Test Unit; 


Fie. 14. Caviration on Upper Surrace or Hyproror as Viewep From Boru Stipes or Test Unit; 


column are views of cavitation on the lower (normally high- 
. Pressure) surface of the hydrofoil. For these views, the relative 
flow over the surface is from right to left. In Fig. 11(d, e, f, g), 
in the right-hand column, cavitation is shown on the upper 
surface. The relative flow is from left to right. Reference now 
to Fig. 9 shows that cavitation first appears on the upper sur- 
face at K = 0.7, approximately, for ao = Odeg. Cavitation does 
hot appear on the lower surface until K is reduced to about 
041. In Fig. 11 the first view for the upper surface is at K = 
0.57. Even at this value cavitation does not occur over the en- 
of the span continuously, but in 
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any one local area. 
patches of cavitation in other positions along the span. As K is 
reduced, cavitation becomes more general and more extended. 
In the meantime, cavitation on the lower surface shows a less 
advanced stage compared to that on t'.e upper at approximately 
the same K values. Thus at K = 0.37, cavitation on the lower 
surface is very little more genera] than on the upper at K = 0.57. 
In fact, the relative degree of cavitation is shown clearly in Fig. 
11(a), where tail wisps of cavitation on the upper side can be 
seen extending past the trailing edge. 


observations are from Figs. 13 14, for ap = 


Other views taken at the same K would show 
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+8 deg and +12 deg, except that in both these cases no cavita- 
tion appears on the lower surface for the range of the experiments. 
The pitch is such that the extra dynamic pressure prevents va- 
porization on this side. On the other hand, at ag = —4 deg, the 
upper surface, which was pitched into the stream, was cavitation- 
free. 
As K is reduced, cavitation first appears as a narrow zone of 
small cavities which apparently originate, grow, and finally col- 
lapse on or near the surface of the hydrofoil. In the early stages, 
at least, the extent of the zone of cavities is an indication of the 
extent of the low-pressure zone, an idea that has been substan- 
tiated for certain three-dimensional bodies (13). A clean ex- 
ample of such an expanding low-pressure zone is shown in Fig. 
10(a, b,c). 
The determination of the location and extent of the low-pres- 
sure zone by water-tunnel tests, such as these, has an important 
application in the development of high-speed airfoils. The oc- 
currence of cavitation at the minimum-pressure point with liquids 
is analogous to the occurrence of sonic velocities and shock 
waves at the minimum-pressure point with compressible fluids. 
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Advanéd Stages and Entrainment Process. With continued 
reduction in K, a stage is reached where the collapse actually 
occurs in the fluid downstream from the hydrofoil itself. In fact, 
there exists a growing tendency for groups of cavities to be sepa- 
rated from the general mass and carried well beyond the hydrofoil 
and the main zone of cavitation before collapsing. Examples of 
this are shown in Figs. 10(c) and 14(e),(f). Professor Knapp has 
pointed out that this is an “entrainment” process whereby the 
main flow of fluid is acting as an entrainment pump. It is an 
essential feature in the mechanics of maintaining the presssure 
at the boiling point for the advanced stages of cavitation. For 
extremely advanced stages, apparently the bulk of the vapor is 
entrained and swept away before collapsing. 

Under some conditions the individual cavities in the very ad- 
ae stages of eavitation coalesce to form a single envelop- 
= bubble with transparent walls over a portion of its length. 
Qne example is in Fig. 10(e) where such a transparent bubble 
_ envelops the near side of the hydrofoil. In Figs. 11(c) and 
11(g) the flow is on the verge of changing over to this trans- 
 parent-bubble condition. The transparent walls are an indica- 
tion that very little vaporization is occurring. The vapor sup- 
ply must be from the zone of turbulent boiling near the down- 
stream end of the envelope. The interior of the envelope is 
at the vapor pressure and is maintained at this pressure by the 
“‘pumping”’ action of the relative flow past the hydrofoil. 

Fine Versus Coarse-Grain Cavitation. A general examination of 
_ the illustrations shows two “types” of cavitation toexist. Inone, 
- guch as shown in Fig. 12, individually identifiable cavities ap- 
_ pear. In the other, such as in Fig. 10 or 13, the cavities are very 
small and closely spaced, giving a sudsy appearance. Professor 
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Knapp has termed these ‘‘coarse-grain’’ and “fine-grain,” respec- 
tively. It will be noted that these types are associated with the 
curvature of the profile presented to the flow. A sharp curvature 
with its sudden reduction in pressure results in the fine-grain 
type. With a more gentle curvature the coarse-grain bubbles 
appear. These views show that as the hydrofoil is given larger 
and larger angles of attack in either direction, the minimum 
pressure point moves toward the sharply curved leading edge, 
and fine-grain cavitation is produced. 

Rate of Growth and Life of a Cavity. In many of the illustra- 
tions the growth of individual cavities can be observed for a 
short distance after their formation. Some measurements made 
for eo = 0 deg, Vo = 45 fps, and K = 0.25, showed a rapid 
growth, for the first quarter-chord length of travel, up to 60 to 
75 per cent of what appeared to be the final diameter. Beyond 
this, growth was cofsiderably slower until individual cavi- 
ties interfered with their neighbors and then lost their identity, 
The growth of the cavities probably is the result of the continued 
vaporization into the “void,” until the cavity itself is swept into 
a higher-pressure zone. For an example of the rapidity of the 
process, the life of the cavities shown in Fig. 11(e), is approxi- 
mately !/29 sec. In this short interval the cavity grows to 4 
diameter of approximately °/,. in. and then collapses, 

Hydrodynamic Behavior With Cavitation. These illustrations 
show instantaneous samples of an unsteady phenomenon. The 
average or so-called ‘‘steady-state”’ condition obtained for a 
given K value represents a balance between the rate of vapor 
formation and the rate of annihilation, whether the latter is by 
collapse as in the early stages, or by entrainment as in the later 
stages. For any K the extent of the cavitation zone grows until 
this balance is obtained. Successive samples at the same ve 
locity and pressure will have the same general appearance, but 
will differ in detail. This unsteady character results in fluctu- 
ating hydrodynamic forces on the hydrofoil, the well-known cause 
of the vibration of cavitating ships’ propellers or centrifugal 
pumps. With increased cavitation, these fluctuating forces (and 
hence vibrations of the hydrofoil) were observed to grow to 
dangerous magnitudes. However, with the formation of the 
transparent enveloping bubble just mentioned, the forces became 
essentially steady, and the vibrations nearly ceased. Under these 
conditions, apparently the fluctuations normally associated with 
cavity formation and collapse were limited to the neighborhood 

of the collapsing cavities themselves and not carried back up 
stream to the hydrofoil proper. 

The hydrodynamic forces and moments acting during cavits- 
tion were not measured during these experiments for two related 
reasons: (a) The water-tunnel balance, which was designed for 
essentially steady-force measurements, would not resolve the 
unsteady forces encountered with cavitation over most of the 
range of the studies. (b) It was observed, by noting the deflec 
tions of the hydrofoil tit, that even though the drag increased 
with the onset of cavitation, the lift (and pitching moment) 
dropped off. Low average values combined with fluctuating 
forces further complicated measurements of these. The effect 
of cavitation on the hydrodynamic behavior of the hydrofoil 
depends upon the extent to which the cavitation alters the flow 
around the unit. ‘The existence of cavitation means that the 
streamlines must conform to the shape of a new “body’’ and that 
the velocity and pressure distribution is changed from that with 
out cavitation. As the cavitation zone grows, less and le# 
fluid is given a net deflection normal to the direction of motio 
and the lift drops off. This effect is similar to that encountered 
when airfoils stall at excessive angles of attack. At the same timé, 
the drag goes up because cavitation increases the effective thick 
ness of the body, resulting in a larger change in momentum of the 
fluid parallel to the flow direction. 
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Cavitation and Damage. While these experiments were not 
concerned with cavitation damage, it might be noted that it is 
the initial stages of cavitation which are probably responsible for 
cavitation erosion. In the early stages the cavity collapse takes 
place on or near the hydrofoil surface. At later stages, the col- 
lapse is in the liquid body well away from the solid surface. 
Since it is generally recognized that it is the collapse which re- 
sults in damage, it must be the early stazes that are dangerous. 
This is an important consideration in dealing with propellers and 
pumps often operating near conditions for incipient cavitation. 

Significance of This Profile. These cavitation data are pre- 
sented principally as a study of the cavitation process in the in- 
ception, growth, and collapse of cavities or bubbles. The use of 
this particular profile for the experiments was convenient be- 
cause of the existence of the previously measured wind-tunnel 
data. Otherwise this shape has no particular merit as a hydro- 
foil in so far as cavitation is concerned. Other shapes exist which 
are far more “resistant’’ to the occurrence of cavitation. How- 
ever, their other hydrodynamic characteristics are also different 
from those for this shape. In the selection of a profile for an 
application the requirements of both types of characteristics 
must be considered. 


INFINITE-ASPECT-RATIO CHARACTERISTICS 


Significance of Infinite-Aspect-Ratio Data. The hydrodynamic 
properties of airfoil and hydrofoil shapes are reported as “‘in- 
finite-aspect-ratio” or ‘‘section”’ characteristics because in this 
form they depend only upon the shape of the profile. The char- 
acteristics of a hydrofoil or airfoil of finite span differ from those 
for an infinite span because of “leakage’’ of fluid at the span tips 
from the high-pressure to low-pressure surface. This flow around 
the ends acts to reduce the lift and increase the drag at given 
angles of attack. These are called “induced”’ effects (7, 8), and 
their magnitude depends upon the aspect ratio, plan form, and 
twist of the particular hydrofoil. Infinite-aspect-ratio data are 
important in the design of lifting devices, such as wings, rudders, 
or stabilizing fins, as well as various pumping devices such as 
propellers, fans, and centrifugal pumps. Methods are available 
for converting these data to the equivalent performance of actual 
devices having arbitrary geometrical proportions, (8, 9, 10). 

Experimental Methods. Infinite-aspect-ratio data can be ob- 
tained from tests of finite-span sections by correcting the meas- 
ured forces and moments for induced velocity effects and for tun- 
nel-wall injerference, and support-interference effects. In an 
effort to eliminate the uncertainty of the various corrections, 
which may become large with respect to the measured forces, par- 
ticularly drag, the trend has been toward two-dimensional 
tests. In these the attempt is made to cause the hydrofoil to 
act uniformly along its span as it deflects the passing fluid, by 
having the test unit span the stream completely. If this is 
achieved, the resulting flow differs from the ideal sought only by 
the effect of the presence of the tunnel walls. 

As already described, the test installation for these experiments 
was designed to give essentially two-dimensional flow past the 


Attack 
Tests angle for 
* tt Reynolds no lift, slope 
number 1,0) (deg) (per deg) 
Semispan installation... 287000 —3.95 i— 
730000 —4.15 ay 0.104 
903000 —4.25 0.106 
Full-span installation 299000 —4 (approx)? 0.098 
388000 —4 (approx) 0.101 
Theoretical values for TAG 
infinite aspect ratio —4.58 0.120 
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hydrofoil. The clearance gaps at the ends of the test span, which 
were necessary to isolate the unit while measuring forces, ell 


small to make the tip leakage unimportant. 
The hydrodynamic forces acting on a hydrofoil] need not be 
measured directly but may be determined indirectly by evalu- _ 


ating the change in momentum of the fluid as it passes the test 


span and by measuring the reaction pressures created ‘on the 


tunnel walls as a result of the fluid being deflected. These wake- _ 


survey and wall-pressure-survey methods (11, 12) require less | 


elaborate test equipment because the force-measuring balance is _ 


eliminated, and the test unit need not be supported independently | 
of the tunnel structure as is necessary for direct measurement of 

the forces acting on the hydrofoil. On the other hand, where the 
balance is available, its use for direct measurements is extremely 

convenient and, with the proper provisions, should permit better 

accuracy. One objective of this study was to investigate the 

adaptation of the single-spindle three-component balance to 

two-dimensional testing. 

Measured Characteristics. The measu ed data were obtained 
over the range of Reynolds number from R = 287,000 to 903,000. 
The experimental procedure was to measure the lift, drag, and 
pitching moment as functions of the angle of attack for the sev- 
eral Reynolds numbers. In each case the pressure was main- 
tained high enough to prevent cavitation. 

The experimental results are shown graphically in Figs. 16 and 
17, where lift, drag, and pitching-moment coefficients, and center 
of pressure are plotted versus angle of attack. In Fig. 18 angle 
of attack and drag, and pitching-moment coefficients are plotted 
with the lift coefficient considered as the independent variable. 
The terms and symbols used are defined in the nomenclature. 
In each figure, curves are given for four values of Reynolds num- 
ber. All the results plotted here were obtained with the split- 
span installation, which permitted the measurement of the 
forces on one half the total span. Even so, it will be noted that 
the maximum lift could not be reached at the higher Reynolds 
numbers because of the excessive magnitude of the forces de- 
veloped. Measurements with the full 10-in. span, which were 
in the lower Reynolds number range, gave similar results to those 
shown and are not included here. In Table 1 the magnitudes of 
the important variables for both the semispan and full-span 
installations are listed for each Reynolds number. 

As Reynolds number increases, certain consistent changes in 
performance will be noted. The slope of the lift-coefficient curve, 
and the maximum value of the lift coefficient increase, while the 
drag coefficient decreases. Also, the angle for zero lift shifts to 
slightly lower values. The moment coefficient is figured about 
the aerodynamic center, the point about which the pitching 
moment is essentially constant for a wide range of angles of 
attack. Up to about 5 deg, the coefficient is constant and inde- 
pendent of Reynolds number. Up to 8 deg, the coefficient is 
within 15 per cent of a constant value. The center of pressure 
is also nearly independent of R, with deviations occurring near 

= 0 deg, where accuracy in calculating the center-of-pressure 
ee ion is low. 


TABLE 1 PRINCIPAL SECTION CHARACTERISTICS DROFOIL FROM TWO-DIMENSIONAL TESTS IN is 


Maximum Minimum -—-Aerodynamic center— 
lift drag Pitching Ahead Above 
coefficient, coefficient, moment, of ¢/4 chord 
imax) €d@)¢min) mi(a.c.) (per cent c) (per cent c) 
0.014 —0.102 5.47 —0.26 
1.39 0.013 —p.101 4.92 .52 
0.0105 .102 5.53 
0.011 —0.101 5.39 
0.014 —0.100 5.12 
0.014 —0.102 5.12 
—0.137 
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Fic. 16 Inrinitre-Aspect-Ratio CHARACTERISTICS VERSUS ANGLE 
or ATTACK 


Experimental Limitations on Results. The experimental ar- 
rangement used for these tests introduced the following factors 
causing deviation of the flow from truly two-dimensional condi- 
tions: 


1 The entire span was not subject to a uniform velocity, but 
experienced lower velocities in the boundary-layer zone near the 
tunnel walls. 

2 There was the possiblity of flow through the clearance 
spaces between the ends of the test span and the tunnel walls, or 
between the two halves of the split-span section. 

3 There was a possibility of interference because of the 
proximity of the tunnel walls to the test section. 


A nonuniform velocity distribution will tend to make all the 
coefficients numerically high. However, as shown in Fig. 4, 
the test span was located only about one tunnel diameter from the 
final contraction of the flow. In this short distance the boundary 
layer should occupy only a small percentage of the width of the 
working section so that most of the span should experience the 
full velocity. It should be noted also that while the velocity dis- 
tribution was known to be uniform in the circular section just 
ahead of the final contraction caused by the addition of the two 
parallel walls to the working section, it was not measured in the 
plane of section AA, Fig. 4, where the hydrofoil was mounted. 
Good evidence of uniformity at the hydrofoil was obtained 
from an examination of the cavitation photographs. In these, 
cavitation appeared to form at the same value of K; at all points 
along the span and grow uniformly along the span, with no con- 
sistent deviations. (The intermittent patches of cavitation in the 
early stages as shown in some cases are thought to be evidence of 
the unsteady nature of the phenomenon.) 

Any leakage through. the clearance spaces at the ends of the 
test span will tend to reduce the actual angle of attack at the 
hydrofoil at high lifts. In these tests the clearance was held to 
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Fie. 18 CHARACTERISTICS VERSUS LIFT 
COEFFICIENT 


0.005 in. to keep a high resistance to flow through the gap. At 
small angles of attack, the influence on the measured forces and 
moments should be small. However, as the angle increases and 
the pressure difference through the gap increases, the leakage 
will increase. This is an error that could be reduced by using 
end plates recessed into the tunnel wall, but these, in turn, W ould 
complicate the drag measurements. The magnitude of the cleat 
ance gap is important. Increasing the gap from 0.005 to 0.023 
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in. caused an 8 per cent increase in drag and a 4 per cent decrease 
in lift. The moment was not affected appreciably. If it is as- 
sumed that the error is proportional to the leakage and therefore, 
for laminar flow, is proportional to the clearance, the maximum 
error in drag is about 2 per cent with a 0.005-in. gap. It is likely 
that the error increases at a faster rate as the clearance is en- 
larged, so the error at 0.005 in. is evea less. The error in lift from 
this cause is correspondingly less. 

The tunnel walls confine the water flow and change the stream- 
line pattern around the hydrofoil from that in a free stream. 
For two-dimensional flow it is particularly important that the 
walls parallel to the pitching axis are as far removed as possible. 
In this installation the maximum dimension of the water- 
tunnel cross section normal to the hydrofoil axis was kept at the 
full 14 in. as shown in Fig. 4. Wall interference, including the 
so-called “‘blocking”’ or actual restriction of the passage by the 
hydrofoil itself, is negligible at smal] angles of attack (low lifts) 
but increases with angle (6). The actual magnitude of this effect 
was not evaluated for these tests. The'degree of fluid turbulence 
in the water tunnel was not determined because suitable instru- 
ments were not available for measuring it directly, as can be done 
readily with the hot-wire anemometer in the wind tunnel, and 
because indirect measurements, such as the determination of 
the critical Reynolds number for a sphere, required test setups 
involving uncertain support-interference errors. The turbulence 
has an important effect on the measured drag and maximum 
lift. Without more definite knowledge of the turbulence, meas- 
urements of these two items must be considered primarily as 
comparative. 

Accurate measurement of the minimum drag was handicapped 
by the very small magnitudes of this component (approximately 
4 |b total for R = 903,000). Nevertheless, the decreasing trend 
with increasing Reynolds number already noted is in the proper 
direction and is a good indication that the tests give reliable com- 
parative results. 

In summary, it appears that with this method of testing, 
accurate results should be obtained at small angles of attack. 
This is in the low-lift range and the range of many hydrofoil 
applications. At larger angles the accuracy of the results is 
reduced somewhat. Nevertheless, good comparative results 
should be obtainable. 

Theoretical Characteristics. A simple set of equations for the 
characteristics of hydrofoils in a frictionless fluid can be derived 
theoretically by the method of conformal transformation (8). 
Using the Joukowsky transformation, the relationships for small 
angles of attack are 
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Slope of lift curve = ao 
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Pitching moment coefficient = ema.c.) 
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=~(1+0. 
+027 


It will be noted that for a given thickness ratio the lift coeffi- 
cient, is proportional to the angle of attack, the angle for zero 
lift is proportional to the amount of camber, and the moment 
coefficient is constant about the quarter-chord point. It will also 
be noted that because a frictionless fluid is assumed, all of these 
values are independent of Reynolds number and the drag is zero. 
For the 4412 hydrofoil the numerical values are 


These values appear also in Table 1 where they are seen to be 
slightly greater (numerically) than the measured quantities. 
Comparison With Finite-Aspect-Ratio Tests. Previously pub- 
lished data fgr this profile were obtained from NACA tests of 
wing section with aspect ratio of 6. The data were corrected to 
give infinite-aspect-ratio characteristics. In Fig. 19 curves from 
NACA wind-tunnel tests are compared with the water-tunnel 
measurements. The principal] characteristics are given in Table 
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Fig. 19 Comparison or WaTeR-TUNNEL ResuLtts Winp- 


TunnNEL Data From Tests on A Finite-Span Unit or AsPect 


chord Ratio 6 

TABLE 2. PRINCIPAL SECTION CHARACTER OF NACA HYDROFOIL WIND-TUNNEL TESTS OF RECTANGULAR 
AIRFOILS WITH ASPECT RATIO = + 

Test angle for Lify-curve drag Pitching Ahead Above 
Reynolds no lift, slope, coefficient moment, of c/4 chord 
number ayo (deg) ao (per deg) Climax) Cm(a.c.) (per cent c) (per cent c) 
331000 —4.35 0.094 1.27 0.011 —0.096 1.1 —8.0 = 

638000 —4,25 0.094 1.36 0.012 —0.094 1.0 —1.0 s 


Nore: Wind-tunnel data were taken from Fig. 7, ref. (4), and corrected by methods outlined on pages 17 and 18 of that reference to give so-called 


second-approximation characteristics. 
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2. These wind-tunnel data were taken from reference (4)* and 
corrected by the methods outlined,’ to give so-called ‘‘second- 
approximation” characteristics. They apply at the test Reynolds 
numbers. All corrections to infinite aspect ratio are included, 
except the effect of support interference on drag, and certain 
secondary effects of variations in c, and cao) along the finite test 
span at high lifts. They are not corrected for turbulence or scale 
effects and should not be confused with final characteristics 
presented in references (4) and (5), which have been extrapolated 
to full-scale aircraft flight Reynolds numbers. 

When comparing the two sets of data from different sources, the 
fact should be kept in mind that most likely different degrees of 
turbulence existed in the two tunnels. As already noted, this 
factor would affect the drag and magnitude of the maximum lift 
attainable. The other characteristics should not be affected 
appreciably. In this case the water-tunnel two-dimensional 
tests gave values for the slope of the lift curve, the moment co- 
efficient, the minimum-drag coefficient and the maximum-lift 
coefficient which were roughly 10 per cent greater in magnitude 
than shown by the wind-tunnel data. The drag curves for the 
two sets of data differ widely in spite of the reasonable agree; 
ment of the minimum-drag values. The reason for this discrep- 
ancy is not known. 


APPLICATION OF RESULTS 


In testing with artificial fluid streams, the degree of turbulence 
is invariably different from that encountered in the actual ap- 
plication. The higher the turbulence, the higher will be the 
maximum-lift coefficient. The turbulence also affects the transi- 
tion in the boundary layer on a given body and hence the drag. 
Methods have been suggested for compensating for tunnel turbu- 
lence. These have their main value in adjusting the maximum- 
lift coefficient. 

The range of Reynolds number covered by the tests (up to 
approximately 1,000,000) includes many hydrofoil applications. 
If the data are to be applied outside this range, some correction 
should be made. Wind-tunnel tests have shown that for Reyn- 
olds numbers up to 3,000,000 the slope of the lift curve in- 
creases only about 1 or 2 per cent above its value at 1,000,000. 
The pitching moment and the angle for zero lift are also nearly 
unaffected. On the other hand, the maximum-lift coefficient in- 
creases from 10 to 20 per cent. The profile drag decreases at 
nearly the same rate as turbulent skin friction on flat plates. It 
is felt that the useful range of the test results reported here can 
be extended considerably by careful application of rules such as 
these. 

It should be emphasized again that the data apply to situations 
where there is no free surface in the neighborhood of the hydrofoil. 
For operation at an iiappreciable submergence, the formation of 
waves on the liquid surface will modify the characteristics meas- 
ured by tests such as these. 7 = 
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immediate direction of Robert T. Knapp, Associate Professor of 
Hydraulic Engineering. 

These experiments were undertaken as a part of a general pro- 
gram of hydraulic investigations made for the armed services 
during the period of NDRC sponsorship. This particular investi- 
gation was conducted on request from the United States Navy 
Department, the David Taylor Model Basin, and on authoriza- 
tion from Dr. E. H. Colpitts, chief of Section 6.1 of the NDR( 
The material inclyded here originally appeared in Report 
6.1-sr207-1273 submitted to the NDRC of the OSRD. 

In the design of the two-dimensional test installation described 
here, helpful suggestions were obtained from Prof. Theodore von 
Karman of the California Institute. Mr. Robert E. Carr, who 
was in charge of the water-tunnel test crew, was responsibk 
execution of actual tests. The excellence of the large quan 
of photographic material is due to the efforts of Mr. Hugh Stevens 
Bell of the water-tunnel staff. Mr. Haskell Shapiro was re- 
sponsible for the lighting and miscellaneous electronic equip- 
ment auxiliary to the experimental) setup. 
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Discussion 


R. G. Fotsom.6 Fundamental data of the type presented by 
the author are necessary for the design of a hydraulic machine us 
ing airfoil or hydrofoil sections. It is hoped that investigations 
will be continued to include other shapes and to determine the 
reasons for the differences in wind and water-tunnel results. 

Similar data on hydrofoils shaped like airfoils, developed for 
Mach numbers near unity, should provide information suitable 
for design of hydraulic machines with minimum sensitivity 
cavitation. 


¢ Professor of Mechanical Engineering, University of California, 
Berkeley, Calif. Mem. ASME. = id 
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DAILY—CAVITATION AND INFINITE-ASPECT-RATIO CHARACTERISTICS OF HYDROFOIL SECTION 


In Fig. 8 of the paper the information has been plotted against 
the geometrical angle of attack ao. It would be helpful to in- 
clude corresponding values of the lift coefficient Cz, since Cz is 
proportional to ao throughout most of the useful range. The mini- 
mum pressure reduction occurs at about —1.4 deg but this cor- 
responds to a lift coefficient of about 0.25. It should be noted 
that the angle of attack for zero lift does not correspond with the 
condition for minimum pressure reduction. In designing an axial- 
flow hydraulic machine when cavitation is important, the vanes 
and head produced should be adjusted to operate at the minimum 
pressure-reduction point. 

Cavitation tests on complete axial-flow pumps indicate that the 
tendency toward cavitation is not quite as pronounced as would 
be inferred from the author’s tests. The reason for this action is 
not self-evident, but it may be due to radial flow across the face of 
the blade. Further differences may be due to rising or falling 
pressure gradients associated with pump or turbine operation. 
A publication’ by the writer has suggested a lower average cavita- 
tion-parameter magnitude be used for pump design. 


R. T. Knapp.’ It is interesting to note that the results of de- 
termining the lift, drag, and moment characteristics of this particu- 
lar shape in the water tunnel agree very closely over a wide 
range of angle of attack with those determined in a wind tunnel 
under quite different test conditions. This is good confirmation 
of an assumption that is commonly made, i.e, that wind tunnels 
and water tunnels can be used interchangeably to determine the 
hydrodynamic forces acting on bodies completely surrounded by 
flowing fluid as long as the velocities are within the range where it 
may be assumed that the fluid is incompressible. The other nec- 
essary assumption is that only a single phase of the fluid is in- 
volved if the test facilities are interchanged. For example, 
cavitation forces cannot be studied in wind tunnels because both 
the liquid and gas phases of the fluid are involved in the cavita- 
tion phenomenon. An important conclusion often overlooked 
which arises out of this universality of force coefficients is that 
the vast body of experimental data that have been accumulated 
in the field of aeronautics on the force coefficients of various- 
shaped airfoils and bodies of revolution are equally applicable to 


number if compressibility effects are unimportant for the gas, and 
if vapor cavities do not form in the liquid. Hence this paper is 
significant in that it indicates not only the general similarity of 
air and water flow, but also specific differences between them. 
The degree of success in predicting conditions for incipient cavita- 
tion from wind-tunnel observations is particularly interesting. 

As is pointed out in the paper, from the dimensionless pressure 
distribution around a given object it is possible to estimate con- 
ditions for incipient cavitation if the minimum pressure is as- 
sumed equal to the vapor pressure; the accuracy of this as- 
sumption of course determines the reliability of the result. A 
comparison of experimental with assumed values is possible, since 
the incipient cavitation number K; can be determined by 
direct observation. There are various ways, both direct and indi- 
rect, of determining K;, for a given flow pattern. Visual or photo- 
graphic observation of the vapor pocket, sonic detection of the 
bubble collapse, and observation of the effect of cavity formation 
on the pressure distribution are probably the most effective tech- 
niques now in use. The last-named is particularly well-suited to 
checking the afore-mentioned assumption, because knowledge of 
the pressure distribution for all stages of cavitation is available 
for direct comparison. 

Pressure distributions have been determined for a number of 
head forms with and without cavitation in the water tunnel at the 
Iowa Institute of Hydraulic Research.” Two distinctly different 
conditions of incipient cavitation were observed: 1, For bodies 
which normally yielded zones of flow separation, cavities first 
formed in the vortexes at the boundary of the separation zone, 
and hence the first influence of cavitation occurred while the 
pressure around the body was everywhere considerably greater 
than vapor pressure; 2, for well streamlined bodies the cavities 
first formed in the immediate vicinity of the body and hence at 
boundary pressures approximately equal to the vapor pressure. 
These occurrences are clearly indicated in Fig. 20 of this discus- 
sion, for a series of rounded head forms mounted on a cylindrical 
shaft. For the blunt or zero-caliber head, A; is 175 per cent or 
more than one velocity head greater than (ho — Amin) /(Vo?/2g), 
whereas for the heads with radii of curvature of D/2 or lower, the 
difference is much smaller, being approximately 10 per cent of 
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, the fields of hydraulic structures and hydraulic machinery. assumed value. Even for the well streamlined forms, the exist- 
. In regard to the cavitation characteristics, the writer wishes to ence of a slight degree of separation or the presence of small vor- 
emphasize the significance of Fig. 9 presented by the author. — texes in the boundary layer yields experimentals valuesof K;which 
1 Here is presented the over-all picture of the resistance to cavita- are greater than the assumed. 
tion of this particular shape. It should be noted that each differ- In a similar comparison of the author’s results, Fig. 8, values of 
e ent shape of hydrofoil would have different properties. The ap- , were obtained which are less than those predicted from the 
: plication of such information to the design of hydraulic machinery — 
. is of obvious importance. For example, the particular shape a0 “Cavitation and Pressure Distribution —Head Forms at Zero An- 
, tested shows very little change in the conditions for incipient gle of Yaw,” by Hunter Rouse and John 8. McNown, University of 
Iowa Studies in Engineering, Bulletin No. 32, 1948. 
- cavitation as the angle of attack is varied from —2 deg to +2 deg. 
- However, the lift coefficient varies from about 0.2 at —2 deg to 0 ] 
P 0.6 at +2 deg, a 3:1 ratio. It is unfortunate that these tests do | 
not include force measurements made under cavitating conditions. ~02 Note: Numbers Indicate\ 
They do, however, extend our knowledge into this little-known a hoo oF Caliber 
zone through the presentation of photographic record of the ap- | f 
pearance of cavitation as a function of the cavitation parameter. ‘on ~06 = — 
) This was an important forward step, and it is hoped that it can fi 7 r— Ye 
d soon be followed by force measurements as well. wees ae sg 
| 
e J.8. McNown.® For a given boundary geometry, it is well “10 | Z % 
known that gas flow is similar to liquid flow for the same Reynolds “12 | es 
‘ ™“The Design of Propeller Pumps and Fans,” by M. P. O’Brien a | | 


and R. G. Folsom, University of California Publications in Engineer- 
ing, vol. 4, no. 1, 1939. 

* Director, Hydrodynamics Laboratories, California Institute of 
Technology, Pasadena, Calif. Jun. ASME. 
_* Research Engineer, Iowa Institute of Hydraulic Research, State Fi. 
University of Iowa, Iowa City, Iowa. 
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wind-tunnel pressure distributions, a direct contrast to the results The author, in ‘defining ‘ “cavitation,” ’ states that it is used to turbir 
of the studies shown in Fig. 20 herewith. An amplification of the signify either the phenomenon of the formation of a cavity at low fined | 
possible causes of error presented in the paper might explain the pressures, or the physical damage to materials due to bubble oat 
. discrepancy. The combined effect of the vane and the near-by formation and collapse in the vicinity of such cavities. homo! 
wall is to decrease the quantity of flow and to increase the pres- For many years hydraulic-turbine engineers. have been trying ties 61 
sure on the low-pressure side. Consequently, the tendency to- to establish the definition of cavitation as applying only to the metal. 
ward cavitation, and hence the value of K;, would be reduced for phenomenon of cavity formation. The damage to material due It w 
the water-tunnel studies. Furthermore, in the studies at the to the collapse of the bubbles formed in cavitation areas, has gen- of the 
University of Iowa, cavitation has never been seen or photo- erally been known as “pitting.” It is felt that there is a real need 
graphed until K has been reduced somewhat below K,;. Although — for a definite distinction between the two, because cavitation does G. | 
the photographic technique used in the Caltech experiments is not always result in damage to material, and can have very ob- invest 
greatly refined by comparison, the definite possibility exists that jectionable features other than such damage. This can best lx deol 
initial stages of cavitation may be microscopic and still produce accomplished by giving the cause and one of the possible results Techn 
measurable effects. different names. It is hoped that such a distinction will be this p: 
Reference is made to the degree of correlation between location — in engineering fields other than those of hydraulics. ments 
of the region of low boundary pressures with that occupied by the One of the interesting features mentioned by the author state c 
vapor cavity. Recent studies have shed further light on both the cavitation parameter defined as averag 
qualitative and quantitative agreement to be expected. From The 
ultra-high-speed motion pictures of individual bubbles, Knapp i ia nog tation 
and Hollander™ have shown that the bubbles continue to expand 7 “7 2/2 tyrer.! 
for a brief interval of time after passing out of the zone of lowest xo, water as the liquid this can be written as te elie 
pressure, because of the inertia of the water surrounding the cav- seem t 
ity. Hence the ultimate collapse is delayed by the time required _ Ao — Hi, by the 
for this further expansion as well as for the contraction of the oe i hy Vo? ‘29 tiene ¥ 
bubble. The lag has also been observed in the cavitation studies ; 4 Lier 2 eat oonatit 
at the University of Iowa.” Silhouette photographs were used to where this ty 
obtain outlines of the vapor pockets for various values of K, as Hy, = absolute pressure head available, ft of water Dev. 
shown in Fig. 21 of this discussion, for the hemispherical head H,, = vapor pressure of water, ft ae anit unque: 
Vo = velocity of water, fps Pw : author 
| In 1923 Dr. Thomas of Munich developed a specialized fe 
4 this cavitation-parameter formula, for. use specifically wit Ren 
draulie turbines. He called this sigma, and defined it as follo believe 
H, = barometric pressure, ft of water The 
aa é ; | H, = static suction head on bottom of turbine run: sible ti 
—_ H, = vapor pressure of water, ft of water cavitat 
as on “Le 
The similarity of the two formulas is apparent when it is com whic}, ; 
<< > ind Hebb | oe sidered that the static pressure on the bottom of a turbine ru 
an: + hi | is the atmospheric pressure Hy minus the static suction head H, 
02 04 06 If the runner is set below tail-water elevation, H, is negative, and Labe 
K the pressure available becomes H, — (—H;) = H, + H,. The contrib 
Fic. 21 Comparison or Pont or Pressure Rise anp Exp or quantity H» — H, therefore is the same as the Ho or Po in the about | 
Vapor Pocket author’s formula for cavitation parameter. nature 
r Since V?/2g is closely.related to the available head H on th some 1 
form. Arbitrary but consistent definitions were used for both the _ turbine, and since it varies as this head H, the similarity of thes and it | 
point of pressure rise and the end of the visible pocket, as indi- two formulas is quite evident. This special type of cavitation agreem 
cated in the inset, so that the curves in Fig. 21 are indicative of | parameter formula, used in hydraulic-turbine design and desit As to 
the trends which occur. It can be seen therefrom that the end of | nated as sigma, is of great, importance to hydraulic-turbine er Suggest 
the pocket is invariably downstream from the point of pressure gineers. It is used constantly to determine the setting of rea J an giq 
rise by an amount which increases as K is reduced. tion-type hydraulic turbines, and reference is made to it not only minimu 
in engineering literature but also in specifications for hydraulit Knapp, 
W. J. Although this paper deals largely with turbines. lift 
the cavitation of a hydrofoil, it is of particular interest to hydrau- Another interesting observation by the author is that sim ® tions ¢, 
lic-turbine engineers. water will probably support a tension under dynamic loading, & J sus tho. 
fe spite impurities and turbulence, a cavity might not form unles — 
R. 70, July, 1948, "by the fluid is subjected to low-pressure environment for a definite Me 
419-435. PP length of time. This theory seems to be in line with the expe 
12 Assistant Manager, Hydraulic Department, Allis-Chalmers e@nce on hydraulic-turbine runners. Statistical data gat hered Dr. Ing 
Manufacturing Company, Milwaukee, Wis. Mem. ASME. over a period of many years and covering hundreds of hydraullt 1932, py 
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turbine installations seem to indicate that severe pitting is con- 
fined largely to the large-size runners. Since the low-pressure area 
on a small runner is relatively smaller than on a large runner of 
homologous profile, the time element required to form the cavi- 
ties could account for the difference in observed damage to the 
metal. 

It would be of great interest to hydraulic engineers if this feature 
of the mechanics of cavitation could be further investigated. 


G. F. Wisticenus.'® The paper reports on an experimental 
investigation of the high standard of quality for which the Hy- 
draulic Machinery Laboratory of the California Institute of 
Technology has become well known. One immediate reaction to 
this paper is, obviously, a strong desire that the force measure- 
ments be extended to cover the behavior of the hydrofoil in the 
state of cavitation. This would seem valuable even if only a time 
average of the force action can be obtained. 

The present test results as well as force measurement with cavi- 
tation should be compared with the results by Walchner and Mar- 
tyrer.'4 These earlier investigations include force measurements 
with cavitation, but the photographic work as published does not 
seem to compare in quality with the photographie work reported 
by the author. The connection of photographic or visual observa- 
tions with force measurements during cavitation would seem to 
constitute the most valuable immediate goal of further work of 
this type. 

Development engineers in the field of hydrodynamic runners 
unquestionably are awaiting with eagerness the extension of the 
author’s investigation to other profile forms, in order to obtain 
new information on the relations between the form of the profile 
and its cavitation resistance. 

Regarding the comparison with wind-tunnel data, this writer 
believes that the agreement is closer than necessary for the major- 
ity of practical applications. It is to be expected that variations 
of a higher order of magnitude will result from the interaction be- 
tween vanes in a system as well as from the three dimensionality 
of the flow in axial-flow runners. 

The writer was particularly glad to see the question of a pos- 
sible time or scale effect upon cavitation mentioned in this paper. 
This question should remain before us until the mechanism of 
cavitation is recognized in sufficient detail to permit a dependable 
answer, Reference is made to a paper by Knapp and Hollander"! 
on “Laboratory Investigation of the Mechanism of Cavitation” 
which is certainly significant with respect to this problem. 


Avu'rHor’s CLOSURE 

Laboratory investigations are of value if their results either 
contribute new information to our general store of knowledge 
about physical happenings or supply information of a specialized 
nature that can be used for design purposes. It was felt that in 
some measure these hydrofoil studies contributed in both ways, 
and it is gratifying to have the discussers indicate their general 
agreement. 

As to application of the information to design, Professor Folsom 
Suggested the inclusion of a diagram of K; versus lift coefficient as 
an aid, and commented as to the relation between the condition for 
minimum pressure reduction and the lift coefficient. Professor 
Knapp, in a similar vein, pointed out that the rather wide range of 
lift coefficient over which there is very little change in the condi- 
tions for incipient cavitation. Fig. 22 of this closure shows K; ver- 
sus the value of the lift coefficient obtained in the water tunnel be- 


_" Mechanical Engineering Department, Johns Hopkins Univer- 
sity, Baltimore, Md. Mem. ASME. 

““Hydromechanische Probleme des Schiffsantriebs,"’ edited by 
Dr. Ing. G. Kempf and Dr. Ing. E. Foerster, Hamburg, Germany, 
1932, pp. 256 and 268, 
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Fic. 22 Vatugs or K; at Wuicu Cavitation Beoins Versus 
Lier CoEFFICIENT OBTAINED WITHOUT CavITATION aT R = 730,000 


fore cavitation appeared, Since the lift coefficient depends upon 
Reynolds number, the values for R = 730,000 were arbitrarily 
selected for this graph. Within the range and accuracy of the 
experiments, AK; for each angle of attack was independent of R. 
In addition to the points mentioned by Professors Folsom and 
Knapp, the graph illustrates clearly the sacrifice necessary if high 
lift operation is wanted. 

In the process of applying this information, Mr. Rheingans’ 
remarks on the relationship between the cavitation number and 
sigma are important. Maximum usefulness requires a complete 
understanding of their similarity. 

Professor Folsom suggests that a lower average cavitation 
parameter magnitude be used for pump design than indicated 
from the tests of single hydrofoils. Turning to the reference,’ cited 
by Professor Folsom, it appears that this suggestion is based par- 
tially at least upon experience with pumps which apparently 
operated satisfactorily even though computations of pressure 
reduction at the blade tips gave pressures below absdlute zero. 
The author believes that this indicates the actual presence of 
cavitation. R. E. B. Sharp'® has photographed cavitation in 
propeller-type turbines and established that some degree of cavi- 
tation can exist without impairing the hydraulic behavior of the 
machine. It is generally agreed that this is true also for centrif- 
ugal pumps. It would seem, however, that as long as the zone 
of cavitation is such that collapse of the individual cavities occurs 
on the blade surface, continued operation would result ultimately 
in damage to the blade. It is the author’s opinion, therefore, 
that a blanket rule about the design figure for K; would be un- 
justified. While sometimes damage is of no consequence, more 
frequently trouble-free operation is worth a premium. 

Professors Wislicenus and Knapp both stress the desirability of 
obtaining measurements of forces during cavitation. Such in- 
formation is of undoubted importance both for design purposes 
and for rounding out our general knowledge about the cavitation 
phenomenon and its effects. The effort to obtain force measure- 
ments at the time was abandoned reluctantly in the face of 
“higher priority” jobs. Professor Wislicenus mentions the works 
of Walchner and Martyrer,'? which to the author’s knowledge is 
the best information published on hydrofoil forces during cavita- 
tion. It should be noted also that many other investigators 


16 “Cavitation of Hydraulic Turbine Runners,” by R. E. B. Sharp, 
Trans. ASME, vol. 62, 1940, pp. 567-575. 
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Fic. 23. Stncte PHoroGrarH SHOWING CAVITATION IN VORTICES AT BOUNDARY 
or SEPARATION ZONE FOR ZERO-CALIBER Heap at K = 2.09 


Gowen (Vo = 40 fps; model diameter = 2 in. 


have photographed cavitation in various stages, including Mueller 
who reported in the same volume with Walchner and Martyrer, 
but it is felt that the series of pictures presented here represent 
the most complete description of the beginning and growth of 
cavitation yet published. 

The importance of the degree of agreement of results with those 
predicted from wind-tunnel measurements was mentioned by 
several discussers. Interest here lies not so much in agreement 
between noncavitating performance coefficients, but in the degree 
of success in predicting the inception of cavitation from the non- 
cavitating pressure-distribution data, which in this instance hap- 
pened to be obtained in the wind tunnel. As Professors Knapp 
and McNown emphasize, the noncavitating coefficients should 
be interchangeable between fluids. Hence, a disagreement is a 
result only of differences in experimental conditions or procedures. 
As regards agreement between predicted and measured K;,, the 
author agrees that there is room for improvement. However, 
over the range of probable design values of angle of attack or 
lift coefficient, the agreement is good, and as Professor Wislicenus 
states, the effects of three-dimensionality and interference be- 
tween blades undoubtedly will cause higher order deviations than 
the disagreements shown here. 

On the other hand, as Professo. McNown emphasizes, the ob- 
served deviations rkise again the question of what conditions 
actually exist at the inception of cavitation. Professor Mc- 
Nown’s data and remarks support the suggestion that the incep- 
tion of cavitation is on a microscopic scale and occurs always 
at K greater than would be predicted from the noncavitating 
pressure distribution over the surface of the body. The visually 
determined K; values reported here either agree with the pre- 
dicted K, or are lower. Involved here, in one sense, is the defi- 
nition of inception of cavitation (and perhaps even of cavitation 
per se). As a practical matter in the application to design, it is 
yet to be shown that invisible cavitation has any significance, 
so it would seem that limitations based on K; at which bubbles 
actually can be seen or photographed are more realistic. In a 
more scientific vein, however, these seemingly consistent series 
of results may hold’ the key to a final physical explanation of the 
entire cycle of happenings as K is reduced. While Professor 
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McNown’s suggestions in this respect may 
be entirely correct, the author has pur- 
posely withheld a definite conclusion, 
among the reasons for which are the fol- 
lowing: 

As mentioned in the paper and ampli- 

by MeNown, the difference in testing 
arrangements indicates that wall interfer- 
ence at high angles of attack affects the 

yvater-tunnel results. Also, as mentioned 
in the paper, the deviations in measured 
and predicted K; values occur when cavi- 
tation is forming at a point of high cur- 
vature of the body profile. The local pres- 
sure and hence the observed Ky; will be 

‘tremely sensitive to small errors in pro- 

e in these zones. 

Further, the author’s experience has not 
coincided exactly with the results pre 
sented by Professor McNown. For ex- 
ample, in the case of blunt bodies, Fig. 21 
indicates K,;, as measured by a deviation 
in the pressure-distribution curve, is 1.75 
for the “zero-caliber’’ head, and it is stated 
that no visual evidence of cavitation ap- 
peared until K was reduced below 1.75, 
Experiments at Cal-Tech, however, pro- 
duced sufficient cavitation on the same shape head to see clearly 
at K = 2.1. An example appears in Fig. 23. This discrepancy 
may be caused by a Reynolds number effect since the Cal-Tech 
observations were at higher R than the Iowa tests. On the other 
hand, since the separation occurs at a sharp corner and should be 
independent of R, it would seem that the pressure distribut 
should be the same for the two experiments. 

Finally, it is known'* that the presence or absence of gas | 
in a liquid will encourage or inhibit appearance of “‘cavitatior 
cavities. The role this plays in permitting cavitation near a body 
in a flow with variable amounts of air and various microscopic 
solid impurities is completely unknown. For example, it may 
account for the discrepancies in experience just noted, and it may 
be a factor in the “premature” inception obtained in the lows 
experiments. This would also support the possibility 
under favorable conditions, the water will support a tensiot 
introduce a “‘scale effect’’ or time lag between exposure to the low 
pressure and formation of a cavity. 

As to scale effect, it should be noted that if cavitation does orig 
nate in vortices in the boundary layer, the size of the body 
affect the inception also. Mr. Rheingans’ remarks are certainl) 
another indication of the probability of scale effect. 

The author is indebted to Professor McNown for correcting the 
unintended impression that the extent of the zone of cavities 
coincides “exactly” with the low-pressure zone along the su 
face of the hydrofoil. Agreement here was meant to be only 
qualitative. Since a vapor pocket will not collapse until after 
it passes into a high-pressure zone, it is clear there must be 4 
“time of reaction” and, hence, some displacement between the 
point where the bubble passes into the high-pressure zone and 
the point of collapse. The amount of the displacement is not 
known exactly. Professor McNown’s Fig. 21 distinguishes clearly 
between these two points and supersedes the information in his 
earlier publication (13). 

In closing, the author wishes to express his appreciation for the 
interest taken by each of the discussers in this paper. 


16 “On Cavity Formation in Water,” by E. Newton Harvey, W. D 
McElroy, and A. H. Whiteley, Journal of Applied Physics, vol. !® 
February, 1947, pp. 162-172. 


cont 
wit] 
stru 
serv: 
and 
the 
quer 
prog 


manu 
produ 
“prod 
nor ar 
find it 
climat 
pose n 
of this 
are eff 
down 
Oil 
wells 
Wells 
tion: a 
capaci! 
time o 
yield is 
added 
the op 
Well to 
and he 
Which y 
Cont 
the abil 
that the 
careful 
field is 
Operatic 
Must b 
enters t 
' Divi. 
Contr: 
etroleu: 


r 
ENGINEE 
N OTE: 
Understo, 
of the So 


‘ 
= 
devic 
value 
rvi 
1s In 
| 
4 
— 
= 
= 


Fie 


The conditions faced by an oil producer in accomplishing 
continuous operation of surface pumping equipment 
without frequent attendance are outlined. The con- 
struction and application of devices to perform routine 
services on oil-well pumping equipment are described, 
and particular attention is directed toward eliminating 
the services which ordinarily must be performed at fre- 
quent intervals. The need for a preventive maintenance 
program is outlined and the instruments and tools which 
may be used in such a program are explained. Certain 
devices for use at problem wells are discussed, and the 
value of operating procedures which consider routine 
service, preventive maintenance, and corrective measures 
is indicated. 


RODUCING crude oil is unusual if it is compared with the 

usual production or assembly line of a manufacturing 

industry. The products are fluid and can be moved without 
manual handling, and there is no control of the quality of the 
product as it issues from the ground. On the other hand, the 
“production line’ cannot be placed in an advantageous location 
nor arranged to make operation simple. Instead, oil is where you 
find it, and the oil producer encounters difficult terrain, adverse 
climate, widely spaced wells, and varied well conditions which 
pose many problems unique to the oil industry. It is the intent 
of this paper to describe some of the devices and programs which 
are effective in accomplishing continuous operation without break- 
down or excessive servicing and maintenance costs. 

Oil wells may be considered to fall into one of three categories: 
wells which should produce to capacity continuously; stripper 
wells which will produce to capacity without continuous opera- 
tion; and welis with an allotment which is less than the productive 
capacity. Of these, the first are of the most concern since full- 
time operation at capacity is necessary if the greatest ultimate 
Yield is to be realized, and to the cost of making repairs must be 
added the loss which may occur when production ceases. Thus 
the operator must select equipment capable of producing the 
well to capacity with enough allowance for normal wear so that an 
excess amount of time will not be required to replace worn parts, 
and he also must organize a service and maintenance routine 
which will assure continuous operation efficiently. 

Continuous operation is not always necessary. In some fields 
the ability of the oil sands to give forth their contents is so limited 
that the capacity may be produced by intermittent operation, and 
careful planning will permit this to be done efficiently. If a 
field is produced at a lower rate than capacity, intermittent 
operation may be economical; however, the effect of a shutdown 
must be considered since many wells’ will be harmed if water 
enters the producing zone. 


' Division Superintendent, Shell Oil Company, Inc. 

Contributed by the Petroleum Division and presented at the 
¢troleum Mechanical Engineering Conference, Amarillo, Tex., 

tober 3-6, 1948, of Tue AMERICAN SocreTyY OF MECHANICAL 
NGINEERS, 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—PET-6. 
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If down time through failure is to be avoided, equipment must be 
kept in good operating condition, and imminent failure should 
be determined before a breakdown occurs. Three types of main- 
tenance and repair service are required if the surface equipment 
is to be kept in first-class shape: (a) Routine service at fre- 
quent intervals to determine that the wells are pumping properly, 
to perform miscellaneous services such as adding oil and water to 
gas engines and lubricants to bearings, and to gage production 
rates; (b) preventive maintenance at infrequent intervals to 
determine engine performance and to inspect for worn or loose 
parts which may result in breakdown; (c) repair work as required 
to overhaul engines and replace faulty parts. There is no master 
plan which may be adopted to fit all conditions or fields, but if 
adequate preventive maintenance is inaugurated and devices are 
installed to do as much of the routine services as practical, it will 
be found that the time and work involved in pumping and down 
time from failure will be relatively small. Numerous devices 
have been developed to perform various services on oil-well 
pumping equipment, and they are listed with a brief description 
of their construction and function without regard to the novelty or 
desirability of exact application. 


SpecrAL Devices ror O1r-WELL Pumpinc EquIPpMENT 


Speed Regulation. If the maximum production is to be realized 


without excessive overpumping, close speed regulation is neces- 
sary. Electric-motor drives pose no problem other than proper 
design, since the induction motor is essentially constant speed. 
They do have the disadvantage that the speed cannot be readily 
adjusted to changing conditions. Gas engines equipped only with 
maximum-speed governors need frequent checking; the throttle © 
must be adjusted manually to the desired speed and the setting 
may tend to change over a period of time. Also, until stable 
pumping conditions are reached, return trips to adjust the 
throttle often may be necessary. 

A device known as a “‘Vacontrol,” Fig. 1, has been developed 
to correct this. The Vacontrol is a throttle control actuated by 
the intake-manifold pressure. It consists of a cylinder piped 
to the intake manifold, and a piston connected through a linkage 
to the throttle. An adjustable spring controls the movement of 
the piston, and a lag valve, placed between the cylinder and the 
intake manifold, damps the fluctuations in pressure which tend 
to make the control surge. An idling screw and manual control 
lever complete the assembly. 

It is the purpose of the control to adjust the throttle by the 
load instead of by the speed as is done with a conventional 
governor. In normal operation the spring is adjusted so that 
when the plunger is at the extreme end of its travel, the throttle 
for pulling the maximum load expected is obtained; thus any 
reduction in load will reduce the throttle. If the load is properly 
balanced, there will be no movement of the throttle; if not, the 
throttle will be adjusted to load changes as they occur. If 
extreme unbalance exists, the lag valve prevents the piston from 
moving rapidly enough to keep up with the changing load and 
the engine will die. ; 

The Vacontrol serves four purposes: S 


1 It smooths out erratic motion. 
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2 It serves as a safety shutoff when the load becomes 
out of balance. 

3 It permits the engine to be declutched and re-engaged with- 
out manually adjusting the throttle to the proper operating speed. 

4 Ifa well has been shut down and must be pumped up (such 
as occurs after a pulling job), the Vacontrol will adjust the 
throttle to the load automatically until stable conditions are 
reached. This avoids return trips to the well to adjust the engine 
speed. 
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Lubricating and Cooling Systems. The regularly equipped gas 
engine requires frequent additions of oil and water. When the 
work is performed manually, there is a tendency to overfill 
the crankease, which is wasteful in itself, and although the 
time involved in servicing one engine may be small, collectively a 
number of engines consumes a surprising amount of time. A 
practice which is becoming widespread is the storage of adequate 


amounts at each eggine so oil and water can be added auto- 
matically, maintaining constant levels. There are suitable float 
valves available for this purpose; one of them suitable for the 
control of water in the radiator is a humidifier control valve which 
is snap-acting and self-cleaning, Fig. 2. Working parts of the 
valve are above the water level to reduce corrosion and scale ac- 
cumulation. An oil-float valve has been developed specifically 
for maintaining an accurate oil level; it is equipped with a screen 
filter, visible sludge chamber, sight glass, and vacuum breaker fot 
engines which operate with a vacuum in the crankcase, Fig. 3. 
Another type is a vacuum-controlled oil-level regulator, Fig. 4 
It consists of an airtight drum, piped from the bottom to the 
engine crankcase. An air-vent tube connected to the top is 
adjusted so its free end touches the oil at its proper level; when 
the level drops below the vent-tube opening, air is admitted to the 
top of the drum, allowing oil to drain into the crankcase until 
1 surface 
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Fig. 4 Crankcase Vacuum Controu 

the intake manifold connected to the top of the drum, with a re- 
stirctor, draws a very small quantity of air continually through 
the air-vent tube; this compensates for atmospheric-temperature 
changes and draws any excess of oil which might find its way into 
the crankcase back into the drum. : 

Such devices, and the storage of an adequate quantity of lubri- 
cating oil at the well, eliminate the time-consuming addition of oil 
and water at frequent intervals, and tend to reduce oil con- 
sumption and contamination. 

Bearings. Properly designed bearings in the pumping unit 
may go without service for long periods of time if an adequate 
oil reservoir is built into the bearing assembly and oil seals are 
maintained. A bearing requiring no lubrication has been used 
in some areas with success, Fig. 5. It consists of a graphite- 
impregnated plastic block with a long-fiber-asbestos binder, 
molded under 6000 psi. Its compressive strength is some 11,500 
psi determined on a 3-in. unsupported cube, and it has a Brinell 
hardness of about 84. Some of these have been in use for 8 years 
Without failure or measurable wear. Their particular use in 
dil-field equipment has been confined to the overhead members 
such as the upper Pitman and Sampson-post bearings which are 
difficult to lubricate. 


Automatic Shutoffs* If a pumping unit is to operate without 
frequent service and inspection, safety devices to shut the unit 
down in the event of failure are as necessary as devices to elimi- 
hate frequent lubrication. Electric motors may be protected 
with overload heater relays, although a more foolproof and 
sensitive device is the ‘“Thermoguard” which consists of a thermo- 
statically operated switch built into the motor winding. It has 
the advantage of breaking the circuit if the motor itself over- 
heats from any reason such as fire or “‘single phasing.” 

Gas engines may be protected by oil-pressure and thermo- 
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event necessary engine auxiliaries fail. Other shutoffs, such as 
inertia switches on walking beams, and pressure-operated switches x“ 
of air counterbalance units, are also available. 7 

Stripper wells which operate part time may be shut down by 
clockwork if they may be operated on a fixed schedule. Another 
device which has found some application consists of a bucket on a 
switch lever hung under the outlet of the flow line. A small hole 
in the bottom permits oil to flow out, but at a slower rafe than it 
enters if the well is pumping. 
bucket empties and opens the switch controlling the prime 
mover. 

Automatic Starters. Stripper wells which operate part time 
may be started by clockwork if they are pumped electrically. In | 
general, a group of wells operated under this system should 
operated on a staggered schedule in order to keep the power _ 
demand low. 

Power failure, even for short duration, will shut down an _ 
electrically operated lease. 
start the motors when the current comes back on, the high start- 
ing currents may be too severe for the power system. Toprevent _ 
this, delay switches must be used. Several types are available. 
Among the more common are motor-driven cams, dashpots, and 
thermostats. In each, the principle is to delay the application © 
of current to the holding coil for a predetermined time after the _ 
circuits have been energized. No known attempts to start — 
gas engines automatically have been made. It is doubtful that — 
automatic engine starting will ever find much application, since _ 
shutdowns usually indicate trouble in the unit itself. 

Counterbalancing. The need for proper counterbalancing is 
accentuated if close attention is paid to economical equipment _ 
selection and operation. The need for readily variable counter-— 
balancing does not appear to be universal, but certain wells cause | 


When the well pumps off, — 7 


If the line starters are connected to _ 
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PREVENTIVE MAINTENANCE 


If pumping equipment is to operate without failure, a well- 
planned preventive maintenance program must be devised. 
Particularly, if frequent servicing is limited to the very cursory 
inspection made possible by the devices outlined, the entire 
mechanism should be serviced thoroughly and inspected at in- 
frequent but regular intervals. Experience indicates that such 
intervals may be extended to as much as 2 months, although when 
it is realized that a period of 1400 hr is equivalent to some 40,009 
miles of ordinary automobile operation, the need for service that 
is thorough is apparent. 

Preventive maintenance should include inspection of all parts 
of the machinery; lubrication of all wearing surfaces; adjust- 
ment, repair, or renewal of faulty parts such as bearings, clutches, 
belts, horsehead cables, and ignition, cooling, and lubricating 
systems; testing of engine conditions to determine performance 

and a report of all services performed and conditions not« 
allow an intelligent appraisal of the need for major repairs. 
value of a written report cannot be overemphasized; it serve: 


VACUUM FROM ENGINE 
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( DUPLICATES MOTION OF WALKING- check list to assure that all necessary services are performe: 
> at proper intervals; it reports poor operating conditions v 
Fic.6 Dracram or Automatic COUNTERBALANCE call for a ghange in equipment, and provides a history usef 


evaluating performance and need for repairs. A simple se 
trouble of this nature. It is interesting to note that an auto- memorandum is sufficient, and the desirability of recording 
matic counterbalance has been developed which is easily adapted of the services is apparent, Fig. 7. However, discussion 
to any air-counterbalanced unit, Fig. 6. With a gas-engine prime few of them with the tools used may be pertinent. 
mover, two chambers connected through a timing valve to the Horsehead Cables. The usual horsehead cable, babbitted t 
engine manifold are used. The timing valve is actuated so one carrier bar, may give considerable trouble in a corrosive at 


; determ 
chamber is exposed to the manifold pressure during part of the — phere if it does not have proper care. Periodic lubrication . 

upstroke, the other during the counterpart of the downstroke. lengthen the life, and a galvanized cable is now available w prograr 


If perfect counterbalance exists, the pressures in the two cham- promises to resist corrosion. At best, the wire line adjacent to 
bers are equal; if not, a diaphragm between the two chambers _ babbitted socket is subject to early failure due to the effect of heat @ 
actuates a valve in the air-counterbalance system, varying the while attaching the socket. One carrier bar now available avoids 
pressure until proper balance exists. If an electric-motor drive is this; it is so formed that the wire line may be carried around it in 
used, solenoids are substituted for the vacuum chambers. One back of the polish rod while maintaining a vertical pull to avoid 
of these devices has demonstrated its ability to maintain proper _ bending in the polish rod, Fig. 8. Thus the horsehead cable may 
balance even when the polish rod parted. 7 at ae be made continuous by joining the two ends with wire line 
fe (rand Rian. clamps. Cables so installed may be replaced easily, and by mov- 
iatewry, ilndabons ing them from time to time, bending fatigue in one spot may be 
It would be ideal if it were never necessary to visit a well which reduced and the life increased. 
was performing properly. Achievement of such a goal in the Fuel Adjustment. The carburetor adjustment is quite impor 
near future does not appear likely, but an approach lies in radio tant. On natural gas an engine with a lean mixture sounds 
transmission, which has been tried in certain areas. Transmis- smooth and sweet, but it will be found that the excess oxygen and 
sion of all performance data would be quite complex, so efforts high cylinder temperatures will burn valves and oil and clog the 
have been confined to the transmission of poor performance. — ring slots. Temperatures may be reduced appreciably, avoiding 
An arbitrary selection of standards is made, and transmission — this trouble, if the carburetor is adjusted to an air-fuel ratio 
occurs only when the standards are not maintained. The signal about 12.8 to 1. An exhaust-gas analyzer is the most practita! 
transmitted indicates only that failure has occurred and that a method of determining this; one of the types which is rugged and 
visit to the well is necessary. easy to use is an instrument which applies the thermal condut 
The equipment has three components; an initiator such as a tivity principle. In this, two spirals of platinum wire are él 
pressure gage with electrical contacts set at the upper and lower closed in separate cells encased in a solid metal block to insure 
limits of satisfactory values; a transmitter having a crystal-con- equal temperatures. One cell is filled with a standard gas with 
trolled oscillator and a tone modulator; and a crystal-controlled | known characteristics; the exhaust gases fire passed through the 
superheterodyne receiver, equipped with decoding and indicating other cell. Each coil forms one arm of a Wheatstone bridge 
devices. The keying mechanism in the transmitter is automatic through which a constant current flows, heating the spirals. The 
in its cycle, which requires a maximum of 5 sec, and 400 combina- _loss of heat through the gases surrounding the spirals is dependent 
tions of pulses are possible. The short transmission time and on the thermal conductivity of the gases. Hence by me -asuring 
remote likelihood that two wells will fail simultaneously allow as the resistance, the temperature difference may be determined 
many as 400 wells to be controlled. The receiver, with its filters, which is a measure of the difference in thermal conductivities 
relays, and decoding devices, may signal with lights, buzzers, or The air-fuel ratio is proportional to the thermal conductivity, § 
graphically. the Wheatstone-bridge galvanometer reading is a direct indicat? 
Such radio transmission has been used to indicate pressures at of the mixture. 
flowing wells and gas-engine performance successfully, and offers Engine Performance. 


TROUBLE CALLS 


The speed of the engine is measured © 
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Unit No, PUMPING UNIT AND GAS ENGINE Date 
SERVICE MEMORANDUM 
Location By 
Work Symbols: OO — Bxamine: O = Repair: X = Adjust + = Renew: - = Clean 

Head Gear Bax Compression: Carburetor 
cylinders High Speed Shaft A 63. | Regulator 
Pistons Low Speed Shaft #6 Air Cleaner 
Pins Brake Oil Pressure Governor 
Rings Idler Pulley Oil Switch RPM 
Rods Crosshead Bearing Oil Temperature Vacuum-load 
Main Bearings Outboard Bearing Oil Filter Vacuum-Idle 
Crank Shaft Drive Belts Oil Screen Radiator 
Cam Shaft Wrist Pin Oil Change Water Temp. 
Oil Pump Pitman Bearings O41 Consumption Water Pump 
Timing Gears ‘Sampson Post Bearing Magneto Fa 

Walking Bean Spark Plugs Fan Belt 

Wuffler Horsehead Cable Wiring Hose 

j Clutch Base & Fndtn. Bolts Starter Lube Motor 

Housekeeping Oenerator Lube Pumping Unit 
Fic. 7 Preventive MaInTeENANCE CHECK LIST 


determine if it lies in the optimum range, and from vacuum read- and improper application may be the key to many engine failures. 
ings the horsepower may be determined. The finest maintenance The water temperature, oil-temperature, oil-consumption, 
program will be of little avail if engines are not properly loaded, and compression values are excellent guides to engine wear. 
Another tool with considerable value is a periodic analysis of 
the crankcase oil. Samples are withdrawn from the bottom of the 
crankease and analyzed for such properties as viscosity, sludge, 
water content, and foreign matter from which may be deter- 
mined high piston temperatures, clogged oil-ring slots, dirty air 
cleaners and oil filters, contaminated oil-can measures, improper 
ignition, bearing wear, and high and low crankcase-operating 
temperatures, Fig. 9. Such a service provides an excellent con- 
trol but is of greater value to the mechanic who uses it intelli- 
gently as a tool. One value of such analyses is indicated by the 
experience that many engines operating under optimum condi- 
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tions have not required repair or an oil change in more than 2 
years when dependence has been placed on service records and 
oil analyses. value is the number of engines 
which have been discovered with serious faults which undoubt 

edly would have broken down had dependence been placed only 
upon a cursory inspection and service. Oil analyses also may be 
applied to gear cases to determine oil contamination and wear of 
bearing surfaces. 


However, of more v 


PROBLEM WELLS 


In spite of proper application of gas engines, problem wells and 
conditions invariably will be encountered, one of the most serious 
of which is temperature variation in the crankcase, leading to 
condensation and contamination of the lubricant. This condi- 
tion is often found where equipment issubject to climatic variation, 
and several devices have been developed to assure a more uni- 
form temperature. 

Radiator Shutters. Radiator shutters, Fig. 10, 
supply of air to the radiator and are usually operated by a vacuum 
cylinder through a thermostatic relay mounted between the en- 
gine head and radiator. They are quite effective in maintaining 


control the 


a uniform temperature around an engine waich is properly 
housed. 
Thermally Controlled Fans. 


Thermally controlled fans, Fig. 


Fic. 10 Rapiator SHUTTERS 


11, have found considerable application. One type depends on 
thermal power to vary the pitch of the fan blades in accordance 
with the temperature. Thermostatic materials confined in a cup 
act directly on a piston to create the power to control the blades, 
and no relay or outside source of power is necessary. The fan 
pitch may vary from 0 to 35 deg, and, in addition to the tempera- 
ture control afforded, fan horsepower may be reduced at times 
with some saving in fuel. Another type is essentially an electric 
clutch. The ‘Totating meee of the son varies according | to the 
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electric current in the field which is thermostatically controlled 
through a relay. A source of direct current is necessary for this 
device. 

Vapor-Phase Cooling. Vapor-phase cooling was designed | 
eliminate hot and cold spots around the cylinder walls. Th 
jacket water is maintained at or near 212 F, and heat is withdraw! 
from the engine by flashing the water into steam at its exit from 
the engine, condensing it to water in the radiator, and reci 
culating it at a temperature near boiling. 

Jacketed Crankcase. In order to obtain more uniform temper 
tures, crankeases occasionally have been jacketed to be included 
in the cooling-water system. It is understood that this has bee! 
found particularly useful in areas where contamination of lub" 
cating oil from the fuel is experienced. 


PREVENTIVE AND CORRECTIVE MAINTENANCE 


Since wide spacing and remote locations are conditions usus"! 
faced by the oil producer, traveling time and transportation “ 
materials are major factors in any service program. Further 
more, it is recognined | that any successful progr 


must 
It is 
opera 
routil 
or evi 
will si 
prope 
long t 
Hay 
would 
maint 
tions 
spect 


0st oO] 


? 
4 


GREGORY—FIELD CONTROL OF OIL-FIELD PUMPING EQUIPMENT 


must be directed toward both preventive and corrective measures. 
It is not desirable to spend much time on equipment that is 
operating properly, so the preventive phases should be made as 
routine and simple as possible. Provision of tool trucks, Fig. 12, 
or even small traveling shops especially designed for the purpose 
will simplify the routine portion of the work, and adequate and 
properly arranged tools and repair parts on the job may avoid 
long trips to find parts. 

Haphazard installations of special devices on all pumping units 
would not be sound, nor would the inauguration of a preventive 
maintenance program without both consideration of the condi- 
tions involved and the benefits to be gained. The cost of in- 
spection and preventive maintenance must be balanced with the 
ost of down time and repairs avoided, and each area must be 


evaluated properly. It has been demonstrated that even in 
fields where complex conditions exist and multiple sizes and types 
of units are used, pumping service of 40 to 60 wells per man is 
within reason. Also, a preventive maintenance program under 
the same conditions can be carried out at the rate of 50 units per 
man with 20 per cent of his time allowed for corrective measures 
and emergency repairs. It is emphasized that any program 
should be directed toward corrective measures; repairing a 
failure is usually more expensive than correcting a fault. Pre- 
ventive maintenance can be made routine whereas failures are 
unpredictable, and, if primary work is routine, more attention 
can be directed to the corrective measures which in the end will 
assure the producer of steady, economical operation without 
costly failure. 


frictio 
supple 
sidera 
advan 
while 
teristi 
eratio' 
acteri: 
sidera’ 
means 


U 
serious 
increas’ 
inheren 
inereasi 

In 1! 
junct te 
when d 
advant: 
compris 
type of 
now be 
of draw 

Beca 
as well ; 
more ec 
that the 
ble for d 
they are 


The 1 
the larg 
that the 
Works y 
dissipat 

neti 
‘ilicate, 
higher 
tion dist 
of 500 


Understo, 
of the So 


Operating Characteristics and Requirements 


of Drawworks Brake Equipment 


a 


By R. G. De La MATER,' PARKERSBURG, W.VA. 


In this paper an analysis is made of the operating char- 
acteristics, capacity, and limitations of the mechanical 
friction brakes and of the hydraulic and electric types of 
supplemental dynamic brakes used on drawworks. Con- 
sideration is then given to the relative advantages and dis- 
advantages of various methods of drawworks operation 
while running in the drill pipe. The speed-load charac- 
teristics of the drawworks, for a preferred method of op- 
eration, are then compared with the speed-capacity char- 
acteristics of the several available brake systems. Con- 
sideration is also given to the requirements of the driving 
means for supplemental dynamic brakes. 


INTRODUCTION 


P to the time that the majority of oil wells did not exceed 
3000 to 4000 ft in depth, the design and operation of the 
brake equipment of drilling hoists did not present any 

rious problems. However, with the drilling of wells to ever- 
rreasing depths beyond 4000 ft, it was found that, due to their 

inherent limitations, mechanical friction brakes were becoming 

increasingly inadequate for either safe or economical operation. 

In 1932 the hydrodynamic brake was introduced as an ad- 

inet to the mechanical friction brakes of drawworks and rapidly 

ewme recognized not only as a solution to the braking problem 

hen drilling to depths of 5000 ft or more but also as a distinct 

lvantage when drilling to lesser depths. The brake system 

mprising the combination of mechanical brakes with some 
type of supplemental dynamic type of “energy dissipator’”’ has 
now been adopted practically universally for all but the lightest 
of drawworks. 

Because of the great depth to which wells are now being drilled, 
4s well as the present great interest in speedier, more efficient, and 
more economical drilling operations at all depths, it is essential 
that the characteristics and limitations of the brakes now availa- 
ble for drawworks be examined in the light of the service to which 
they are being subjected. Such is the purpose of this paper. 


MECHANICAL-FRICTION-BRAKE LIMITATIONS 


The manufacturer properly provides on each size drawworks 
the largest and most efficient mechanical-friction-brake assembly 
that the design limitations and operating conditions of the draw- 
works will permit. However, the capacity of these brakes to 
lissipate energy, in the form of heat, has definite limitations 
which for intelligent operation should be understood thoroughly. 

Friction-brake lining is made up of asbestos, a filler, and a 
binder. If asbestos, a fibrous crystalline form of magnesium 
ilicate, is heated to 500 F for sustained periods, or subjected to 
higher temperatures for shorter periods, its water of crystalliza- 
tion distills off, thus reducing it to a white dust. Temperatures 
if 500 F also will cause oxidation and deterioration of organic 


‘The Parkersburg Rig & Reel Company 
Contributed by the Petroleum Division and presented at the Pe- 
tum Mechanical Engineering Conference, Amarillo, Tex., Octo- 
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a Statements and opinions advanced in papers are to be 
of ees as individual expressions of their authors and not those 
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binders, and generally adversely affect the frictional characteris- 
tics of the lining. 

With mechanical friction brakes the energy to be dissipated is 
converted into heat at the friction surface. As illustrated in 
Fig. 1, a temperature differential, the equivalent of voltage drop 
in the case of electrical circuits, is required to conduct this heat 
through the rim away from the friction surface, through any 
scale deposit or other fouling on the inner surface and through a 


FRICTION SURFACE 


Fic. 1 TEMPERATURE GRADIENT THROUGH RIM oF WATER- 
CooLep MEcHANICAL FricTION BRAKES FOR DRAWWORKS 


water film to the circulated cooling water. As a typical example, 
if 7, the temperature at the friction surface, is 500 F, and if T,, 
the temperature of the cooling water, is 80 F, 7; at the inside sur- 
face of the rim may be 372 F, and 7; at the inside surface of the 
scale deposit may be 245 F. The temperature differential through 
the rim causes the friction surface to be in compression and the 
inner surface to be in tension. The resulting stresses at the rim 
surfaces cannot be determined by exact analysis but approximate 
calculations indicate, for a temperature differential of 128 F, 
that they may be in the order of 30,000 psi. 

It is obvious, therefore, that the physical limitations of both 
lining and rims dictate brake operating temperatures not ex- 
ceeding 500 F, and many authorities recommend temperatures 
of 400 F or less. 

Calculations for brake capacities are frequently based upon 
arbitrary values of allowable unit pressure between lining and 
rim or horsepower that may be dissipated per unit of friction 
surface. These are not satisfactory as a basis for determining 
the capacity of drawworks brakes, unless there is also taken into 
account the all-important consideration of providing for the dis- 
sipation of the heat. A proper approach is to consider the 
problem on the basis of thermal capacity to dissipate heat, and 
while the scope of this paper does not permit the development of 
such an analysis, the results are shown in Figs. 2 and 3. 

Modern drawworks recommended for 6000-ft drilling are 
equipped with two water-cooled friction brakes which average 
43 in. diam X 8 in. face and 15 sq ft total circumferential area. 
Specifications generally list a supplemental energy-absorption- 
type brake as optional, but specifically recommend its use for 
depths of about 5000 ft. The diagram in Fig. 2 clearly indicates 
that for this size rig and to hold mechanical-friction-brake 
operating temperatures between 400 and 500 F, 4250 to 4500 ft is 
the maximum depth to which pipe should be run in without the 
use of a supplemental energy dissipator. 

It is important to point out that during the 15 sec of actual 
running-in time for a stand of pipe, and during which time all the 
energy is converted into heat by the brakes, only about 20 per 
cent of the heat is actually conducted to and carried away by 
the cooling water. The balance, approximately 80 per cent of the 
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heat, is stored in the rim, with the result that there is an appre- 
ciable increase in rim temperature. The remaining 45 sec of the 
round trip are required for this stored heat to be conducted to and 
carried away by the cooling water with an accompanying de- 
crease in rim temperature. As shown in Fig. 2, for the 4250-ft 
stand and a surface rim temperature at the start of 382 F, the 
temperature will increase to 494 F by the time the stand is run-in 
and then drop back to about 382 F before the next stand is run. 
The high rim temperature itself, averaging 438 F at 4250 ft, is 
required to provide the necessary temperature differential for 
conducting the heat from the friction surface to the cooling water. 
As the weight of suspended load becomes greater and the energy 
to be dissipated increases, the temperature must also increase. 

Drawworks now recommended for 12,000-ft drilling are 
equipped with two mechanical friction brakes averaging 54.7 in. 
diam X 10.5 in. face and 25 sq ft total circumferential area. In 
addition to the mechanical brakes, these drawworks are equipped 
universally with a supplemental dynamic energy dissipator. 
The diagram in Fig. 3 indicates that with this size rig, and under 
normal conditions of operation, 6500 ft is the maximum depth to 
which pipe should be run-in without the use of the supplemen- 
tal energy dissipator. 

The tabulations accompanying Figs. 2 and 3 show the weight 
of suspended load used in the calculations from which the rim 
temperatures were determined and the ratio between these 
weights and the brake-rim area. On the basis of these ratios the 
following thermal rating for mechanical friction brakes, in terms 
of weight of suspended hook load per square foot of cireumferen- 


Temperatures Devevopep at Friction Surrace OF MECHANICAL- 


Friction-Brake Rims Wuen Runninc-In Pipe Wire Mecwanicau 

me (For drawworks recommended for 12,000-ft drilling.) 


For average conditions of operation, assuming 15 sec for 
ing a 90-ft stand and 1 min per round trip, and a buoyancy 
for the mud of 0.85, the maximum ratio of hook load (air weight 
to drawworks brake-rim area is 5900 psf. 

Corresponding calculations for other speeds of operation dem- 
onstrate a very important factor, i.e., that without exceeding sale 
operating temperatures, for each increase in time of running in 4 
90-ft stand and round trip by 3 sec, the allowable hook load is in- 
creased by approximately 300 lb per sq ft of brake surfacc 
the allowable depth of operation increased accordingly. For 
faster speeds of operation the allowable hook load is decreased 
accordingly. 


Dynamic EnerGy DIssIPpAToRS 


In contrast with the capacity limitations of mechanical friction 
brakes, dynamic-energy-dissipating devices are now availal 
in a range of sizes and capacities to meet every drilling conditio! 
and requirement of the present or foreseeable future. 

There are two basic types of dynamic energy dissipator 
“hydrodynamic” and the “electrodynamic” (eddy-currel 
Both types may be driven from the drum shaft in essentially the 
same manner, and both develop resistance only when in moto! 
Beyond these two points their characteristics are generally que 
different. 

Neither of the two types can actually stop and hold a loa 
functions implied at least by the term “brake,”’ and consequent) 
neither type can entirely replace the regular mechanical frictio! 
brakes. Hence the author has chosen generally to designal® 
both types as “supplemental energy dissipators,’’ and to bring 


| 


out 

tual] 
W 

by f 


veins 


Wii 
regu 
this | 
disp! 
sipat 
It is 
empt 
durir 
Th 
volur 
the r 
infin 
of ste 
the 
pipe. 
Fo: 
pacit 
speed 
sistal 
opera 
of spe 
sudde 
much 
ing re 
If f 
runnil 
evacu 
time f 
Wit 
currer 
the m 
generz 
to the 


of the 
directi 
ing wa 
Tate 
runnin 
trip w 
signal | 
is not s 
ing lim 


700 
4 
* AIR WEIGHT 
effect 
and a 
tude ¢ 
heat a 
capaci 
at a rs 
conver’ 
conside 
the fiel 
or d-c 


De La MATER—OPERATING CHARACTERISTIC: 


out in later discussion the difference in degree to which they ac- 
tually are supplemental. 

With the hydrodynamic type, resistance is created exclusively 
by fluid friction and agitation of water circulated hetween the 
veined pockets of the rotor and stator elements, 
from mechanical energy to heat takes place directly within the 
water itself. The water required is generally supplied by the 
regular service pump for the rig. During the running-in of a 
stand, and while revolving in the direction to create resistance, 


The conversion 


this type induces its own continuous inflow of fresh, cool water to 
displace the heated fluid. As a consequence the energy is dis- 
sipated at the same rate it is generated by the descending load. 
It is not necessary for the brake to be rotated while raising the 
Nor in any case is water circulation required 
during that period. 

The resistance at any speed is adjustable by regulation of the 
volume of water being circulated through the veined pockets of 
the rotor and stator. Depending upon the type of installation, 
infinitely close regulation or regulation in any desired number 
of steps may be obtained by simple 


empty blocks. 


valve arrangements to vary 
the rate of flow or vary the head of water in a supply stand- 
pipe. 

For any setting of the resistance control the horsepower ca- 
pacity increases approximately in proportion to the cube of the 
peed; for example, if the speed is doubled, the horsepower re- 
sistance is increased 8 times. 
operation, the resistance is immediately responsive to any change 
of speed or setting of the resistance control. However, for any 
sudden appreciable change in either, there may be a time lag of as 
much as | or 2 see during which the water circulation and attend- 
ing resistance rapidly but smoothly re-establishes itself. 

If for any reason the water supply should be cut off during the 
running-in period, the water in the casing, and until completely 


In starting from rest or while in 


evacuated, will keep the speed sufficiently in check to give ample 
time for the mechanical brakes to be applied. 

With the electrodynamic type, resistance is created by eddy 
currents produced by rotating an iron armature drum through 
the magnetic field of stationary electromagnets. The heat thus 
generated at the surface of the drum is dissipated by convection 
to the cooling water circulated around the coils and drum. To 


ht effect this heat transfer to the water there must be a time element 

and a temperature differential between rim and water, the magni- 
i” tude of each depending upon the amount of energy being dissi- 
afe pated and the rate of flow of cooling water. To dissipate the 
na 


heat approximately as generated, when operating at maximum 
capacity, would necessitate circulating water around the rotor 
ata rate of about 200 gpm. However, since the flywheel effect 
of the rotor is not appreciable, the rotor is turned in the opposite 
direction during the raising of the empty blocks and by circulat- 
ing water continuously at only about 25 per cent of the maximum 
rate otherwise required, the heat stored in the rotor during the 
running-in of a stand is dissipated during the time of the round 
trip without exceeding allowable operating temperatures. A 
signal horn is provided to blow in the event the water circulation 
is not sufficient to keep the drum temperature within safe operat- 
ing limits. 

The resistance at any speed is adjustable by regulation of the 
direct current used to excite the field coils. For maximum re- 
Sistance only about 70-amp or 7-kw excitation is required, and 
this is usually available from the stand-by light plant of the rig. 

the case of an alternating-current supply, a rectifier is used to 
Convert the current to direct current. The manufacturer has 
considerable latitude of choice in selecting means of regulating 
the field-coil current. The control system now used for either a-c 
or d-e supply is a four-contactor drum switch, giving a choice 
of four degrees of resistance, and as it is an easy matter to move 
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through the various contacts to control the load at the desired | 
speed. 

For any setting of the resistance control the horsepower ca- 
pacity increases approximately in proportion to the 1.25 power _ 
of the speed; for example, if the speed is doubled, the horsepower : 
resistance is increased 2'/; times. In starting from rest or while 
in operation, the resistance is immediately responsive to any 7 
change in speed, and for any sudden appreciable change in the : 
setting of the resistance control, there is but a fraction of a second 
lag in the excitation of the field coils and corresponding change in _ 
resistance. 

Fig. 4 illustrates the speed-horsepower characteristics of two _ 
approximately comparable sizes of electrodynamic and hydro- 
dynamic energy dissipators when operated with the maximum 
setting of their respective resistance controls. These curves are 
also characteristic for each type with lower settings of their re- 
sistance controls. 
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COMPARATIVE CHARACTERISTIC CURVES OF ELEcTRODY- 
AND HyprRopYNAMIC SUPPLEMENTAL ENERGY 
AND OF MECHANICAL FRIcTION BRAKES 


It will be noted the capacity of the 40 DR hydrodynamic 
equals that of the 5032 electrodynamic at 320 rpm and the 6032 
at 420 rpm; also, that due to the difference in speed-horsepower 
characteristics, its capacity increases more rapidly than the 5032 
above 320 rpm and decreases more rapidly below 320 rpm. The 
capacity of the 60 SR hydrodynamic equals that of the 5032 
electrodynamic at 170 rpm, and of the 6032 at 230 rpm. In the 
high range of speeds, both the electrodynamic and hydrodynamic 
types have capacities well in excess of the requirements of any 
drawworks application. At the very low speeds of operation the 
capacity of the hydrodynamic type is negligible. 

Further to illustrate the capacity characteristics of the two 
types, there is also shown in Fig. 4 the speed-horsepower curve 
for a freely falling body of sufficient weight to develop the same 
horsepower at 230 rpm, as the hydrodynamic and electrodynamic 
energy dissipators. The curve of the electrodynamic type prac- 
tically parallels this curve whereas the curve of the hydrody- 
namic is steeper. To illustrate the limited capacity of mechanical 
friction brakes, as compared with these dynamic energy dissipa- == 
tors, Fig. 4 also shows the horsepower curves for two 54.7-in- are 
diam X 10.5-in-face brakes, calculated on the basis of the ther- 7 x a 
mal rating as given in this paper. , 
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Fig. 5 more clearly illustrates the speed-horsepower character- 
istics of the two types of supplemental energy dissipators with 
respect to drawworks application, and also illustrates a basis for 
selecting a size to meet any general set of operating conditions. 
The example is for a drawworks having a 28-in-diam drum with 
the line unspooling from the second layer and for eight 1'/sin. 
lines strung through the blocks. Since the time scale is for total 
seconds required to run-in a stand, average values throughout 
the total elapsed time of running-in a stand must be used for 
the pipe speed scale and for the horsepower curves. The horse- 
power curves for the energy dissipators show their capacity for 
these average speeds. The horsepower curves for the sus- 


pended load are based upon calculated air weight of the loads as 
well as these average speeds. 
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Fic. 5 Typrcat PERFORMANCE DIAGRAM OF SUPPLEMENTAL EN- 
ERGY DIssIPATORS AND MECHANICAL FRICTION BRAKES FOR DRAw- 
WORKS APPLICATION 


(Drum diameter 28 in., eight 1!/s-in. lines. Line unspooling from second 
layer (313/s in. diam).] 


; i. actual rate at which horsepower must be absorbed by the 
energy dissipators varies widely throughout the running-in of a 
stand and is affected by highly variable factors of speed, fric- 
tion, buoyancy of the fluid, ete. The averages of these actual 


horsepowers, if they could be determined accurately, would be _ 


less than the averages shown by the diagram. However, the | 


actual horsepower capacity of the dissipators also varies with 


speed throughout the descent. These variable factors compen-— 
sate for each other in this type of diagram, and field data and ob- 

servations have shown that for any desired total elapsed time of 
running-in a stand, the intersection on the diagram of the time — 
scale and the capacity curve for a given-size dissipator indicates" 
satisfactorily the maximum load which should be handled with 
that dissipator. Also shown on this diagram is the thermal- 
horsepower capacity-rating for two 54.7-in-diam X 10.5-in-face 

mechanical friction brakes, the average size furnished on draw- 

works which also would be equipped with one of this size dissi- 

pators. 


METHODS OF SPEED ConTROL WHEN RUNNING-IN DRILL PIPE 


The most practical method of speed control when running-in 
a stand is the one which, in consideration of the characteristics 
and limitations of the brake equipment, can be depended upon 
consistently to get the bit on bottom as speedily as is compatible 
with economy and safety. 

Fig. 6 illustrates a preferred method of operation when the 
brake system permits its use. Although this figure is based on 
running-in a 90-ft stand in 15 sec, the curve is characteristic of 
runs made with other-length stands or in greater or shorter lengths 
of time. It will be noted that approximately 3 sec are required 
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to accelerate the speed from rest at I to the maximum velocity at 
II. The rate of acceleration is slow at first, due to inertia and 
static friction, but after these are overcome, it becomes substan- 
tially uniform. The transition from the acceleration period to 
period of uniform velocity is rapid but smooth. By maintaining 
the maximum safe velocity for the conditions of operation during 
the 10 see between IT and III, the stand is lowered in the shortest 
possible time. In the final 2 sec, from III to IV, required to | 

the load to rest, the deceleration starts rapidly but smoothly 

the final stop at IV is made without shock or jolt. 

To consistently approximate this method of operation 
mechanical friction brakes requires the close attention and : 
ness of the driller. It also requires that the brakes be 1 
tained in first-class condition and not overloaded. 

This method of operation may be closely approximated 
the electrodynamic type of supplemental energy dissipator 
a manual resistance control permitting the driller to vary th 
sistance rapidly as required during the acceleration and dec 
tion periods, the resistance being substantially constant du 
the period of uniform velocity from II to III. The mecha 
brakes must be applied to bring the load to stop at IV. 

This closely approximates the operation with a hydrodyn 
type of supplemental energy dissipator which, without chang 
the resistance control during the entire time of running-in a st 
automatically permits the load to accelerate from I to II, 
then automatically governs or holds the speed substantially 
stant from II to III. However, at III, the start of the dece 
tion period, the mechanical brake must be applied to fi 
bring the load to stop at IV, 

Also shown in Fig. 6 is a method of operation more comn 
followed when using mechanical friction brakes only, and by 
operators when using electrodynamic supplemental energy « 
pators. 

When using this method, and to run-in a stand in the san 
sec, requires that the speed must be accelerated to a value a 
14 per cent higher than that for the first method described. 
acceleration period from I to II is generally somewhat lo 
The period of substantially uniform velocity, II to ITI, is gene 
shorter, and the deceleration period from IIT to IV is longer. 
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When using mechanical friction brakes only, this method does 
not require as close attention on the part of the driller, and since 
the velocity and deceleration of the load are less just prior to the 
final stop at IV, it may be of advantage if the brakes are not in the 
best condition or tend to stick or grab. 

It is a practical method of operation when using an electro- 
dynamic type of supplemental energy dissipator with its quick 
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acting resistance control and sufficient capacity at low speeds, so 
that the driller may quickly and positively vary the resistance as 
required throughout the descent. 

When using this method with any type of supplemental dy- 
namic energy dissipator, and unless some complicated form 
of automatic resistance control is also provided, any possibility of 
yutomatic speed governing is sacrificed for the reason that with 
any brake of any type and with a fixed setting of the resistance 
control, the energy-absorption capacity decreases as its speed de- 
creases. 

Another method of operation, which is a modification of the 
two just discussed, is shown by the deviation of the deceleration 
curves from V to VI. In this’case the pipe is not brought to a 
complete stop by either the mechanical brakes or supplemental 
energy dissipator but is slowed down to a speed of approximately 
0.3 to 0.5 fps at which the slips may be set. 

This practice is followed by some drillers when using mechani- 
cal brakes only and running-in to shallow depths with light sus- 
pended loads. It is frequently followed when running-in to 
greater depths and using an electrodynamic type of energy dis- 
sipator which has relatively high resistance at very low speeds. 

It is the author’s opinion that the caution which must be 
taken in using this method does not justify the very slight saving 
in mechanical-friction-brake service otherwise required for ac- 
tually stopping the load, and the possible saving of a small frae- 
tion of a second in time. 

On the basis of brake service, even if the slips are set when the 
pipe speed is as great as 0.5 fps, the energy the brakes would 
otherwise have to absorb is not more than 0.1 per cent of the total 
dissipated by the brake system throughout the descent. With a 
100,000-lb suspended weight, this is only 9000 ft-lb out of a total 
of 9,000,000 ft-lb developed during the descent. 

On the other hand, this final amount of energy is not lost but 
must be absorbed by the rotary table and substructure. An in- 
stant of inattention or carelessness on the part of the driller in 
handling the controls, or failure of controls near the end of the 
deceleration period, may result in an accident, or the rig and pipe 
being subjected to severe and detrimental suddenly applied loads. 


RELATIONSHIP BETWEEN Rate at Wuich ENerGy DevELOPED 
BY Loap Is DisstrpaTteD BY BRAKE SYSTEM 

To evaluate completely the service to which drawworks brakes 
are subjected during the running-in of a stand of pipe, it is not 
only necessary to consider the method of operation but also, in so 
far as the variable factors permit, to analyze the relationship be- 
tween the rate at which the energy developed by the load is dis- 
sipated by the brake system. 
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POWER DEVELOPED BY Loap Is Diss1PATED BY DRAWWORKS BRAKE 
Durine RunNNING-IN OF A STAND OF PIPE 


De he M. ATE R- ~OPE] ER: ATING Cc H: AR. ACTE RISTICS, , REQUIRE MENTS, DR. Awwo Ww ORKS BR: AKE EQUIPMENT 297 


For the purpose of illustration, Fig. 7 shows the results of such 
an analysis based upon using a deawwoles with 28-in-diam drum 
and 8 lines strung through the traveling block and lowering in 15 
sec, by the preferred method of operation previously discussed, 
the 90-ft stand run-in when the bit is passing the 6000-ft depth. 
The calculated indicator weight of the suspended load at the 
start of the run has been taken as 112,500 Ib. In addition to 
showing the velocity of the descending load, Fig. 7 also shows the 
rpm of the drum (and brake), the increase in suspended weight 
due to unspooling of the line, and the time rate at which the 
energy, expressed as horsepower, is developed by the load and 
dissipated by the brakes. 

Although this example is for a specific set of conditions, the 
curves are typical and illustrate the general relationship which * 
must exist between load, speed, energy developed, and energy 
dissipated at each instant during the periods of: (1) acceleration; 
(2) substantially constant velocity; and (3) deceleration, these 
three periods occurring in any method of operation. 

Acceleration Period. For this example, 3 sec are required to 
accelerate the load from rest (at I) to a velocity of 7 fps (at IT), 
and during this period the load is lowered 10 ft. 

Five known and interrelating factors permit the values for the 
curves of the acceleration period shown in Fig. 7, and to an en- 
larged scale in Fig. 8, to be adjusted with relationship to each 
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other and plotted to a reasonably close degree of accuracy. 

These factors are as follows: 


1 At any point in the descent of the load, the total energy 
which up to then has been developed, is the product of the weight 
by the distance it has fallen. Thus at-II, the total energy de- 
veloped throughout the acceleration period is 112,500 xX 10 = 
1,125,000 ft-lb or approximately 10 per cent of the total for the 
entire descent. 

2 The area under the “Hp Developed by the Load” curve 
during the acceleration period must represent the 1,125,000 ft-lb 
total energy developed throughout that period. For the curve 
as originally drawn with 1-in. vertical scale representing 200 hp 


(110,000 ft-lb per sec) and with 1-in. horizontal scale representing _ 
a velocity of 0.5 fps, the “scale conversion factor” for this rela- 
tionship is 55,000 ft-lb per sq in., and the area under the curve to | 


the original scales must be 20.4 sq in. 


3 For any instant during the descent the horsepower being is 
then developed by the hook load must equal (Hook load X ve- 
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« pated by the brakes and by friction of the rig. 


locity in ft per sec)/550, and the values indicated by the curves 
for each instant must conform with this relationship. 

4 Except at the very beginning and end of the acceleration 
period, the increase in acceleration, and corresponding increase 
in horsepower developed, should be substantially constant. 

5 For any instant of descent, the value for the “Rpm of Drum 
and Brake” curve may be calculated from the ‘Velocity of De- 
seent” curve. 


It is obvious that since the acceleration period ends at II, at 
that point the 1,125,000 ft-lb total energy up to then developed 
by the load must become balanced by the sum of the energy 
stored in the system as a result of acceleration and that dissi- 
Also, for the ve- 
locity to become uniform at II, the rate at which horsepower is 
dissipated by the brakes must then equal the rate at which horse- 
power is developed by the load, less of course the friction. Con- 
sequently, the curves for horsepower developed by the load and 
horsepower dissipated by the brakes must meet and coincide at 
this point. 

The “Hp Developed by the Brake” curve has been plotted for a 
hydrodynamic type of supplemental energy dissipator with re- 
sistance control set to develop the required horsepower at II. 
However, with some possible slight modification, it would apply 
for any other type of brake so operated and so controlled as to 
permit the load to accelerate to 7 fps in 3 sec. The area under 
this ‘Hp of the Brake’’ curve must represent the energy dissi- 
pated by the brake during the 3 sec of acceleration. By measur- 
ing this area and multiplying by the ‘‘scale conversion factor,” 
it is determined this dissipated energy is 770,000 ft-lb or approxi- 
mately 7.5 per cent of the total for the entire descent. 

The difference in areas under the horsepower curves for the 
load and brake must represent the total of the potential energy 
stored in the system due to the acceleration of the moving weights 
and that lost through friction. The potential energy stored in 
the moving weights may be calculated accurately by the formula 


(Weight X velocity?)/64.4 = (112,500 X 7?)/64.4 = 85, 800 ft-lb 


Consequently, the energy dissipated by friction of the rig is 
1,125,000 — 770,000 — 85,800 = 269,200 ft-lb 


The over-all efficiency of the rig during the acceleration period 
then becomes 


100 (770,000 + 85,800)/1,125,000 = 


which appears to be a reasonable value. 

It is obvious from examination of these curves that dor the 
first second or so of the acceleration period, practically all the 
energy developed by the suspended load is required to overcome 
inertia and friction, and the application of any substantial brak- 
ing force during this time would extend materially the accelera- 
tion period. Any brake system having appreciable resistance at 
low speeds will require manual adjustment of control throughout 
the acceleration period. 

Period of Substantially Constant Velocity. It is not necessary 
to make an analysis of the energy balance between load and 
brakes during this period (from II to IIT) because, since the speed 
is held substantially constant, the energy developed by the load, 
less the friction of the system, must be dissipated by the brake 
system at substantially the same rate. Any slight acceleration 
or deceleration during the period from II to III would only cause 
a slight increase or decrease in the potential energy stored in the 
moving weights. The dip in the horsepower and velocity curves 
of Fig. 7 at 9 sec is the result of the line starting to spool off a 
lower layer. 

However, it is of interest to note that during this peried the 


76.1 per cent 


energy is orient: at a maximum sustained rate, and, if the 
brake resistance balances this rate, no regulation should be re- 
quired of its resistance control. Also, that during this period 
approximately 79 per cent of the total energy developed during 
the entire descent is dissipated. 

Deceleration Period. During the deceleration period the same 
five known and interrelating factors apply as for the acceleration 
period, and, in this example, for the 2 sec taken as the time to 
decelerate the load (from IIT) to rest (at IV), the load is lowered 
the last remaining 10 ft. 

The total energy remaining in the system at III, and which 
must be completely dissipated by the time the load is brought to 
rest, can be calculated definitely by the formula 


(Suspended weight X velocity?)/64.4 + (Suspended weight x 
distance to be lowered) 


(113,820 X 6.28?)/64.4 + (113,820 X 10) = 1,207,900 ft-lb 


Assuming the same over-all efficiency of 76 per cent applies to 
the deceleration period as for the acceleration period, the remain- 
ing energy that must be dissipated by the brake system becomes 
1,207,900 X 0.76 = 918,000 ft-lb, or about 9 per cent of the total 
developed during the entire descent. The area under the Hp 
Developed by the Load curve also shown to enlarged scale in 
Fig. 9, and which represents this energy, may be determined by 
using the 55,000-ft-lb per sq in. scale conversion factor. The 
curves for “Hp of the Load,” “Velocity of Descent of Pipe,” and 
“Rpm of Drum and Brake”’ may now be adjusted and plotted 
the same manner as for the acceleration period. 

This Hp of the Load curve also represents the time rat 
energy dissipation by whatever brake system is used during the 
deceleration period, and averages 834 hp over the short period 
but 2 sec, as compared with an average rate of 1400 hp over 
sustained 10 sec of the constant-velocity period. 

If mechanical brakes only are used during the deceleration period 
the 918,000 ft-lb total energy (834 hp average) to be dissipated 
in 2 sec must all be absorbed by them. 

If an electrodynamic energy dissipator is used and the re 
ance is so controlled that the mechanical brakes are require 
do no work up to the instant of stop, then these values repre 
the total energy of which the mechanical brakes are comple 
relieved during the deceleration period. 

To illustrate the result when using a hydrodynamic en 
dissipator, its horsepower capacity, during the deceleration | 
riod, plotted on the basis of its speed, and with the same setting 
of resistance control as used to govern the speed up to point III, 
is shown by C, the “Hp Developed by Hydrodynamic Supple 
mental Dissipator” curve. The energy dissipated by it during 
the deceleration period, represented by the area under this curv 
is determined to be 646,250 ft-lb. The remaining energy t 
required to be dissipated by the mechanical friction brake 
represented by the area between the two horsepower curves 
becomes 918,000 — 646,250 or 271,750 ft-lb. This is only 28.0 
per cent of the total developed during the deceleration per 
and only 2.67 per cent of the total developed during the ent 
descent. Under these conditions, and if only 8 gal of 80-deg 
cooling water were circulated per minute, the operating temp* 
ture of the rims should remain below 100 F. Even at 12,000 ft | 
operating temperature of the rims should remain below 120 | 
with only 8 gal of 80-deg cooling water circulated. 


Metuops or Drivinc Low-Sreep SuppLEMENTAL [NERGY 
DIssIPATORS 


The most common method of driving supplemental! eneré) 
dissipators from the drawworks shaft is through a flexible cou 
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pling capable of compensating for any slight misalignment of as- 
sembly. 

With the electrodynamic type of energy dissipator, the manu- 
facturer recommends, for reasons previously discussed, that a 
plain flexible coupling be used and that the dissipator be allowed 
to rotate at all times. 

With the hydrodynamic type of energy dissipator, a combina- 
tion flexible-cutoff coupling may be used to advantage, particu- 
larly with the larger sizes. 
action is not required, any inertia effects of the rotor are elimi- 


By declutching when the braking 


nated from other operations of the drawworks, and shaft seals and 
bearings are relieved of any unnecessary wear. The shaft-drive 
assembly is also relieved of any reversal of stresses caused by in- 
ertia, and the frequent changes in direction of rotation when 
running-in or coming out of the hole. 

An overrunning or free-wheeling type of clutch is of particular 
and further advantage for use with the hydrodynamic type of 
energy dissipator. This clutch automatically and positively en- 
gages the energy dissipator at the instant the drawworks drum 
starts rotating in the direction to run-in a stand, and the energy 
dissipator is not revolved when raising the blocks. It eliminates 
any possibility of the drive shaft and keys being subjected to 
shock-loading caused by delayed clutch engagement at the start 
of running-in a stand or, more seriously, by the clutch engagement 
after the drum has attained a high speed. 


Hicgu-SpEED SUPPLEMENTAL ENERGY DissIPATORS AND THEIR 
DRIveEs 


In recent years the use of small high-speed supplemental en- 
ergy dissipators, driven from the drum shaft through a chain 
speed increaser, has become increasingly popular, the only prac- 
tical limitations to their use being the safe maximum operating 
speed of the dissipator, and the safe maximum operating speed 
and load capacity of the chain drive. 

To date the most common installations of high-speed dissipa- 
tors have been on drawworks designed for operation to 6000 ft or 
They are also used on some drawworks recommended for 
7500 to 8000 ft and have been adopted for one drawworks re- 
cently introduced and recommended for 15,000-ft drilling. 

Advantages of high-speed energy-dissipator installations in- 
clude compactness of assembly and greater flexibility as to loca- 


less. 


tion on the drawworks, as well as the possibility of faster opera- 
tions owing to their having a considerably lower inertia factor and 
In the case of hydro- 
dynamic energy dissipators, the small high-speed types have the 
further advantages that they lend themselves to simpler circulat- 
ing-water arrangements, more flexible resistance regulation, 
and quicker response. This is due to the fact that both high and 
low-speed dissipators require the same total water circulation 
to dissipate the same amount of energy but, with the high-speed 
dissipator, the circulation is faster and the volume of water in the 
case at any time is less. 

An obvious disadvantage is that the chain drive represents an 


less drag for reverse direction of rotation. 


additional element requiring some attention and eventual re- 
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placement. It is also true some types and designs of drawworks 
lend themselves more readily and practically to the slower-speed 
direct-driven dissipators. 

In selecting the size dissipator and chain-speed ratio for any 
particular application, the maximum horsepower capacity re- 
quired at minimum operating speed should first be determined. 
This will establish the required speed ratio and assure ample ca- 
pacity for all conditions of operation. The maximum speed of 
the dissipator and chain for the top speed of drawworks opera- 
tion should then be determined and checked against that for 
which such equipment is recommended. 

In most drawworks installations the chain speed-increaser 
drive has a ratio of from 4tolto5tol. With a maximum draw- 
works drum speed of 400 to 500 rpm, the maximum speed of the 
dynamic energy dissipator may be about 2000 rpm, and the maxi- 
mum chain speeds may be in the order of 4000 fpm. 

Practical considerations and space limitations dictate that the 
chain drive be selected on the basis of a higher permissible load 
rating than that normally used for other chain drives of the draw- 
works. Such a higher rating, however, and as has been proved 
by actual field experience with drawworks, sand-reel, bull-wheel, 
mine-hoist, and other installations, is justified by the speed- 
resistance characteristics of the dissipators and the usual condi- 
tions of operation of the application. 

In determining the load basis on which the chain drive should 
be selected, and these comments also apply to the selection of a 
coupling used with any type of drawworks installation, consid- 
eration must be given to the important fact that the load is in- 
creased as the depth increases and as each individual stand is 
run-in. Usually the maximum load is imposed only when lower- 
ing the last stand of pipe to the maximum depth to which the well is 
drilled. 

Consideration must also be given to the fact that while the 
total of all the time expended in running-in pipe during the drilling 
of a well varies under different drilling conditions, it is a small 
percentage of the actual total drilling time and that the brakes 
are actually used for only about 25 per cent of this total running- 
in time. Another favorable factor for the drive is that the energy 
dissipator with its control must be such as to definitely assure a 
smooth even application and increase of braking force, and the 
impossibility of a suddenly applied load on the chain at any time 
during the braking operation. 

For the more general classes of service for which chain drives 
are used, the load-carrying capacity of the chain is usually deter- 
mined by applying an application factor of 15 to 25 to its ultimate 
strength. The selection of the chain for each dynamic-energy- 
dissipator application to drawworks should be made on the basis 
of its own design requirements and the recommendations of the 
chain manufacturers. However, in view of the favorable con- 
ditions of the application as described, application factors as low 
as 10 or less, based upon the maximum horsepower anticipated 
for the running-in period, in some instances have been recom- 
mended by chain manufacturers and used with satisfactory field 
results. 
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A considerable amount of detailed study and thought, 
design, and field testing of various means of achieving the 
desired results has gone to bring work on drilling controls 
to their present status. Up to the present, however, the 
results of this study and work have not been recorded 
except in improvement in machine performance. This 
paper is not primarily intended to be an evaluation of the 
results of automatic-controlled versus hand-controlled 
drilling, but it is felt by the author that the subject is 
of major importance in reducing drilling costs, and that 
all those factors which have been considered, and the 
analyses of the problems, should be placed on record. 
Others may wish to extend or revise the analyses and build 
or purchase similar devices, and this report will, it is 
hoped, save them from having to duplicate the efforts of 
the past few years and to determine if the machines de- 
signed or offered have the required characteristics. 


T has long been recognized that the maintaining of constant 

loading on drilling bits will result in more footage per bit and 

more footage per unit of time, all other factors being 
equal. The result is fewer round trips with their horsepower- 
hours, wear and tear on rigs, and so forth. 

The best hand-feed brake lever is a poor substitute for full 
automatic control, since worn brakes creep off and either ‘‘drill 
of” or “pile on” weight. Most are worse than this in that fre- 
quently they drop off from '/, to '/2 a drum revolution suddenly 
when worn. It is physically impossible for a man to feed con- 
stantly for long periods, just as it would be on a lathe or other ma- 
chine tool. 

The author intends to avoid the term “automatic driller” in 
tase any reader should misconstrue the purpose of automatic 
drilling controls. They make the driller more indispensable 
han ever, but require him to exercise his judgment more than 
his muscle. There is no insinuation that a constant single 

eight is desirable for drilling any more than a constant machine- 

ol spindle speed or feed rate, or a single-type bit, would drill a 
tmposite block of plates of lead, steel, copper, concrete, and 

lay satisfactorily. 

With automatic control the driller can watch his drilling-rate 

hart and his other drilling symptoms and adjust his feed weight 

d rotating speeds to obtain the best possible results. By mak- 

Mg constant one of his drilling variable, i.e., the weight on the 
pit, the rotary speed automatically steadies down in any given 

omation and the table behavior becomes a very sensitive indi- 

Kior of formation changes and types. The penetration-rate 

hdicator, or recorder, in most cases gives a clear graphic story of 

bit becoming dull and can save many additional hours of “hop- 
¢that the bit will make a few feet more.” 


‘Chief Mechanical Engineer, Houston Area, Shell Oil Company, 


rc ontributed by the Petroleum Division and presented at the 
*troleum Mechanical Engineering Conference, Amarillo, Texas, 


tng 3-6, 1948, of Taz American Society oF MECHANICAL ENGI- 
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ANALYSIS OF THE PROBLEM 

Relationship of Bit Load to Hook Load. The first question is 
“what is the relationship of the hook load to the bit load?” If 
there is not reasonable similarity, the problem becomes compli- 
cated, or the solution impractical. The measured load on the 
hook is a relatively simple starting point, but measuring the load 
on the bit at the well bottom requires a vast amount of research 
and equipment yet undeveloped. The cost and complexity of 
this work could be out of proportion to the gains to be made. 

Synthesis of the System. In order to arrive at an answer to the 
foregoing question, let us synthesize the suspended system into 
analogous parts. Referring to Fig. 1, the drill pipe string can be 
assumed to be a simple spring of length Z, and the drill collar 
assembly becomes a short, stiff, heavy spring which, in effect, is a 
weight on the end of the drill pipe. 

In Fig. 1 it is assumed that, with customary good drilling prac- 
tice, enough drill collars are used to maintain the “‘neutral point” 
of load change from tension to compression within the drill-collar 
assembly. This assumption is not necessary to the analysis or 
correct usage, but is used in the example. 

Referring to Fig. 1 


Le 
W = weight on hook De he 4 
W, = weight of drill pipe oa 
W. = weight of drill-collar assembly 
W; = weight on bit patice: 
W, = remaining weight of drill collar suspended on drill pipe 


Since all wells are to some extent crooked, all the wall con- 
tact points, either steady, or periodical caused by vibration, 
cause friction forces between drill pipe and wall. Then, in order 
to start the whole string in motion, without rotation, off bottom 


and, on bottom 
W =m W, + We — (Wes + BY)... 


If the pipe is lowered slowly off bottom, as while drilling, the 
weight indicator will read the result of Equation [1] and, if on 
bottom, the result of Equation [2]. 

If, however, the pump is started, thus vibrating the pipe, or 
if the pipe is rotated, the pipe weight plus W2 or W4 wipes out the 
friction effect for all practical purposes, except as a damping ac- 
tion against longitudinal vibrations. The weight will then read 


W = W, + Ws (off bottom) 
W=W,+W,(onbottom) 


These conditions are analogous to the use of a vibrator to destroy 
friction in the movement on pressure-gage testing, or to the prac- 
tice of rotating the piston of a deadweight tester for the same 
purpose (see Appendix). 

By studying Fig. 2 the value of f,, one of the numerous fric- 
tion forces caused by, say, a tool joint touching on the wall, be- 
comes yaW, sin 6, and the sum of all these friction forces equals 
Sua W, sin 0, or Zf,, where u = coefficient of friction. 
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is greater than f,,, the foregoing reasoning holds. 
to be less 


As long as W,, 
If an extremely crooked hole or bent pipe causes W, 
than -y then this latter amount becomes a reduction in hook 
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Fic. 2 (right above) Friction Force at ANy Contact Point 


(k = friction coefficient with mud lubrication; A = area of contact; Wz = 
suspended load; @ = angle of deflection from vertical at this point.) 


re 


While rotating, =f,, becomes torsional friction, which remains 
as a torsional or horsepower, load on the rotary table. 

The effect of torsion on the length of the drill-pipe string is 
shown in Appendix I. 

Strain in System. Since the whole system is elastic, the strain 
(or sketch) of the pipe is obtained from the formula 


—— [6 — 2w(1 — m)] 
strain or stretch, in. 


L = length of string, ft 

E = Young’s modulus, 30,000,000 psi peta ya 
6 = density of steel, lb per cu in. 
w = density of flotant, lb percuin, 
m = Poisson’s ratio, or 0.28 


The effect of adding drill-collar weight W2, is to add an equiva- 
lent load, less the buoyancy factor, in feet of pipe of a given 
weight. 


W, (: *) 


U 
yhere U is the per foot of material instring lL. 


TR ANS! ACTIONS 


The equivalent length of pipe, with drill collars sus- 
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On bottom, the equivalent length of pipe with W, still sus- 


pended, equals 


By recalculating the strain in Iquation [3], using L + Le or L + 
L; in place of L, The dif- 
ference of strain between the two readings just given becomes the 
after first contacting bottom, in 
These may be obtained more 


U 


new strains become easily determined. 


must lower 


distance the kelly 
order to place load W; 
easily by reading the strains from the handbook.? 

The existence of these strains actually provides additional 
equivalent time lag to help the controller function smoothly. 

Forces Acting on String, and Their Effect on Hook Load. Forces 
acting on the string when ‘‘feeding off” are listed in the following 
(all forces acting downward are listed as positive, and upward- 


on the bit. 


acting forces as negative): 


1 Weight of equivalent pipe string (as mentioned) 
2 Wall friction, depending on direction of movement + or 
3 Fluid friction of circulating fluid in drill pipe... . ~ 
4 Friction drag of return fluid on OD of drill pipe. 
2 5 force of closed-in fluid at upper end of hose... .. . 
6 Force of semiclosed-in fluid pressure at bit (pressure 
across bit times inside-diameter area of pipe)........... - 
7 Reaction effects of jetS in bit, including bit fouling, « 
S ‘Torsional on drill 
9 Vibratory effects due to critical speeds, kinked pipe 
“rough bottom’ (usually of some harmonic order + 
damped by other forces). . depends on circumsta! 
10 Friction through kelly bushing................. 


drop 


When off bottom, rotating as slowly as possible without circu 
lation, the author feels that (1) is positive and is close to weight 
of the portion of the load not immersed plus (weight of immers 
portion times mean buoyancy factor); (2) is zero, having | 
converted to horsepower loss; (3), (4), (5), (6), and (7) are zer 
(8) is a low figure of horsepower into rotary table and 
effect on hook load; (9) is zero; (10) is zero, no vertical 
is involved. 

When off bottom and rotating at drilling speed with the 
at drilling speed (1) is as before; (2) is negligible (see App 
(3), (4), (5), (6), and (7) are of the sign shown and indica! 
algebraic sum on the weight indicator; (8) has no effect o 
load; (9) these may show up through the damping effect of wa 
friction and fluid friction: If so, they are self-measuring and 
serious, are visible at the kelly or audible on the rotary tal 
(10) cancels out unless blocks and hook are swaying, 0 
low order if the kelly ia running true in the hole and bushing 
of antifriction type. In any case, this force becomes one 0! 
f, forces under as previously mentioned. 

On bottom, just as the bit contacts, all the factors given 
measured automatically and give a net compensated reading 
the weight-indicator instrument. As long as the rotary 
turns, items (2) and (10) remain practically constant a! 
long as the pump runs at reasonably the same speed, ite 
and (7) remain practically constant. 

Vibrations caused on the derrick, blocks, and pipe by 
pulsation are external vibrations which can be removed by 4 


ing the pump or the instruments, to eliminate them. Th 
not, it is believed, transmitted to the bit unless they are s 
The 


as to be almost dangerous to the surface operations. 
tic-bag’”’ nature of the drill pipe, friction on walls, and 1m 
sion in fluid should give almost constant fluid flow, at the lowe 
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end of a long drill-pipe string. In addition, the restriction at the — Bad egp <- 
bit jets gives further stabilization to the flow rate. 

Vibration of cutting action, such as the “washboard effect”’ 
f raising and lowering the drill collars each time a rock-bit tooth 
goes over center,” is absorbed in the drilling string, unless the 
bottom of the hole becomes badly out of level. 

In view of these factors, it is seen that a reading of the hook 
load becomes one in which all the major forces on the string be- 
me self-balancing under reasonably steady-state conditions, 
and, it appears, over a relatively wide range of variation of forces. 
The major forces to consider, therefore, become the off-bottom 
immation, and the on-bottom summation of those factors which 
wuse variations, such as wall friction, mud-flow rates, rotary 
speeds, and vibration. 

The difference shown on an accurate indicator is, subject to 
lamping out unusual and abnormal forces, very close to the true 

ean weight of the bit. 

Instantaneous bit loads, undoubtedly, are quite wide in their 

iations and, if we could obtain a reading of these forces at the 

irface, it is believed they would have to be damped to about the 
me order as the surface readings are naturally read, before be-— 

g usable as a controller signal. 


rower! 
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Furthermore, to those who consider bottom-hole measurement 
f bit loads more desirable, the author wishes to point out that, 
iter damping these signals to usable form, the interpreter, or 
nstrument, has to apply the result to the machinery at the surface 
1any case. Therefore if a bottom-hole controlled variable was 
sed, the entire elastic string would have to be moved to correct 
in inelastically obtained reading. 


In other words, by using the hook signal and controlling the 
hook load, the effect of position changes on the string elasticity 
omes in before pickup and after controller action and not be- 
tween them. This reduces time lag between signal, control 
action, and resignal. The effect of string elasticity follows, as a 
natural damping action, and tends to reduce hunting of con- 


Fic. 4 ELemMentary Rie, Speep ContTrRoL 


ported torque arms, or hydraulic pumps, the discharge pressure 
of which is maintained at a set figure to represent torque load. 


ght elie (oe tien All these devices should be compensated fully for temperature 
variations caused by operating or atmospheric conditions. 
X ELEMENTS or ConTROL SYSTEMS If a speed-limiting device is required or incorporated in the 


control, a second controlled variable, proportional to hook- 
Pickup or Measuring Devices (Primary Elements). In a drill- lowering speed, is required. This may be a flyball governor, 
ng controller, an elementary form of which is shown in Fig. 3,a a tachometer generator, a hydraulic pump or air compressor, 
signal, or controlled variable, proportional to the weight carried — from which the output volume is controlled, and the output pres- 
m the hook is necessary as the input to any weight controller. sure then becomes proportional to the speed of operation or drum 

Such devices may be installed on the dead line and measure hy- rpm. 
draulic pressure, as with a Martin Decker weight indicator, by Time Delay or Transmission. In order to enable controller 
hook ## air pressure, extension of a bar, or strain, using magnetic or re- mechanisms to perform their functions properly, especially at the 
wa sistance methods. Summations of strains on derrick legs and higher drilling rates, sufficient time must be given for the load 
tables or any other means of obtaining a pressure or electrically signals to reach the controller, actuate it, pass the result to the 
controlled variable proportional to cable load are acceptable. braking device, and make the motion adjustments necessary to 
The devices may be used on the live-line or drum end, including correct the load back to its set point. This delay must also give 
lorque-sensitive devices, hydraulically or pneumatically sup- time for overcoming inertia of the system and bringing the heavy 


= 
TABLE 1 PICKUP OR PRIMARY SIGNAL DEVICES’ FOR AUTOMATIC DRILLING 
CONTROLS 
Type of signal Electrical Pneumatic Hydraulic 
- Weight, or load Resistance strain gage Dead-line angular dis- Dead-line angular dis- 
Magnetic strain gage placement—Thrustorq J (Martin- 
4 type ecker type) 
Np 363 Dead-line angular displace- Torque arms with null bal- Dead-line full load on hy- 
er aa! Pe ment against hydraulic or ance against load draulie cylinder 
Torque-measuring devices Torque arms and null bal- 
ance against load 
Null-balancing against 
main-drum torque 
Speed, or feed rate Tachometer generator Small compressordischarge Pump discharge against 
against variable orifice. variable orifice. Pres- 
Pressure across orifice is sure across orifice is pro- 
proportional to speed portional to speed 
Requires a speed indicator Requires a speed indicator 
Ar oe to such as an electric tach- such as an electric tach- 


ometer to give true speed ometer to give true speed 


@ All devices must be fully temperature-compensated, or unaffected by temperature, over operating range. 
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inertia of drilling-rig moving parts back through the transmission, 
blocks, and hook to a new speed or weight setting. The final re- 
sult eventually gets back through this system to the dead line 
and starts all over again. 

If the time constant of the moving-load parts, or that time 
taken by those parts to accelerate due to a change in load, is less 
than that of the total cycle time of instrument action, hunting 
becomes uncontrollable and stability is impossible. 

On a drilling rig, it takes a definite time for surface positional 
changes to travel the length of the drilling string and for the string 
to adjust itself to its new position. This time depends on the 
rate of drilling, rotational rate, friction forces, and depth of well. 

A control system with too fast action would probably wear 
itself out rapidly by attempts of the controller and brake to ad- 
just to its signal variations. For this reason, a time delay, in 
the form of a speed increaser from the drum shaft, is highly de- 
sirable, if not essential to a good control system. It gives elas- 
ticity and flexibility which, under the widely varying operating 
conditions on an oil well, are essential. 

Brake. Any form of brake used, whether electrical, mechani- 
cal, pneumatic, or hydraulic, must be of a type sensitive to the 
slightest motion of the controlling mechanism. For this reason, 
variations in friction characteristics over small ranges of adjust- 
ment are highly undesirable. Since the brakes are not of the 
positive-positioning type but should “float on the load,” varia- 
tions of characteristics due to temperature or of friction co- 
efficients, except as just noted, are not important. The excep- 
tion to this is that the torque required to overcome static 
friction of the braking mechanism should be kept to an absolute 
minimum. This is because the brake often shuts the load down to 
a static position and the sudden overcoming of static friction al- 
ways causes an overrun or hunt. Any eccentricity or lost motion 
in the brake mechanism is extremely bad in such a case. If me- 
chanical friction brakes are used, it is recommended that they 
operate oil-immersed, to minimize the pre’slem described. 

Control Instruments. Figs. 5 and 6 show simple diagrammatic 
forms of drilling control systems. The system may be described 
as follows: 


Electrical Pneumatic 
Motor balanced against Air compressor operated 
—" ss torque load. Can be against variable orifice. 
to raise Air pressure on pistons 
holds load. Controller 


operates motor valve 


on discharge of com- 
wit” toa Eddy-current brake 

Balanced torque-arm Balanced torque arm, 
‘tyne swith motor to with air motors to drive 


drive feed-gear train feed-gear train 


Electrical 
Weight 


est speed of operation, great 
flexibility 


Control of brake 
field from tachometer genera- 
tor signal. Superimposed on, 
or - series with, weight con- 
tro 


TRANSACTIONS OF THE ASME 


For use with brakes. Null-bal- Pressure controller, using mo- 


With electric brakes. Control Pressure controller as above, 


The signal or controlled variable is connected to the controller, 
As a rule, the transmission lag is of very low order. The con- 
troller must have the control point adjustable over a wide range, 

Since the brake or retarding device is floating in a delicately 
balanced condition against the load, a sensitive proportional- 
band adjustment is required in the instrument. This propor- 
tional-band adjustment is sometimes known as a sensitivity ad- 
justment, and determines the rate at which brake force is applied 
per unit of controlled variable change. Since drilling-rig con- 
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Mechanical al 


Oil pump operated against Precision friction brakes, 


preferably 


lied by motor valve, 
or 


with fluid bleed to lower 


load—dual brakes used 
(Kinzbach) 

Hydraulic variable-speed 
transmission using con- 
stant-torque, variable- 
stroke pump. Speed 

governs stroke. Weight 

governs pressure 


ie, 1ABLE3 CONTROLLER TYPES FOR DRILLING CONTROLS 

Hydraulic 
Hydraulic pressure controller © 
with brake-operating mo- 
tor. May employ signal 
from any source, Table 1. 
Faster but less flexible than 
pneumatic. Requires spe- 


Pneumatic 


ance control of armature cur- tor valve to operate brake. 
rent of brake motor. Null Signal from weight devices, 
balance-control of field cur- Table l. With floating pro- 
rent of eddy-current brake. portional-band adjustment. 
Electronic controls give high- Fast and flexible operation 


of field voltage of brake motor with motor valve to operate 

from tachometer-generator brake. Signal from hydrau- 

signal lic or pneumatic devices, 
Table 1 


cial damping 


Pressure controller similar to 
above, with motor valve to 
Signalfrom 


operate brake. 


any source, Table 1 
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trollers are close-coupled to the braking means, the controller Due to the wide range of weights and speeds to be controlled, — 
lag, or time taken for a brake response to the controller, is small. a proportional-band adjustment is necessary in the control instru- _ 

The action of the control is as follows: As the bit drills off, the | ment in order to obtain stability of control at various ranges of | 
ontrolled variable changes and operates the controller which, — set point. 
in turn, releases the brake. The drill-pipe position:‘moves down- Simple standard forms of instruments, such as pressure con- 
ward until the bit weight goes back to its required value and thus _ trollers, are readily adaptable to drilling controls. In view of the — 
returns the controlled variable to its original value. At this 


small percentage of instrument reading which is, in reality, being 
time it again operates the controller to tighten the brake. This 


controlled, devices which amplify the magnitude of variations — 
ycle, continually repeated, accomplishes a balance on the sys- of controlled variables are desirable. Ratio-type relays or pilots 
tem. Actually, the changes take place so rapidly and propor- can be used to multiply the output of the controller per unit of 
tionately that smooth pay-off is obtained when the system is de- change of controlled variable. These devices, however, multiply 
signed properly. the controller errors and lost motion, and it is more desirable to 
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multiply the controlled variable changes ahead of the controller 
if these changes are not already of the required order. 

As with any instruments, properly engineered installation and 
reliable power supply must be furnished. This means, for ex- 
ample, that clean dry air must be furnished. Instruments may 
be complex, but the operating adjustments must be simple so 
that the drilling crews can use them properly. 


Horsepower, RANGE, SENSITIVITY, AND ACCURACY 


“Pickup” or Primary Element. This device must be self- 


operating from the source of power available, i.e., the load. On 


heavy drilling rigs it should have sufficient capacity to transmit 
the maximum load expected, without rupture; usually involving 
impact loads on cables much heavier than the normal loads. For 
instance, a cable-operated device should be capable of having 
the cable broken without causing mechanical failure or, if pos- 
sible, without permanently affecting calibration of the device. 

On rigs using eight lines and for hook loads up to 360,000 Ib, the 
operating-load range may be assumed to be about 30,000 to 
360,000 lb, which is, neglecting friction, from 3750 to 45,000 Ib 
on the dead-line cable. Pulls up to cable braking strength need 
not register. 

The device should have a minimum accuracy over full operat- 
ing scale of +1 per cent and, when the load is full floating, or sub- 
jected to rig operating vibrations, should have a sensitivity, or 
be able to transmit changes in hook load, of 150 |b or less. This 


_is about one part in 2500 or 0.04 per cent. 


Controller. The controller should be of a precision type and, 
for general oil-field use, should not incorporate copper or brass 
moving parts which are affected by sulphur gases. Stainless 
parts are most desirable, but such parts as are necessarily of cor- 
rodible nature should be protected by coatings capable of outdoor 
exposure in oil-field vapor. 

Temperatures of from 150 F in the sun to —50 F in the winter 
should not affect instrument operation at any given set point, 
providing proper ‘‘winter’’ or “‘summer’’ treatment of the instru- 
ment is specified and used. Air supply, particularly, should be 
dried properly so that freezing of pneumatically operated parts 
will not take place in winter. 

The control system, as a unit, must be able to recognize the 
change of 1:2500 from setting point which the primary element 
shows and cause the corresponding correction force to be applied 
to the brake. Since, as described before, the whole system is 
balanced delicately, this presents no serious problem with stand- 
ard precision equipment, because, in the delicate state of bal- 
ance, the slightest change in opposing force causes a change in 
braking force. In case of a pneumatically operated system, 
the valve which operates the brake has to move only a few 
thousandths of an inch to change the force materially. Brake- 
force change therefore involves practically no increased air- 
volume space to be filled. Compression volume is practically the 
whole required instrument output. 

On hydraulically operated mechanical brakes, the foregoing 
is a detriment and can cause violent hunting unless a cushion 
chamber or other damping device is incorporated to smooth out 
change in the rigid hydraulic operating medium. 

The range of instruments will depend on the value and type of 
signal from the primary element and, also, the medium and 
value thereof, used for transmitting the controller output to the 
brake. A wide control-point setting range, of about 12:1, is de- 
sirable. 

Accurate knowledge and specification of the problem are always 
essential and will enable proper design and selection of instru- 
ments to be made. 

Brake. The brake may be of various types i.e., electric, hy- 
draulic, mechanical, or pneumatic. 


TRANSACTIONS OF THE 
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In regard to capacity, it may be assumed that any feed-off de. 
vice should be capable of feeding at the maximum drilling rate 
expected in the area to be drilled. In hard-rock territory, a 
speed range of from 0-60 fph would cover all except very soft 
formations. In soft-drilling territory, a rate of at least 0-120 
fph should be covered by the controller. A recent paper by 
Nolley, Cannon, and Ragland indicates that a maximum speed 
of 300 fph may be necessary to obtain maximum drilling rates 
with drag bits. This would raise the speed or control range to 
1200:1 instead of 480:1. In order to attain this range, it is 
probable that brakes should have two ranges of speed, say, 0-60 
fph for “hard-rock drilling,” and 0-300 fph for drag bits. This, 
in the same unit, would probably mean a mechanical speed 
change, and the brake would absorb about three times the horse- 
power at the high operating speed. The load to be handled, and 
consequently, the horsepower to be absorbed, depend on the 
hook load. On ultra-heavy rigs, the maximum drill-pipe hook 
load may reach 350,000 lb, and the power, at 100 per cent effi- 
ciency and 120 fph, would be 21.22 hp. A light rig for 6000 feet 
drilling with 4'/>-in. drill pipe should be able to handle 125,000 
Ib on the hook, or 7.58 hp at 120 fph. 

The brake and cooling system must be capable of radiating or 
absorbing the heat equivalent of the horsepower given. 

In order to obtain sensitive and proportional effect to the ac- 
tion of the controller, the brake must be of an accurate precision 
type. All eccentricity or inaccuracy will tend to cause poor 
brake operation. 

On mechanical brakes, up to the present time, speed increasers 
of about 800:1 ratio have been used between the drum and brake 
shaft but with development of proper controls it is believed this 
can be reduced to one half this ratio. Until it can be reduced to 
about 300:1, however, at least a quadruple reduction transmission 
from the drum shaft to the brake will be required. These trans- 
missions provide the time lag between the drum and the brake 
to give instruments time to operate and control. 

Causes of Errors. In the mechanicai transmission, friction 
should be kept to a minimum. This is largely because, once the 
brake stops, quite a difference in hook loading, perhaps 1000 
lb on a poor brake, is required to overcome static friction which 
becomes horsepower loss when running. At any given rate of 
feed-off, or weight carried, within reasonable range, friction- 
horsepower loss represents part of the energy which it is desired 
to dissipate and has little effect on the weight on the hook. The 
weight or speed controller reads the result from the hook load and 
applies the brake-controlling force to destroy part of the falling 
energy. The more friction-horsepower loss there is in the gear 
system, the less work there is for the brake to perform. 

In control circuits, lost motion, leakage, false settings, or inac- 
curate instruments and controllers will cause errors. Fortunately, 
however, the control point is hand-set to a given visible indicator 
or gage point and, if the pickup device signal remains stable, and 
the instrument-brake combination does not hunt, the hook load 
will be maintained within close limits. 

An error takes place in all weight-control systems which use 
either the dead line or torque from the live end, or drum end, % 
the point from which the weight signal is obtained. This is the 
weight of drilling cable added into the block lines as the kelly is 
lowered. On feeding down a 30-ft joint of drill pipe with eight 
lines, with the cable weighing 1 lb per ft, there are 240 ft or 240 
Ib of extra load supported by the cables when the joint is “down.” 
This has the effect of adding this amount of weight to the bit at 
the lowest portion of the kelly. A device to adjust the instru 


3“The Relation of Nozzle Fluid Velocity to Rate of Penetration 
With Drag Type Rotary Bits,’ by J. D. Nolley, G. E. Cannon, 4m 
D. Ragland, Oil and Gas Journal, vol. 47, May 16, 1948, pp. 87, 88 
90, 93, 94, 97,99, and 108. 
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control, or is governed by other physical effects, such as torque 
or feed speed, the weight must be controlled, or limited, because 
bits are built to withstand only so much weight, and still perform 


ment control-point setting in proportion to the number of feet 
of line added would compensate for this error. 
The only method of removing this error from the situation is to 


Sense 


— 


take the pickup signal from below the traveling block. This has 
been done, but adds complexities of having cables or hoses sus- 
pended in the derrick with means for keeping these connecting 
lines taut and preventing them from fouling the cables on the 
block. 

When mud weights or characteristics or circulating rates 
change materially while drilling down slowly, a change in the 
self-balancing of the system will take place. In such eases, pick- 
ing up of the drill pipe to check off bottom weight will determine 
the amount of change and resetting of bit weight necessary. 


GENERAL Types OF CONTROL SysTeMS APPLICABLE TO DRILLING 


Weight Control. Since weight on the bit is probably the chief 
determinant of drilling speed under given conditions, it is obvious 
that practically all systems of control have considered this prob- 
lem. 


satisfactorily. 

We have seen from previous sections of this paper that the 
hook-load signal is generally a sensitive and accurate means of 
determining bit load. Therefore it becomes obvious that a 
weight controller can be used and made to hold such weights as 
the driller feels desirable for the formation being drilled up to the 
limits prescribed by the bit manufacturer. 

Under normal circumstances, in fairly homogeneous forma- 
tions, a simple weight controller will suffice. In nature, rocks of 
very considerable hardness difference and drillability are layered 
often in inches or less, and a bit is generally designed to drill quite 
wide groupings of materials at constant weight. A considerably 
better performance is obtainable by the driller varying his rotary 
speed and weight on bit to known values to suit his experience. 
Weight control has the following features: 

1 The surface signal is reliable and accurate and little affected 
by down-the-hole friction since the downward motion of the pipe 


Regardless of whether the weight on the bit is the primary _ is the “minor motion.” 


GENERAL DESCRIPTION OF AVAILABLE 


Controller and instru- 
ment-panel description 
Amplidyne control of 
motor current 
erns weight. Ampli- 
dyne control of field 
current controls 
speed. Separate 
speed and weight 
settings. Total load 
indicator. Bit- 
weight indicator. 
Supply volts. Con- 
trol range setting, 
switches, 13-hp mill- 
type fan-cooled mo- 
tor as brake, load- 
absorbing resistors. 
General type: Null- 
balance torque arm. 
Electronic-type con- 
trolier of field current 
from signal. Brake 
eddy-current type, 
includes mechanical 
reverse rotation of 
eddy-current ring by 
5-hp motor at a 
speed greater than 
full-load slip speed. 
No-voltage trip. 
Overspeed trip. 
Emergency trip. 
General type: Null- 
balance torque arm. 
Weight: Pneumatic Weight and speed— 
ressure from Mason-Neilan 2500 
agan Thrus- pressure controllers. 
torq, also powers, Brake, precision oil- 
and isin parallel immersed friction 
with, Martin- type. Tachometer 
Decker indica- generator and indi- 
tor gage eator. Speed con- 
Speed: Fluid pump troller is overspeed 
against variable trip 
orifice. Remote 
orifice setting 
determines pres- 
sure at any 
speed. Pressure 
is speed signal 
to controller. 
True speed from 
tachometer gen- 
erator 
Weight! Brake 
bands of drum 
on torque arms 


on hydraulic cy- 
linders. 
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Generator 
and panel 
Amplidyne motor 
generator set; 
25-kw constant- 
speed generator 
or Thyrite. Con- 
stant-voltage 
generator, panel 
and controls 


TABLE 4 


Recorder 


Bit weight and drill- 
ing rate with chro- 
nograph pen mark- 
ing each foot drilled 


Make 


General Electric 
Company 


Pickup signal 
Weight: null-bal- 
ance current in 
motor armature 
Speed: tachometer 
generator voltage 


5-kw constant-volt- 
age d-c generator 
with panel and 
controls, or a-c 
supply 


Can be obtained to 
give same as Gen- 
eral Electric 


Weight: null bal- 
ance of excita- 
tion current in 
in field coils 

Speed: built-in 
tachometer gen- 
erator 


Dynamatic 


Corporation 


Can be obtained to 
give same as Gen- 
eral Electric 


None. Requires 


OMSCO (Shell) 
about 3 hn of air 


Air compressors 
on separate unit 


Special recorder be- 
ing developed 


Hand-control bleed 
rate from supporting 
hydraulie cylinders. 
Automatic pneuma- 
tic transfer and re- 
lease from-one brake 
band to the other. 
Air-operated main 
brake. Air puts 
brake ‘‘on’’ against 
spring pulley ‘‘off.” 
Automatic control 
under development 
will be hydraulic 
bleed type 


Kinzbach Tool 
Company 


9 
| 
d 
dk 2 
et 
0 

h 
of 


2 By providing suitable time delay for the instruments to 
operate against load changes, the load can be controlled accu- 
rately. It takes quite a considerable surface-feed distance to make 
any material load change on the bit, owing to the elasticity of the 
drill-pipe system. 

3 The surface signal is extremely sensitive to bottom-hole 
weight changes under most conditions. 

4 The penetration rate of the bit selects itself for the forma- 
tion drilled. It is at the driller’s control, secondarily, by changing 
the controlled weight, at his desire, to suit the formation. 


Speed Control. A simple speed control on ordinary drilling op- 
erations is, in the author’s opinion, an unsatisfactory single 
means of controlling the process. An ordinary hand or hydraulic 
brake, which can be set sensitively, is a form of speed control. 
Unless formations are quite homogeneous, and this is a rare state 


of affairs in well-drilling for more than a few feet at a time, a con- | 


stant speed, slightly too fast, must “pile up weight” and, slightly 
too slow, must “drill off.” As the speed-weight combination im- 
pressed by the controller crosses the speed-penetration-ability 
curve of the bit in that particular formation, stability of weight 
and speed can be reached, but with no relation to the load capacity 
of the bit. By being too light or too heavy, waste of bit life occurs 
on the one hand, or bit damage on the other. 

On specialized operations, such as reaming, if formations are 
fairly uniform, speed control may be used to give good results, if 
down-the-hole stability is possible. 

We have discussed the point that mean bottom-hole weight 
variations are very close to surface-weight variations. Sur- 
face variations of feed rate, however, due to the incalculable effects 
of elasticity in the string, have little relationship to down-the- 
hole speeds of progress, except that they are both in a downward 
direction. 

Speed control has the following features: 


1 The speed can be controlled only at the kelly. Both signal 
and control are done at the surface without relation to the drilling 
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2 The forward speed of the bit is self-determined and has no 
relation to the speed at the surface, except as interpreted by the 
driller on the weight indicator. 


3 The weight on the bit has a value induced by the speed of 
feed and has no relationship to the bit manufacturers’ recom- 
mendations, except as the driller changes the speed by hand. 


Torque. A number of investigations and patents describe 
torque as a means of controlling drilling progress. This factor 
could be used as a control signal except for the fact that (a) 
torque changes take place when going from one formation to an- 
other, and (6) that a desirable drilling torque in one layer an inch 
thick may be too low for the next layer. This would require a 
torque increase. This can be applied to the bit only by lowering 
the drill pipe as fast as the torque change takes place. The next 
inch might require a reduction of torque and this would require 
lifting or stopping the pipe. This would be impractical and 
complicated, and it is believed better to let torque be self-deter- 
mining within the reasonable strength capacity of the bit. The 
thought of torque as a control evidently stems from the old 
days when twist-offs were the bugbear of the driller. This is 
not the case nowadays and when trouble is experienced in this 
direction it is infrequently the fault of the bit. The drilling con- 
trol cannot be expected to enable the user to forget fatigue, 
worn-out drill pipe or occasional ‘‘boll-weevil”’ stunts on the part 
of the crews. 

If torque is used as any signal, it may be considered as a safety 
signal to disconnect the rotary in the event of too high values. 
This, or even a discussion of what excessive torque consists of for 
drill pipe, does not belong within the scope of this paper, and it is 
the author’s opinion that any torque-control device is superfluous. 
A torque indicator, however, is a highly useful and desirable in- 
strument for the driller’s panel. 

Combination Controls. While the foregoing discussion indi- 
cates that the weight control has by far the most desirable char- 
acteristics for general conditions, there are definitely occasions, 
such as occur when the bit suddenly penetrates a cavity, when the 


DIAGRAM I 


SHOWING WEIGHT CONTROL 


AS PRIMARY FUNCTION 


DIAGRAM 
SHOWING SPEED CONTROL 
AS PRIMARY FUNCTION 


WEIGHT - LBS. ON BIT 


very 
18 CI 
not 
tion 
or 
spee 
sale’ 
prov 
troll 
com 


Ac 
pear 
cont. 

On 


stroy 
ho @) 
smal 
hy 

Th 
agail 
The | 
Whil 
abilit 
made 
can f 
and 1 
or dri 


This y 
must | 
The 
air fro 
itself 
A le 
Which 
availa) 
Over 
in the 
versp 
the br: 
Eme 
the 
Will en 


i 


308 
mat 


simple weight controller would “run away. 
very hard formations and a soft 


Also, when drilling 
sand or very porous formation 
is entered by the bit, the same thing might happen. If this would 
not cause runaway, it might crowd the bit into the soft forma- 
tion faster than the cuttings should be removed and jam the bit 
or “ball it up.” In such cases, a speed ‘“‘governor’ with variable- 
speed-limit setting is highly desirable, in fact necessary, for 
safety’s sake. For reaming or lightweight drilling, it may also 
prove desirable, and it is very useful for starting up the con- 
troller, since the weight-indicator reading, assumed to be the 
compensated self-balanced result of rotation, pump flow friction, 
etc., should be taken just before contacting bottom and with 
the bit being lowered at some controlled uniform speed close to 
the expected drilling speed 

Accordingly, and from experience obtained in the field, it ap- 
pears that the bit-weight controller with variable-speed-limit 
control, also automatic, becomes the most useful controller type. 

Overwind and Erternal Power Sources. The braking device can 

be one of two distinct types. The first receives its rotative power 
from the wire line through the drum, and the brake merely de- 
stroys this energy. This is the simple overwind type and requires 
no external horsepower to operate the controller, other than the 
small amount needed for instrument operation. 
1/,hp at the most. 
The second type is one in which the cable load is balanced 
against a torque produced by a device such as an electric motor. 
The balancing power comes from an outside source, or generator. 
While the first type is probably most desirable because of its 
ability to furnish its own power, 
made to give better sensitivity and speed of operation, and also 
can furnish motion in the reverse direction to lift the load slowly 
and reset the weight on the bit without using the main engines 
or drum clutches. 

In determining which of the two devices will eventually be 
most acceptable, field experience as to requirements, cost, relia- 
bility, and simplicity, are the determining factors. The author 
feels that either type can be made sufficiently accurate and sensi- 
. tive for the job, and that cost, reliability, and simplicity will be 

the main requirements 


This involves 


the latter type generally can be 


Sarety Devices 

As with any other device of important duty, involving possible 
high monetary losses or danger to human life in case of failure, 
certain safety devices must be included in any good controller 
for a drilling rig. Since an acceptable control operates with the 
main brake handle completely up, the reason for safety devices 
isclearly seen. 

Power Failure. In the event of failure of the power supply to 
the instruments or any part of the controller-supporting load 
adevice must be installed to lock the controller brake or shaft. 
This would mean that, in case of spring-loaded brakes, the power 
must push the brakes ‘‘off’”’ rather than ‘“‘on.”’ 

The safety device must operate so that gradual leakage of, say, 
tir from the system would apply the brake before the controller 
itself lost control of the load. \ 

A low-voltage trip’should also be included in electrical devices, 
which would not permit running unless proper voltage was 
available, 

Overspeed Trip. In case of the operator turning a setting knob 
in the wrong direction and causing excessive speed to occur, an 
overspeed trip should be included. This device should operate 
the brake in a similar manner to the power-failure device. 

Emergency Stop. A quick emergency stop should be available 
% the operator’s panel, such as a valve or pushbutton, which 
vill enable him to shut the brake off rapidly in case of emergency. 

“Twist-Off” Indication. The weight controller has one useful 
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characteristic, in that, in the event of a twist-off, less weight would 
be suspended on the hook and, regardless of whether the driller 
was present, this would have the same effect as too much weight 
on the bit, would apply the brake, and stop the feed. No further 
feeding would be possible unless the driller caused it to be so. 
This would eliminate much damage to the fish and prevent the 
troubles sometimes caused by ‘drilling by” with a twisted-off 
string. If the twist-off was caused by a fairly heavy section being 
broken off, the released spring effect in the pipe would raise the 
rotating portion several inches or more clear of the fish. 


APPLICATION METHODS 


Transmission and Connection to Hoist. The controller trans- 
mission may be tied directly to the drum shaft or, preferably, 
may use any portion of the existing hoist reductions possible. 
In order to reduce static friction, which is undesirable in “start- 
ing” the brake, roller, or ball bearings are most desirable through- 
out. The use of chains is quite satisfactory, although gears are 
more compact. 

Since the load factor at the highest loadings for a given unit 
is very small—probably below 5 per cent—normal transmission 
‘wear ratings” can be considerably exceeded if the case or mount- 
ings are mechanically strong enough to resist occasional sudden 
brake application without distortion. 

In order to allow the driller to throw the main engines into — 
action in an emergency, the clutch to the control transmission _ : 
should be connected with a nonreversible clutch. All clutch — 
faces, if of jaw type, should be back-cut, since the whole string is | 
suspended on these faces, and any vibrational throw-out would > 
drop the pipe on bottom. 

If a friction-connecting clutch is used, this should be control- __ ‘ 
interlocked with the main-engine-drive clutch so that the con- 
trol transmission will be thrown out of action automatically be-— 
fore the engines are applied to the drum. Control of the trans- 
mission clutch must be at the driller’s position. 

Design of the transmission and brake setup requires torque, 
speed, and horsepower consideration. 

Pickup or Signaling Devices. All weight and speed-contro! 
devices should be unaffected by, or compensated for, tempera- 
ture changes within the operating range. _ 

Table 1 shows a number of methods of obtaining suitable sig- 
nals proportional to weight and speed. These signals may re- 
quire amplification to give sufficient power to operate controllers. 
Differential devices may be used to amplify only the variations 
above and below set points. 

Controllers. Weight and speed controllers should be practically _ 
unaffected by temperature over the operating range. They should 
Table 
2 illustrates some types of controllers available. : = 

Mixed types of controllers and pickups are very practical, and 4 — 


the simplest and most reliable signaling device for the job gener- 
ally can be adapted to operate almost any type of controller the 7s) 
designer wishes to use. The controller in turn can operate sev- ae 

eral types of brakes. 


Retarder or Brake. Table 3 gives a description of various types ‘ 


of brakes which can be used. a aw 
As pointed out previously, the transmission used is part of the ine J 
energy-destroying system, and static friction of this system should — 4 J 


be as low as possible. A very slow rate of creep is highly desirable ae 
so that static transmission friction is destroyed. This rate, how- _ = 
ever, should not exceed the equivalent of about 1 in. per hr feed 
rate of the brake, in order that it cannot affect the slowest drilling __ 

rates as, for instance, in chert when 2 to 3 in. per hr is iia” ; 


common, 


= 
5 
> 
a 
Sy 
Dy 
‘ 
ay 
> 
3 
ret 
versed rotating field to overcome the natural slip of the brake 
he 


at low speeds. If hydraulic pumps are used with a slip rate 
greater than just prescribed, a make-up pump must be used to 
supply the slip fluid. 

Any one of the forms of brake, except the electrical, which 
requires electrical control means, can be used with any type of 
suitable controller. The most suitable combination is one which 
uses the most reliable, rugged, simple and accurate device in each 
of the three main portions of the system. 

Instruments for the System. In order to enable the operator 
to control the system and to locate troubles rapidly, certain mini- 
mum instrumentation is required, as follows: 


1 Total weight indicator gage (existing standard gage may 
be used, if accurate). A weight-on-bit gage is desirable, reading 
0—50,000 Ib. A vernier scale is also desirable on the latter for 
accurate work, such as fishing. 

2 A main power gage is necessary, such as voltmeter or pres- 
sure gage. This indicates value of voltage or pressure in the main 
power supply. 

3 A rate-of-feed indicator showing feed rate in feet per hour. 

4 Supply adjustment regulator and pressure gage for each 
main device used, such as weight and speed controllers, or motor 
valves used for other vital services. 

5 Gages on controllers to show controlled variable, or signal, 
of speed and weight and output to motor valve or brake. 


An additional instrument which is desirable is a drilling-rate 
recorder. This should include a record, on the same chart, of 
either the weight on the bit, or the total weight on the hook. It 
should also include a chronograph pen device which will mark the 
chart each foot drilled, and a switch on the driller’s panel to allow 
the recorder to be started and stopped at the driller’s will as the 
drill pipe is picked off or set on bottom. 

Such a chart then becomes a penetration-rate chart for use 
of the engineers, and the inclusion of the bit-weight record shows 
whether a change in penetration rate was natural or caused by the 
driller having changed the weight setting on the bit. 

This device can be included as a separate attachment and 
should be movable separately so that it can be used, or not. 
The recorder may be needed away from the driller’s position 
and therefore requires a connecting cable, say, 75 ft long to give 
it flexibility of installation. 


Economics 


At the present time the cost setup for automatic 
since one of the main costs, up to 


Cost Ranges. 
controls is rather complex, 
45 per cent of the total cost, is the ‘transmission cost.’’ This 
varies considerably, depending upon the specific rig on which the 
system is to be installed. At this time, full descriptive literature 
on automatic controls is not available in bulletin type. 


TRANSACTIONS OF THE 


. TABLE 5 APPROXIMATE INSTALLED COST OF AUTOMATIC DRILLING CONTROLS 


ASME MAY, 1949 


The figures in Table 5, assuming a maximum transmission cost, 
indicate a range of from $11,750 for the full-motor-reversing type 
down to $8500 for the mechanical-pneumatic type, including 
recording instruments. 

The same control system for a medium rig, without the re- 
corder would vary from $10,350 to $7250. 

Profitability. At present, accurate data on profit obtainable 
by use of drilling controls is meager owing to the difficulty of ob- 
taining directly comparable data, 

The one directly comparative set of figures between two wells 
of the author’s company in West Texas showed 43 per cent more 
footage per bit, 52 per cent more footage per day, and a saving of 
113 bits. 

No experience is yet available with the use of fishtail bits. 

Trends. The increasing interest of many oil companies and 
manufacturers in automatic controls makes certain that, in due 
course, proper evaluation of the varied equipment offered and its 
effect on drilling costs will be made. 

As drilling progress under similar conditions in the same fields 
with automatic and nonautomatic control can be compared, the 
situation will become clarified. More delicate but better bits 
for special purposes, such as diamond and special. hard-faced 
bits, will, it is certain, accentuate the need for automatic control. 
It also is certain that the best service out of these highly designed 
bits cannot be obtained without precision and automatic controls 


to aid the driller. eStats 
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wis ——~Transmission— Controllers, Recorder Power supply, 
‘lass brake, and speed-weight generators 
Make and type of rig Cost* driller’s panel Control cambination and controls SF Total?’ 
General Electric Heavy $2500 Automatic $750.00 $2000 $11,750 
Company to 1 (Includes part speed and weight (aj] sizes) Se de 
OMSCO* (Shell) Heavy 3500 4250 Automatic 750.00 Instrument air only seit 8,500 
mechanical- to 2500 . speed and weight from rig supply; woe hi 
pneumatic Medium 3000 5 efm max i 
to 2800 
Dynamatic Cor- Heavy 2000 6350 Automatic 750.00 7'/2 kw d-e 7 at 10,850 
poration to 1800 (Includes part speed and weight $1750 - rs 
to 100: 1) 
Kinzbach, mechan- transmission Nonautomatic’ 750.09 Ag 1200 12,500 
550 
Variation depends op amount of hoist usable in system, 
@ Includes air-operated main brake, approximate value $2000. 
¢ Automatic under development, probable extra cost —$2000. 
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Appendix 


I EFFECT oF ToRSION IN DRILLING STRING ON LENGTH OF 


STRING AND WEIGHT ON Borrom 
Twi 583 TL 
WISt In Gegrees = 


I From Weight 
indicator 


Weght : 
| ; ‘Sia 


») 


| = 


From Tachometer Generator ¢ 
Chronograph Pen Trip Derce 


1 Air filter . 9 3:1 air relay 
2 Regulator 10 Pressure gage 
3 Valve 11 Valve 

4 Emergency brake controller (regu- 12 Regulator 


lator andpressure gage) 13. Speed controller 
5 Valve 14 1:1 air relay 
6 Regulator 15 Tachometer indicator (volt 
7 Weight controller meter) 
8 Damper valve io 16 and 17 Recording tachometer; 
chronograph pen 


Fic. 10 Typicat Conrrot Panet, MecHanicaAL—PNEUMATIC 


= torque, in-lb 


= length of string, in. 


= modulus of rigidity (shearing modulus)?/; E, or 12,000,- 
000 psi 


D, = outside diameter of pipe shaft, 


D, = inside diameter of pipe shaft, in. 
Example: Let us assume 100 hp carried by drill pipe at 100 
rpm on 10,000 feet of drill pipe; 4!/2-in. drill pipe, say, 41/2 in. a” 
OD, 33/, in. ID. 
Then 
33, 000 x 100 


T = 12 = 63,000 in-lb 
6. 78 x 100 


l Weight con ler 
2 Speed controller 7 
3 Rate of penetration indicator ? 
Fig. 11) Type Avromatic 


(Control panel on left.) 


Fic. 12 


Automatic E.ectric CONTROL 
(General Electric Company.) 
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—Crown Block 


Orillers 


Controller 


Traveling 
Block 


Orawworks 


Tota! Weight 
250,000 /b. 
Mar Penetration 
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Total wr 
Inaicator 
Motor Field 


Tach Gen 


Field 


1s ft/min 


Ammeter 


( Brake 


Speed 
Reducer 


Main 
Generator 


4 

= Plug é 
Socket 

Connections 


SCHEMATIC MECHANICAL LAYOUT 


Fie. 14, WaLkinc BRAKE 
(Kinzbach Tool Company, Inc.) — 


AvuToMATIc ELEctric 
Bit-WeEIGHT CONTROL 
(General Electric Company.) 
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Application of Left-Hand Pilot Valve during Feed-Off Cycle 


Fig. 15 Frow SHeer WALKING BRAKE 
(Kinzbach Tool Company, Inc.) 
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Application of Right-Hand Pilot Valve during Feed-Off Cycle 
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Therefore 


583 X 63,000 10,000 x 12 


Twist = — 
12,000,000 (4!/24 — 33/44) 


where V = velocity of movement, fps. 
Torsional Movement. Friction load F, can be converted into 
friction horsepower loss by applying a torsional force 7’ at a rate 


1718 


- = 4.77 revolutions 
360 


Friction horsepower = = 


Assuming 333 joints of pipe, this is 1718/333 deg per j« 33.000 
5.15 deg. 


Xa X 0.202 in. O 
/ ws In. n 
= 360 


0.202 
Longitudinal angle of twist = sin — 1 = = 0.000561 or 


360 
approx 0° 1.9 aah, 


Shortening of joint by torsion = 360 —+//3602 — 0.202? =a aM 
= 360 — 359.9999 or less than !/jo.000 in. 
This is less than 0.03 in. in 10,000 ft, or negligible. 
Therefore, since length of string is not affected, weight on bot- 
tom is, for all practical purposes, unaffected by severe torsional 
variations. 


1 


II Watt Friction AND Hook Loap 


In a well, friction forces F exist between well wall and dr 
pipe. 
Vertical Movement. Friction load =F becomes measurable. |! Prive to automatic control Shifter | hydromatic 
Its value is obtained by finding weight reading W,, moving when 2 Automatic control disconnect Sranierd, hydromatic 
downward at a slow rate, and weight reading W2, moving “up” at 3 Hydromatic brake disconnect Tisnwweeks’ ubid extensi 


clutch automatic-control dr 
he s spe a's 
the same peed 4 Shifter automatic control clutch 


Friction loal = — ) Fic. 16 Typican Drive To 
2 TRANSMISSION 


1 Driller’s control panel 
Brake unit 
3 Connection transmission 


Fie. 17) Automatic DRILLING 
ContTROL 
(Dynamatic Corporation.) 


By. 
Ay?) 
i 2) | | 
— || | ||) 
Res / | | 
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tor 
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Air gap brake—applied if power fails 


> 
3 Slip rings to main excitation 7 Antislip drive, driven in re- 


Main excitation coils 5 Power-failure emergency-stop 


i coils verse to overcome full-load 
8 Hoist-drum drive 


Fic. 18 Dynamatic Auromatic Brake Unit 


| 
il | } |! 
Brake on 100 % Weight Contro/ Weight Contro/ with Speed Control Limit Bae 100% Speed Control : 
Chart Speed: /2‘per Minute Chart Speed: per Minute Chart Speed: 12"per Minute 


~ 
» 
Fig. 19 Typica, Recorper CuHarts; Automatic Dritting ContRoL 


| 


= 


where 
N rpm 
torque, ft-lb 

In torsional movement, the lubrication of the rubbing surface 
by drilling fluid is good, and the work done is proportional to dis- 
tance traveled per unit of time, or the velocity of rubbing. All 
friction is thus converted into horsepower loss. This is the major 
motion of the drill pipe. 

In vertical movement, while rotating the pipe, vertical friction 
load, which has been redetermined by rotation, must be con- 
verted into horsepower loss. This is the minor motion of the drill 
pipe. 

Frictional horsepower is proportional to rubbing velocity, since 
the frictional resistance is the same against vertical and hori- 
zontal motion. 

Example: 4/:-in. drill pipe with 5%/,-in-OD tool joints, run- 
ning at 150 rpm, and drilling at a rate of 120 fph. 

53/, X X 150 


12 x 60 


Peripheral velocity of rubbing surface = 
3.75 fps. 


Vertical velocity 1/4 fps. Therefore pe- 


4 
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ripheral velocity = 112.5 times vertical velocity, even at tl 
normally high drilling rate of 120 fph. 


Vector Diagram of Forces: In Fig. 20, 6 = pitch angl 


thread cut by a point on the outside diameter of the 4'/:-in. dr 


in this case, 150/24 threads per inch or 6.25 threads 


pipe; 
inch. 


D 


20 


This situation is relatively unchanged on bottom, and as long 
as peripheral velocity is of the order of 50 or more times 


of vertical velocity, vertical friction is removed from the 
tion, for all practical purposes. 

Close observation in the field shows the foregoing to be 
in that, When the pipe is suddenly lowered, while rotating 
then stopped, the vertical friction can be seen to “run do 


bottom,” i.e., the weight indicator shows a sudden drop 


gradually, over a few seconds, rises to its original rotating \ 
When lowered by the controller at a steady rate while rotat 


at normal speed, however, the indicator shows no loss of w 
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In the early days of the petroleum industry in America, 
the long pipe lines through which oil was pumped gave 
constant trouble from bursts caused by ‘‘shock”’ pressures. 
The author traces pump and other developments through 
the years which were intended to reduce the surge prob- 
lem. Practically all solutions were based upon the use of 
air chambers, equalizer lines, or otherwise designing pip- 
ing to prevent these surges from becoming dangerous. 
With the pumps in use today, pressure swings of 50 to 60 
percent of the mean pressure are experienced. Steps taken 
to so arrange the flow in the pump that these pressure 
surges are held within a reasonable percentage of the theo- 
retical value are outlined in the paper. These consist 
mainly of changes in the pump-valve system, which the 
author describes at some length, supported by mathe- 
matical anc and test data. 


7 History AND INTRODUCTION 
1D’ RING 1 the growth of the pipe-line industry, the problem 


of surges in the lines because of fluctuations of pressure 
at and near the prime movers has plagued the operator. 
1903 Professor Goodman? recognized some of these problems 
the following statement: 
n the early days of the petroleum industry in America, the 
g lines through which the oil was pumped gave constant 
ible owing to frequent bursts, although the pipes had a large 
gin of safety over any static pressures to which they were 
y to be subjected. When precautions are not taken to pre- 
tsudden changes of velocity in the pipes and passages of fast- 
ning pumps, very serious ‘shock’ pressures may be set up even 
thshort lengths of pipe.” 
Most of the early crude-oil pumps used were direct-acting, oper- 
lby steam. The steam cylinder cushioned the shock some- 
it and few breakages were experienced. The next step was 
‘ing a steam crank with a light flywheel directly connected to 
pump. The steam end still cushioned the shock effects of the 
ressure surges. The widespread use of the slow-speed Diesel 
gine using heavier flywheels and a gear-reduction system to the 
ip in the early 1920’g served notice to the pipe-line industry 
‘further consideration of the surge problem was necessary. 
at had been manifesting itself in ‘short stroking’ in the 
m-operated units now began to appear as numerous and 
espread breakages of the lines. When the lines and line 
ngs were ‘“‘beefed-up,” the pumps broke. When the pumps 
re strengthened, the lines broke. It was not until about 1924, 
erefore, that the seriousness of the problem became apparent. 
re were then some 40,000 miles of pipe lines in the United 
‘lates carrying crude oil. 
'Stanolind Pipe Line Company. 
*“Hydraulic Experiments in a Plunger Pump,” by John Goodman, 
‘toveedings of The Institution of Mechanical Engineers, London, 
‘igand, 1903, pp. 123 and 172. 
ontributed by the Petroleum Division and presented at the Pe- 
toleum Mechanical Engineering Conference, Amarillo, Tex., Octo- 
‘3-6, 1948, of Tar AMERICAN SocrETY OF MecHANICAL ENGINEERS. 
Nore: Statements and opinions advanced in papers are to be 


4 derstood as individual expressions of their authors and not those of 
‘Society. Paper No. 48—PET-9. 


Pressure Surges and Vibration in | 
_Reciprocating-Pump Piping 


By J. W. SQUIRE,' TULSA, OKLA. 


At this time Mr. W. D. Pomeroy, vice-president and general 
manager of the Goulds Manufacturing Company, Prof. H. Died- 
erichs, director of the Sibley School of Mechanical Engineering, 
Cornell University, and others instituted a study of the causes 
of these breakages. Their research was concerned primarily with 
an attempt to adapt the use of air and vacuum chambers or 
alleviators on the suction and discharge sides of the pumps to 
cushion the shock of the pressure waves set up by the pump in 
the piping systems in use. In so doing, a study was made of the 
effects of the piping-system design on these pressure waves. 
This work was carried on both at the Goulds factory in Seneca 
Falls, N. Y., where it was feasible to study test units under con- 
trolled conditions, and in the field under actual operating condi- 
tions at several pipe-line stations. A preliminary paper out- 
lining the results was presented in 1926 by N. B. Delavan.? Their 
main results and specific conclusions were given in a paper pre- 
sented in 1929,4 and are summarized as follows: 

1 If the piping design is such that a reflecting point, such as a 
sudden enlargement or contraction of the line, carries back 
pressure waves which are in synchronism with those of later 
waves of pressure produced by the pump plungers, very high 
pressures are developed and failures of the line or pump parts 
may result. This phenomenon has long been known as water 
hammer and many studies have been made of it. Field condi- 
tions were found where pressure swings of 310 to 1030 psi on a 673- 
psi line were typically present. When these conditions exist to 
such an extent that the liquid column breaks, they are even more 
serious. 

2 The pressure impulses travel at the speed of the sound in 
the liquid, being modified by the gravity of the liquid and the 
size of the pipe 
wend 


where TER 

C = velocity of pressure wave in system, fps ™.™ zit 
g = 32.2 fps per sec iad 

m = density of liquid, pef 
J = virtual modulus of elasticity of liquid and Pipe (see Ap- 


pendix) 


Average figures of C for oil are around 4000 fps in 6 and 8-in. 
pipe as derived in this paper 

3 Short lengths of piping between the pumps and manifold 
are desirable and cause less breakage than long lines, particularly 
when more than one unit discharges into a common manifold. 
The conditions vary considerably where long lines between 
pumps and manifold exist; in fact, no two are the same. If 
there are no critical points of reflection, the primary impulses 
tend to die out because of friction loss in the pipe and internally in 
the liquid. Any actual installation, however, is seldom without 


3“*An Investigation Into the Cause of Breakages in Crude Oil 
Pipe Line Transportation Systems,’ by N. B. Delavan, Trans. AIME, 
vol. 73a, 1925, pp. 498-520. 

4“The Occurrence and Elimination of Surge or Oscillating Pres 
sures in Discharge Lines From Reciprocating Pumps,”’ by H. Died- 
erichs and W. D. Pomeroy, Trans, ASME, vol. 51, 1929, Paper 
No. PET—51-2. 
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discontinuities in the piping, which multiply the chances of a to the speed at which a pumps were running. Some changes 
resonance condition in the piping system, particularly when it is | were made in the plungers and valve springs to reduce this noise, total 
considered that all odd harmonics must be taken into account. With the installation of larger and faster pumps of the same de. fj 78" 
4 The use of air chambers near the pump, when intelligently sign in 1947, piping breakage began to appear. It was then that nn 
applied, prevent dangerous surges. a series of tests was instituted with equipment which will be out- could 
lined later. The 
All those who previously had carried out work on cru 
pumps, recommended measures for alleviating the pre 
surges by the use of air chambers or equalizer lines, or oth 
designing the piping to prevent these surges from bec 
dangerous. The nature of the surges produced in the pum 
cycle for the slower duplex and triplex pumps was that of 
and slow variations. Now, however, the theoretical pr 
variations generated by the action of the pump were small and si 
high frequency. Reference to Table 1 and Figs. 1 to 5, ine piping 
demonstrates this clearly. But instead of experiencing 
small pressure variations in the field, measurements were m 


The foregoing points represent those of the authors previously 
mentioned and are amply and completely covered in their paper. 
It is not the intent of the author to do more than summarize 
briefly their conclusions. Much information and valuable data 
are included in this work in particular for speeds and design of 
pumps up to that time. The latest units then consisted of du- 
plex or triplex double-acting pumps powered by Diesels and 
using a positive gear-reduction drive. 

Surge chambers were used with some effectiveness; but the 
ever-present possibility of an explosion, the extra cost of installa- 
tion, and the cost and inconvenience of maintenance were disad- 
vantages to be considered. The construction of additional 
larger units at all main-line stations with all pumps working into 
a common manifold resulted in numerous piping failures. 

In order to attack this problem further, J. B. Harshman of 
the author's company made an investigation for the purpose of 
devising a simpler and more economical means of reducing pres- 
sure-resonance conditions in multiunit installations. The re- 
sults of his work were summarized in a paper in 1939.5 

The method consisted of connecting an equalizer line to each 
discharge line of the pumps. This was placed a short distance 
from the pump-discharge headers just outside the building. 
Practical tests in the field showed a 1350-psi pressure swing on a ; JM i tu Ay 
single unit in a four-unit station with three units discharging at 
725 psi line piessure and connected without the equalizer line. F1G.1 Discnarce Vo.ume VARIATION or DupLex Dovus_e-Act 
The insertion of the equalizer line under otherwise the same op- Puur 
erating conditions reduced this pressure swing to 120 psi, a 91 per 
cent reduction. Several other tests gave similar results. On _— 
two to four (or more) unit stations, this means for reducing eee ae 
pressure surges or fluctuations has been used effectively in nu- 
merous installations since that time. 

Recently, however, several other factors have appeared which 
bring up new problems. One pipe-line company now has a 
number of 5- and 7-cylinder vertical and twin-quintuplex hori- 
zontal pumps. These range in output from approximately 
15,000 bpd to 100,000 bpd, in speed from 175 rpm to 400 rpm, in 
stroke from 3 in. to 8 in:, and in output pressure from 900 psi to 
1500 psi. The trend then is for higher speeds, greater capacities, 
higher pressures, and lighter weight in the pumping units. 

The first of these, put into use in 1944, gave some indication 
of the diffietiities which were to be experienced. However, 
there were 9® piping-breakage difficulties on the first ‘few in- 


stallations; and the somewhat excessive noise was attributed ( 
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5 “A Practical Method of Arresving Pressure Surges in Discharge 
Piping of Reciprocating Pumps,"’ by J. B. Harshman, Oil and Gas Fic.2 Discuarce VoLOME VARIATION OF TRIPLEX DovuBLe-A 
Journal, April 27, 1939. Pump 
AL So TABLE 1 FUNDAMENTAL VOLUMETRIC VARIATION OF TYPICAL PUMPS 
Per cent volumetric variation——-—. Cycles Cycles 
Type pump Rpm Above mean Below mean Total perrev persec Reference sedi 
Horizontal double-acting 
duplex.. 24, 5 45.6 4 2.4 ae 


bl 


orizon ou e-acting- 


triplex. . 
Horizontal double-acting 


triplex 
Fig. 


TAD 


Vertical quintuplex 
Horisontal twin quintu- 
plex Fig. 
Fig. 


noe 


ral Vertical septuplex. 


Vertical single-acting tri- 


ue 


plex 
Single-acting quad 
Single-acting sextuplex. . 


2 
“Wage 
af 
OK. 
j 
pr. 
“al 


§QUIRE—PRESSURE SURGES AND VIBRATION IN RECIPROCATING-PUMP PIPING 319 


total pressure swings on the order of 50 to 60 per cent of the fore any changes were made in the pump. This has superimposed 

mean pressure-—a factor of 8 or 9 times the expected value. Our the volumetric curve of Fig. 3 converted dixectly in terms of 

investigations indicated that air chambers or equalizer lines pressure. 

could not be used effectively at these frequencies (see Appendix). After changing the valve-system design and introducing other 
The method of attacking the problem, then, involves primarily —_ factors, recorded results were of such low value at this point 

the concept of so arranging the flow in the pump that these 


ressure surges are held within a reasonable percentage of the AB oon 
heoretical value. Then too, the piping should be so designed 
hat no part of it will approach a resonance with these surges 
initiated in the fluid cylinders of the pump, 

This means that instead of attacking the problem by alle- 
viating means, we are attempting to stop any dangerous surges 
at their source. Fig. 6 shows a general layout of the pump and 
piping system where the conditions just mentioned were experi- | | 
enced. Fig. 7 shows one record of the pressure surges taken be- 
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that the character of the curve was not believed recorded faith- changes were made in the piping. The changes in the pump are 
fully by our equigment. This is illustrated in Fig. 8, again with enumerated as follows: 
: the theoretical volumetric variation shown. The maximum 1 Differently designed valves and valve seats were used in 
variation of 39 lb on the 3000-psi gage used, amounted to a little three of the five cylinders. These were such that discontinuities 
over 1 per cent of its range. in the velocity of flow through the seat and across the rim of the 
What produced this marked improvement in operation? No valve were reduced considerably. At the same time, the lift of 
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valve was restricted to !/s in. in all cylinders. (No lift re- 
tion had previously been imposed. ) 
2 The new valve systems had a higher natural frequency by 
factor of approximately 3. 
3 Diameter of the plungers was changed from 7*/, to 8 in. 


is believed that the reduction of discontinuties in the ve- 
y of flow reduced the forces likely to excite the valve system 
This, coupled with the higher natural frequency 
ne valve system, was credited with being the main factor re- 
ng in greatly improved operation of the pump. The valve- 
ift reduction may also have been a contributing factor. Rudi 


resonance. 


Score OF THE PROBLEM 
he Pump. This leads us to a consideration of the following 
ral factors in the design of high-speed multicylinder pumps 
crude-oil service: 


The pump parts must be built to withstand greater strains; 
such as, centrifugal forces in the crankshaft and greater bearing 


ve Merressures, due to increased line pressures. 
2 The moving parts must be built to closer tolerances, and a 
in) Weed dynamic balance must be attained. 
} The design of the valves and valve seats must be such that 
of the movement of oil is ata maximum. Theoretically, 
Earp velocity changes in the flow are apt to cause valve flutter. 
4s), theoretically it should not be necessary to restrict valve 
‘beyond the maximum to produce equivalent port area in a 
re Wprerly designed valves However, practical tests by several 
in) /™P companies have resulted in imposing a limitation on the 
We lift. This lift must be kept reasonably small to offset the 
re uettia forces which prevent proper closure, thereby allowing 
m) Brick action of the valve. Closure at the proper time means 


areased volumetric efficiency. Small lift also means less noise 
id Wear on the valve plate and seat. The amount of lift on a 
properly designed valve should be in direct proportion to the 
Med of the plunger. Such a valve would be wide open when the 
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designed so that its natural frequency is not close to the fre-— 
quency of the hydraulic forces acting upon it. This obviates 
fluttering. 

5 The spring system on the suction and discharge valves 
must be designed to handle a wide variety of oils with minimum 
adjustment. Complex batching schedules frequently result 
in wide variations in back pressures and sometimes in discharge 
The compressed force of the springs must account for 

these factors as well as the weight of the valve stem and spring 
for optimum operating conditions. The ideal valve would have 
neither weight nor mass and would depend entirely upon spring 
pressure for closure. Since this is impossible, the mass should 
be kept to a minimum with ample spring pressure. In other 
words, the G factor should be kept to a minimum. 


pressures. 


The designed factors 3, 4, and 5 involve many considerations 
on which little known data are available. A possible answer in 
design of future units would be the use of a system to actuate the 
valves by a mechanically positive means. This would obviate 
consideration of the many varying factors which must now be 
taken into account in the design of a valve system hydraulically 
operated, 

Considerable field experimentation has been necessary to ar- 
rive at satisfactory operation of the spring-system design on 
units now in use. These tests are by no means complete. , 

Piping. Principles which are used in designing the pump-dis- 
charge and suction piping may be summarized as follows: 


1 Streamlining of flow wherever possible. Examples of this 
may be seen by reference to Figs. 6, 9, and 10. In the piping in 
Fig. 6 it will be noted that an attempt has been made to equalize 
the streams on both the suction and discharge sides of the pump 
to avoid unbalance in its operation. Fig. 9 shows the cast dis- 
charge-header construction now in use on the pump in Fig. 6 and 
on several others on our system. Experience in the field has 
dictated the policy of straightening out the flow, particularly 
in the discharge lines. Fig. 10 illustrates an example of bringing 
together the streams from a double-end-discharge vertical 
septuplex pump. This pump has b 
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end of the stroke with maximum pump speed. 
* Therefore the valve system should be light in weight and ered. 


1200 psi discharge pressure for several months with no surge 
chambers. Piping vibration has been negligible. 

On the other hand, avoiding the use of long-radius manufac- 
tured ells (11/2 times nominal pipe diameter) and manufactured 
tees is considered impractical. The chances of reflections in 
synchronism with the pressure surges initiated by the pump, 
although possible, are believed to be negligible for two reasons; 
(1) these fittings are very imperfect reflectors; (2) there are 
usually more than two points in the line between the pump and 
manifold where the use of one or both is necessary. These facts 
taken together probably mean that the resultant pressure waves 
are damped out to such an extent that they are not of destructive 
nature. Our measurements in the field have indicated this to be 
true, although we have been unable to calculate what is happen- 
ing in any particular case. 

2 Avoidance of suspended masses of piping or fittings. Small 
surges initiated by the pump are apt to approach the funda- 
mental natural frequency or one of the harmonics of some section 
of the piping with destructive results. 

3 Avoidance of irregularities in cross section, such as, holes, 
sharp shoulders, or notches. We try to use a minimum number 
of saddle welds—never size on size with pressures above 500 psi. 
Where economic or delivery reasons dictaté their use rather than 
the purchase of a factory tee (e.g., 6 on 16 in.), they are usually 
rib-reinforced at the crotches. All discharge gage connections 
are rated at 2000 psi for strength. 

It is also possible for mechanical vibrations to be transmitted 
to the piping from the pump or engine, causing dynamic stresses 
with which some part of the piping system is in resonance. 
When this occurs, breakage results. Several studies have been 
made of this phenomenon in the natural-gas industry. This is a 
related problem to the one covered in this paper, but we have not 
as yet experienced any difficulties in piping breakage attributable 
to this cause. : 


Fic. 9 (above) 
Fic. 10 (below) 
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Fundamentally, then, the discharge-piping system is subjected 
to pulsations of much higher frequency and less magnitude than 
any heretofore experienced for crude-oil pumping. Referring to 
Table 1, it will be noted that the pulsation variations produced 
by the pump vary between 2.4 and 7.3 cps for horizontal duplex 
and triplex double-acting pumps whereas in the multiplex pumps 
this figure varies between 29 and 71 cps. The theoretical volu- 
metric variation per revolution on the other hand (and it may 
be assumed the pressure variation follows this in character on 
the pump discharge) varies from 45.6 to 22.9 per cent for the du- 
plex and triplex pumps, respectively. The comparative varia 
tion for our multicylinder pumps in operation varies from 4.0 
to 7 per cent. This means: 


1 That the number of flexures of the piping system in a prop- 
erly operating multiplex pump occur at a rate of from 4 to 30 
times as fast as those of the 2 and 3-cylinder pumps with an av- 
erage factor of about 10. 

2 The amount of the«pressure surges are at the same time 
much smaller in the multiplex pumps than in the duplex and 
triplex pumps. This again is for a pump operating ideally. 

3 The theoretical conditions of pressure are seldom fulfilled in 
actual practice. It is felt necessary, therefore, to design the pip- 
ing system to handle unforeseen pressure surges at the present time, 


When working into discharge pressures in the range of 1400 to 
2000 psi and handling crudes with a wide variation of viscosity, 
the safety factor in the discharge-piping system is usually smaller, 

, for an 8-in. discharge line designed for 1400 psi operation 
using an S factor of 18,000 psi,’ the allowable pressure is 1640 


psi using extra-heavy grade “B’” seamless pipe. This means, 
then, that the allowable working pressure should not vary over 


6 40 SSU to 10,000 SSU for certain cases in Wyoming. 
7 85 per cent of the S factor in the ASA code for oil-piping systems 
within refinery limits. 
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17 per cent above the mean. On the other hand, in an 800-psi 
discharge line using 8-in. pipe, extra-heavy grade B seamless 
would again be used, giving an allowable percentage of variation 
of 105 per cent above mean operating pressure. 

Measuring Equipment. 


Fig. 11 shows a schematic layout of a 
system satisfactory for pressure and vibration measurements in 
a high-speed crude-oil pump-and-piping system. 

In arriving at specifications for this equipment, several fac- 
tors must be kept in mind, as follows: 


1 We must have a system capable of following the pressure 
variations faithfully. We have set our standards arbitrarily at 
0 to 1000 eps. 
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2 The gage for transmitting the pressure impulses also should 
be as insensitive as possible to mechanical vibrations. This is 
one of the main difficulties which we have experienced in use of 
pressure gages with an electr.cal output. As yet, we have found 
no suitable gage fulfilling our frequency requirements and vibra- 


tion-insensitivity requirements. 
° 3 It is believed highly desirable to measure the direction and 
? amount of mechanical vibration encountered in the piping sys- 
4 tem simultaneously with the measurement of pressure. This 
. means using a pickup.for each of three directions of motion at 
° the measuring point. The frequency characteristics in this case 
, have been set (again arbitrarily) at 4 to 500 eps. 
y 4 The recording equipment should be capable of handling 
- data from a minimum of two vibration points and four pressure 
a points simultaneously on the same time scale. This is a total of 
yf ten channels; six for the two points of mechanical displacement 
0 (one for each direction of motion at each measuring point), and 
four for the pressure. Data should be directly readable from the 
p record in terms of inches displacement and pounds per square 
30 inch pressure variation. A recording oscillograph or camera such 
\v- 8 is used in seismograph work is suitable. 

This type system also allows us to observe conditions quanti- 
me tatively for several consecutive pump revolutions allowing such 
nd factors as hunting of the engine or beats in the data to be ob- 

served and evaluated. 
in The requirements of the system briefly described here hove: 
"P” i been arrived at after a series of tests conducted on one of our 
me. singlo-unit pumping stations in Missouri. It is believed that 
)to by proper design all of the time-consuming factors which we 
ty,’ HB &perienced in taking and interpreting the data can be mini- 
ler, @ Mized, allowing a quick and accurate determination of the pres- 
tion @ Wre and vibration characteristics of any similar system. = 
640 
ans, SumMMaRY AND ConcLUSIONS 
ver For pumping crude oil at the lower pressures (up to 900 psi), 

‘ficient information is available for proper design of a piping 
ae fystem to avoid undue mechanical vibration. The design of low- 


ed duplex and triplex horizontal pumps is satisfactory at the 
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lower pressures. The use of equalizer lines for two or more units 
on one system is a satisfactory practical solution at lower pump 
speeds and pressures. 

The design of high-speed short-stroke pumps (175 rpm and 
greater) to handle large quantities of crude is not sufficiently 
worked out to avoid probability of breakage difficulties in the 
pump or piping. These factors become more important at the 
higher pressures now used. 

The varying-grade crudes pumped, the use of a smaller num- 
ber of large-capacity pumps, and the higher design pressures, 
encountered on a modern pipe-line system complicate the proper 
design of a high-speed multicylinder pump. Solutions to these 
difficulties are being worked out in actual field installations at 
the present time. It has not been found practical for the pump 
companies to’ set up laboratory installations for the size units 
used in a modern pipe-line pumping station. 

The higher frequencies produced by the pump as pressure 
surges do not complicate the problem of piping design unduly. 
Avoidance of sharp discontinuities in the piping system and con- 
centrations of mass or unsupported piping sections should result 
in a satisfactory piping system. The use of air chambers is not 
justified at surge frequencies above 20 eps. 

Mechanical vibration transmitted from the engine or pump to 
the piping system is considered as a separate problem from the 
one covered in this paper. 

Our general requirements for suitable equipment for pressure- 
surge and vibration measurements have been fairly well estab- 
lished. There should be no undue difficulties in setting up such 
a system with the exception of locating a pressure gage with 
suitable characteristics. 

Several systems on the market for determining pressure varia- 
tions have been studied for our use in this work. These have con- 
sisted mostly of systems designed primarily for engine-character- 
istics measurements and are not believed suitable for our applica- 


tion. 
ACKNOWLEDGMENTS 


The author wishes to express his debt of gratitude to all those 
who have been so helpful in assisting in the preparation of this 
paper. Representatives of the Aldrich Pump Company, Worth- 
ington Pump and Machinery Corporation, National Transit, 
and Cooper-Bessemer Corporation have furnished valuable data 
and sources of information. 

Much credit is also due to the members of the engineering staff 
and the departments of the Stanolind Pipe Line Company for 
their constructive criticisms and ideas offered, particularly Mr. 
T. R. Aude, Mr. J. R. Polston, Mr. A. H. Newberg, Mr. HL. 


Drake, Mr. R. P. Lennart, and Mr. C. F. Gearhart. Mr. J.B. 
Risler and Mr. T. Gilmartin of the Stanolind Oil and Gas Com- _ ae 
pany have also been generous with their time in helping toformu- 
late some of the conclusions herein expressed. 7 


SPEED OF PRESSURE WAVE IN A PIPE 
Symbols Used 


= longitudinal stress, psi 

= circumferential stress, psi 
= pressure, psi 7 
= pipe radius, in. 
= pipe thickness, in. 
= 

= 
= 


> 


Poisson’s ratio = 0.30 for steel © te 
1/u = 3.33 for steel 
length of pipe, in. 


circumference of pipe, in. 


vel 


> 
toy 
- 
ere 
=" 
pigs 
> 
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V + AV, = (x + Az) (r + Ar)*x na 


By neglecting Second and third-order derivatives. This may be 


expressed 
AV, = 2xrzAr + mr? Az 


Then Eqhations [2] and [3] 


*“Advanced Mechanics of Materials,” by Glenn Murphy, Mc- 
Graw-Hill Book Company, Inc., New York, N. Y., 1946. 

® “Hydraulics of Pipe Lines, " by W. F. Durand, D. Van Nos- 
trand Company, Inc., New York, N. Y., 1921. 


-E = modulus of elasticity, psi (steel = 30 X 108) 
bei bulk modulus of liquid, psi (37 deg API oil at al Pir 1 r 4 1 
y F 200,000) J 2tE a@ K 
AVp = change in volume of pipe (expansion ) = =.. 
AV, = change in volume of liquid (compression) 1 +) 
4V = total relative change in volume due to expansion of \ g \J \ gk E a 
ipe and compression of liquid 
poe Prva in sae ession of liqui for crude oil in steel pipe, assuming K = 200,000 psi; E = 30 x 
10° psi; M = 53 pef; @ = 3.33, Equation [8] reduces to 
-_ @ = speed of sound or pressure wave in combination of | 4180 
“er liquid and pipe 0.0127 I 
att J = effective modulus of elasticity of pipe and liquid, ac- _ i> 
= counting for compressibility of liquid, as well as é 
ae circumferential and longitudinal expansion of pipe, Joukovsky has developed a formula which does not account 
a pole hae: for the longitudinal pipe movement. Since this small factor 
M = mass of oil, pef be neglected, we may also use 
g = acceleration of gravity = 32.2 fps per sec ag? 
12 
In the case of a pipe carrying oil, the velocity of a pressure = Cs ............ (10) 1011 
(or sound) wave is modified by the elasticity of the oil and the we |M 1+ “ok ) . 
steel. For the pipe \ gK tE 
ca Pr Pr Or for the same valves as in Equation [9] 
4180 
F Poiss 
rom Poisson i + 0.0133 — 
E ak 2th a Notes ON Arr-CHAMBER CALCULATIONS 
et a a s Pr 1 Since the advent of the use of equalizer lines in our system, it 
=— = = (2 has not been found necessary to use air chambers or alleviators 
J on the discharge side of reciprocating pumps. In order to pro- 
Since a? m4 a vide for constant flow of the oil mass by a cushioning or smooth- 
pate ing: effect on the suction side of the slower-speed duplex and 
ay ar triplex pumps, particularly where the installation is not a flooded 
y 2ar r w 7 or positive-pressifre suction, it is felt highly desirable to use air 


AV, = V-(5— for the pipe......... [5 
By definition 
av, _ P 
or or the liquid...... [6] 
AV = AVp + Al 


chambers at the pump. 

However, where the frequency of volumetric change in the 
pump cycle becomes comparatively high (an estimated 25 cps or 
more), and the volumetric change in the resultant flow curve of 
the pump is small, it is not felt necessary to introduce an air 
Here it is believed that (1) the inertia of the oil mass 
and (2) the 


chamber. 
is such that it will not follow these changes in volume 
variation in a properly operating pump of 5 or 


amount of volume v 
more cylinders at a speed of 175 rpm or greater is insufficient to 
justify the use of an air chamber. 

Calculations for sizing air chambers following the equations 
developed by Prof. E. H. Kennard,'!* and those which we have 
developed on the basis of sizing the air chamber so that the air 
as a resonant spring-mass system, have borne out 
This latter derivation is not included here 
A few field observations 
w further. 


and oil act 
these observations. 
because of its narrow usage in practice. 
have also been made to substantiate this vie 


10‘*A Treatise on Applied Hydraulics,’’ by Herbert Addison, 
edition, John Wiley & Sons, Inc., New York, N. Y., 1945. 

11 “Water Hammer,” by Miss O. Simin (digest of Prof. N. Joukov- 
sky’s work), Proceedings of the American Water Works Association, 
vol. 24, 1904, pp. 341-424. 

‘‘Water-Hammer Problems in Connection With the Design of Hy- 
droelectric Plants,” by E. F. Strowger, Trans. ASME, vol. 67, 1 1945, 
pp. 377-388. 

12 ‘The Minimum Size of Air Chamber Required to Preve 
Inception of Elastic Surges in Pipe Lines From Reciprocating Pumps,” 
by E. H. Kennard, Sibley Journal of Enginegring, vol. 43, May, 1929, 
pp. 187-188, 222 and 224. 
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Continental and American Gas-Turbine and 


Compressor Calculation Methods Compared 


By P. F. 


During a recent tour of the United States, it became evi- 
dent to the author that there is no standard American 
method for gas-turbine or for axial-compressor calcula- 
tions. Apparently, each firm goes its own way without 
much regard for precedents, competitors, or textbooks. 
In view of the wide diffusion that British data had in this 
country during the war, it might have been supposed that 
the Howell (1)? method would have been generally used. 
However, although the actual data given by Howell are 
considered very reliable, his calculation method is not 
much used. In practice, calculations seem mostly to be 
influenced by Keller (2) and, to a much lesser degree, by 
The same situation can be noted as regards 
the paper by Soderberg 
and Smith (4) is generally well known, but no standard 
system seems to prevail. To simplify matters, it will be 
assumed that general American practice can be repre- 


Traupel (3). 
gas-turbine-cycle calculations; 


sented by the methods given in Professor Zucrow’s (5) re- 
cent book and in the papers by Ponomareff (6), and Howell 
1), as regards axial compressors. 


following nomenclature is used in this part of dei: 


NOMENCLATURE 


Hk 
paper. It represents average continental practice; but 
symbols are not completely standardized even there. Di- 


mensions are metric, but wide use of dimensionless coefficients 


makes application to American standards easy. 


a = velocityofsound,mps 

b = radial length of blade, 
c, = lift coefficient 

= drag coefficient 

¢ = absolute velocity (located according to subscript), mps 
¢, = axial component of absolute velocity, mps 

¢, = tangential component of absolute velocity, mps 

d = diameter, m pov 
| = blade chord length, m danas 
M = Mach number novia? 
n = speed, rpm ane! 
p = pressure, kg per sq m eras’ 
r = radius, m 
R = degree of reaction “hy Fe) 

t = blade pitch, m aT 


peripheral velocity, mps 


= relative velocity (in rotor), mps | 
« = tangential component of relative velocity, mps 
mean relative velocity in rotor (wind velocity), mps 
8= angle between relative velocity and tangential direction 
' Professor of Mechanical Engineering, Cornell University; formerly 
Head of Gas Turbine Section, Italian National Research Council, 
Rome, Italy. Mem. ASME. 

‘Numbers in parentheses refer to Bibliography at end of the paper. 
Calvin W. Rice Lecture for 1948, contributed by the Gas Turbine 
‘ower Division and presented at the Semi-Annual Meeting, Mil- 
"ukee, Wis., May 30-June 5, 1948, of Tae American Society OF 
MecHaNICAL ENGINEERS. 

Norr: Statements and opinions advanced in papers are to be 
aderstood as individual expressions of their authors and not those of 
te Society. Paper No. A-62. 
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y = angle between absolute velocity and tangential direction 
6 = glide angle in stator 

e = glide angle in rotor 
n 


= efficiency (stage or part of stage) ae 
= ratioc,/u (vectorial) 
T, = +72 (vectorial) 
Tq = — 72 (vectorial) 
¢ = dimensionless flow coefficient = c,,/u ~~ = 
Ap_ 
= dimensionless pressure coefficient = = 
pu 
Subscripts: 0, at pitch diameter; s, at tip diameter; .V, at hub 


diameter 
Subscripts: 1, at rotor inlet (or stator outlet); 
(or stator inlet) 


at rotor outlet 


Superscripts: ’,in the stator; ”, in the rotor 


Basis or CONTINENTAL THEORY 


Continental industrial gas turbines run at lower temperatures 
than those usual in America. Maximum temperatures of 1120 F 
and 1200 F are employed in the power plants under construction; 
and 1300 F is the limit for future projects. This is due to difficul- 
ties in obtaining good heat-resisting alloys and to the desire for 
reliability; also, closed and semiclosed cycles are less suited to 
high temperatures. As very high thermal efficiencies are wanted, 
owing to the high prices of fuels, particular care has been given 
on the Continent to high adiabatic efficiencies for compressors 
and turbines. Ease of manufacture and compactness are sec- 
ondary considerations; high efficiency is paramount. Conse- 
quently, axial compressors are calculated according to a theory 
which tends to give very high efficiencies; it is also used for tur- 
bines. The basic principles on which it is founded and an outline 
of the calculation method will be given. 

Considering one stage of the compressor, the following simpli- 
fying assumptions are made: 


(a) Density variations so small that density can be considered 
constant. 
(b) Constant axial velocity c,, at all diameters. 
(c) Constant cross section throughout the stage. 
(d) Potential motion. 


(e) Lines of flow moving axially along cylindrical surfaces. 


These assumptions define what is generally called a “normal 
stage’’; more general assumptions are considered by Traupel (3), 
but the theory actually used is based on the normal stage. 
Starting from these assumptions, and considering a blade ele- 
ment between two cylindrical bounding surfaces, a blade-element 
theory is developed in the known manner, as given, for instance, 
by Professor Zucrow.* The aerodynamic forces acting on the 
blade element are determined; the ideal pressure rise is calcu- 
lated. Considering real flow with losses, use is made of the cas- 
cade polar and of the lift and drag coefficients c4 and c,; these, 
or the glide angles c,,/c, (called 6 in the stator and ¢ in the rotor), 
are introduced, and the effective pressure rise is calculated; the 
cascade characteristics, blade chord length 1, and blade pitch dis- 


3 meaneetindned reference (5), chapt. 9. 
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TRANSACTIONS 


tance ¢ are brought in by means of the concept of circulation. 
Full developments and proofs are given elsewhere by the author.‘ 


DIMENSIONLESS QUANTITIES 


The continental method is rendered very flexible by the ex- 
tended use of dimensionless quantities and dimensionless ve- 
locity diagrams. The tangential components of the absolute 
velocities, cu; and cy, are given in the form of ratio to the 
peripheral velocity u, and so is the axial component c,, 


. 
ss The quantities rt are vectors; they are considered positive when 


they have the opposite direction of the peripheral velocity (this 
conventional assumption is made to show that the machine is a 
compressor and not a turbine). Using these quantities, it is pos- 
sible to draw dimensionless diagrams, Figs. 1 and 2, in which u 
is considered unity; they are very useful. 

The quantity ¢ is called the flow coefficient because, for a given 
section and peripheral velocity, it indicates the volume flow 
through the compressor. The pressure coefficient, 
which compares the pressure increase in the stage to the oe ssure- 
head corresponding to the peripheral velocity, is 


yg, ¥ and another dimensionless coefficient co, now fallen into dis- 
use on the Continent, were introduced by Keller (2). With 
these dimensionless quantities, calculations become very simple. 
It can be shown that the theoretical pressure coefficient is 


Given the glide angles 6 and « in stator and rotor, the efficiency of 
the blade element becomes 


_ 4e— + + 27, +77) 
4g + 4e + 2(e — 


Though apparently complicated, this formula is easy to use; 
é and ¢ are usually known (they vary generally between 0.02 and 
0.04); and 7, and 7, assume simple values, once the blading type 
is given, as will be seen. 

The method given by Howell (1) differs considerably in ap- 
pearance from the continental method, as Howell uses the de- 
flection angles as main parameters; but it can be shown that the 
difference is formal; it is obvious, for instance, that for a given 
#, a measure of the deflection. 


eat DEGREE OF REACTION 


_ The degree of reaction is the ratio 4,”/A, between the pres- 
sure increase A,” obtained in the rotor and the total pressure 
rise in the stage. It must be remembered that, up to now, we 
have considered only one blade section at a certain diameter; 
the degree of reaction R pertains to that section, and varies, in 
general, from section to section along the diameter. If the slight 
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difference caused by the drag losses is neglected, that is, if the 
ideal pressure rises in rotor and stage are considered, instead of 
the real ones, it can be shown that 


a) 
It can easily be shown that, in the dimensionless velocity dia- 
grams, Fig. 1(a), and Fig. 2(a), R is measured by the tangential 
AT PITCH Ceo 7, "06 
Wa, Td, 20.2 b) 
=0.48 
0.128 
b y, 0.256 
R, =0.68 
| 
0.354 
a) SF 


Fia. 1 


component of the mean wind velocity wo. As will be seen, R is 
an important quantity and it is useful to have an easy way of de- 
terminingit. 


Types oF BLADING 


Up to now, no assumptions were made regarding either the type 
of blading or the position along the diameter of the blade element 
considered. On the Continent, types of blading are defined by 
the form of the dimensionless velocity triangles at the “pitch 
diameter.” Pitch-diameter do is generally, but not necessarily, 
halfway between hub diameter dy and tip diameter d,. The 
types of blading used more generally on the Continent for gas- 
turbine compressors are as follows: 


(a) The spinless rotor-dutlet type, Fig. 2(a). 

(b) The symmetrical, or congruent, or 0.5 reaction type, Fig. 
l(a). 
Less frequently used in gas turbines are the following: 


(c) The spinless rotor-inlet type, Fig. 3(a) ely 


(d) The symmetrical stator type, Fig. $\0). aaa 


It must be noted that the very widely used (b) type is not 
equivalent to what is called in America, for instance, by Pono- 
mareff (6), symmetric or constant-reaction type. The. (>) 
type continental blading has 0.5 reaction and symmetrical dia 
gram only at the pitch diameter, and has free vortex twist along 
the radius. In this paper the American type symmetrical blad- 
ing will always be called ‘“constant-reaction blading.” If Pon 
mareff’s paper (6) is not read carefully, it might appear that only 
— @) and (c), called in that paper “vortex-inlet flow” 
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“axial inlet flow” are free-vortex blades; 
tinent all four blade types are of the free-vortex variety. 


actually, 


0.6 
Tr =T4z0.2 
0.4 
a) AT PITCH A Roel. 
Woo, LJ Coo, 
U —e 
Tie Ti. 0.64012 
b) aT TIP 0.256 
v 
c) AT HUB Oras Z 08 
0.354 
H Wu= 0708 
W2,, 


Ti, 
Tzs-0.2 =Ts, 
Td, =0.2 


on the Con- 


The advantages of the dimensionless quantities become appar- 
ent when these usual types of blading are considered. Thus 
itcan be shown that, for blade type (a) (spinless rotor outlet) 


consequently 


Ta = > 0, T20 


. [10] 
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For type (6) (symmetrical or 0.5 reaction), rao can be chosen at 

will 

. .[13] 


(because w, is symmetrical to c,; the sum of the tangential pro- 
jections of w: and c: is obviously u, or unity; and the tangential 
projections of c; and c are directed like wu, and therefore are 
negative according to the convention made). Hence 


1—'/, = 0.5 (Fig. la)............ 


For type (c) (spinless rotor inlet) 


R 


= 0; 


720 <0; ro = = — |T20| ; 


= —T20, To = 0; Ta = 2rio 


Conpitions Rapivs 


The continental theory is based upon the assumption that the 
total pressure rise in the stage must be the same at all diameters 
along the radius, so as to avoid radial pressure differences which 
might cause undesirable inflections of the flow lines and longitu- 
dinal whirls, with consequent loss of efficiency. Particular im- 
portance is given to radial pressure equilibrium in the axial gaps 
before and after the rotor. It can be shown that these conditions 
can be satisfied if there is constant circulation along the blade 
and if the fluid motion in the gaps is that of a free vortex, pro- 
vided the axial velocity c,, is constant at all diameters, as as- 
sumed before. These conditions are followed rigidly in continen- 
tal calculations. We shall see later whether this is always ad- 
Assuming constant circulation, free-vortex distribu- 
tion and constant axial velocity, it can be shown that the follow- 
ing expressions are valid; quantities without subscripts being 
blade-element conditions at a diameter d chosen at will, and those 
with subscript 0 being at pitch diameter do 


visable. 


From Equation {9] it follows that 


¥ 
R—l= — 0 (2) 


(R — 1) is the pressure rise obtained in the stator; it varies with bs. 


the reciprocal of the diameter ratio, and the variation increases 
with the absolute value of (Ro — 1). 

The cascade polar can be introduced considering the enim 
of constant circulation at all diameters. It follows 


= 

-. - —. - 

a) SPINLESS ROTOR Z 
INLET 

is Woo, > “Wale Coo, R 

A 
Wi, R, «| do 2 dy 2 
Woo, T, = 7 Ta = Tao 7 

(b) ‘ = 
li 

3 
= 1 + 10/2 > 1 (Fig. 2a)............[12] 


dy 2 dy 2 T.0 2 


= 
+ 


[27] 


= 
at all diameters. 
As the blade pitch ¢ decreases proportionately to the diameter, 
c,4 must increase at the hub diameter because Equation [23] 
shows that 7, increases strongly there; this increase of c4 can be 
obtained either by increasing the incidence of the blade profile 
relative to wa, or by using a more cambered profile at the hub. 
But the increase in c, is limited by the danger of stalling (a clear 
definition of stalling in cascades is given by Howell) (1). Mak- 
ing the blade chord / larger at the hub helps a little, but not much. 
Obviously, conditions at the hub are critical points in the cal- 
culation, owing to cascade limitations. This can be expressed 
by a formula setting a maximum limit Z to the cascade quantities 


t 

where Z is determined by cascade tests and practical experience. 
Keller (2), for the use of single-wing data instead of cascades, 
gives Z = 0.7. The actual value of Z used nowadays varies 
from firm to firm, depending on cascade and multistage-com- 
pressor tests, and is generally kept secret. It is probable that, 
with appropriate profiles and angles, good efficiencies can be ob- 
tained with Z = 0.9. If condition, Equation [28], is satisfied at 
the hub, obviously, it is satisfied everywhere else. Combining 
Equations [27] and [28], and remembering that the subscript V 
shows hub conditions 


It can be shown that, using Equations [22] and [23] and the 

diameter ratio do/dy, in Equation [29] can be written 7 


d 
27a 0 (+) 
dy 


This expression is fundamental; given the diameter ratio, it 
allows the maximum possible 749 (and hence the maximum pos- 
sible pressure rise per stage Yo) to be calculated, or vice versa. 
It looks complicated, but actually lends itself very easily to cal- 
culation; for the usual types of blading, expressions such as 
Equations [10] and [13] simplify matters considerably, as will 
be seen later. 

At the blade tip, there are no difficulties with stalling, but 
limiting conditions are set by compressibility. “ When the rela- 
tive wind velocity We approaches the speed of sound, efficiency 
falls rapidly. The actual velocities round the blade profile are 
greater than wa, owing to circulation; the ratio between the 
two can be improved if appropriate flat profiles are chesen. It 
is necessary to limit we at the tip to a fraction of the prevailing 
sound velocity a; this fraction or ratio M (the maximum allowa- 
ble Mach number) depends upon the profile and its cascade 


characteristics. At all diameters, as can be seen from the defi- 
nition given for the degree of reaction, the value of w is given 
by 


Introducing the usual dimensionless quantities and the diameter 
ratio dy)/d; between pitch and tip diameters, this can be written 
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\ do d, 
This is the second fundamental equation; once the cascade type 
and its allowable Mach number are chosen, the maximum per- 
missible peripheral speed for a given diameter ratio can be de- 
termined or vice versa. M is generally not higher than 0.7 to 
0.75 for high-efficiency compressors. Recent continental tests, 
however, seem to indicate that if appropriate profiles are chosen 
good efficiencies can be obtained even with M = 0.8 to 0.9. 


Ma..... [32] 


CoMPRESSOR CALCULATIONS 


Equations [30] and [32] are the two basic expressions used in 
practice when calculating axial compressors by the continental 
method. Given the type of cascade and the blading efficiency 
n (always very high, » = 0.92 — 0.95; witha little practice, it can 
be estimated) or stage efficiency n, (also this can be estimated), 
for a given diameter ratio, Equation [30] gives rao and Yo, and 
Equation [32] gives u; consequently, the stage pressure rise 


can be calculated. For usual types of blading, these formulas 
become simpler; thus for the widely used 0.5 reaction blading, 
tT = —1, which makes computing much easier. 

The limitations set by Equations [30] and [32] are very im- 
portant and must be respected. However, it is sometimes neces- 
sary to sail close to the wind, owing to weight or space considera- 
tions. In that case, it is better to choose too large a Mach num- 
ber M in Equation [32] rather than too high a value of Z in Equa- 
tion [30], for the following reasons: 


1 An increase of M affects uo, which appears in the square in 
Equation [33], while an increase of Z affects Yo, which appears in 
the first power. 

2 Both expressions are critical for the first (lowest pressure) 
stage, because there specific volumes are largest, blades longest 
and diameter ratio widest; but Equation [32] is doubly critical 
at low pressure, because it contains the velocity of sound a, which 
increases with the pressure (or rather, with the square root of the 
absolute temperature); consequently, passing from lower to 
higher stages, conditions will improve more rapidly at the tip 
than at the hub. 

3 When the flow decreases, that is, when go becomes smaller, 
conditions rapidly get worse at the hub (as shown by Equation 
[29]), while they improve at the tip, as shown ky Equation [31]; 
and vice versa when the flow is increased; but good conditions at 
increased flow are less important than at reduced flow, when 
pumping and other troubles are liable to occur. 


Gas-TURBINE-COMPRESSOR DESIGN 


The aim of the gas-turbine designer is to build an axial com- 
pressor with as few stages and as small a bulk and cost as pos- 
sible. This is imperative in the case of aircraft turbines, to re- 
duce weight and cross section. But even in industrial and marine 
turbines, a low number of stages is desirable, because the flow, 
in passing from stage to stage, becomes progressively more un- 
even and disturbed; if too many stages are used, the efficiency 
of the later stages falls because the air is already full of eddies 
when entering them. On the Continent, it is considered ad- 
visable not to have more than 12-15 stages per compressor; if 
more are needed, then it is better to split up the compressor 
and use an intercooler. Apart from the gas-turbine-cycle ad- 
vantages (which are notable only if a heat exchanger is used), 
an intercooler, by slowing down the air and then accelerating ‘t | 
again, makes the flow smooth again and allows the high-pressure 
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stages to work at good efficiency. Also, it is then often possible 
to change the pitch diameter, thus allowing the use of more suita- 
ble blade lengths; or even, when two turbines are used, to vary 
the rotational speed of the two compressors. 

This question of maximum number of stages becomes more 
important when permissible turbine-inlet temperatures increase 
and require higher compression ratios for maximum cycle effi- 
ciency. Ratios of 6 to 1 are already in use; and propeller-tur- 
bine units will have to go much higher, 10-12 to 1, if reasonable 
fuel consumption is to be obtained without a heat exchanger. 
Some possible solutions of the problem will be indicated later in 
this paper. 

The requisites for reduced over-all diameter and reduced 
number of stages are contradictory. Once the type of blading 
is chosen, the smallest number of stages will be obtained when wo 
will be highest, uo being the peripheral velocity at pitch (that is, 
mean) diameter. On the other hand, the Mach-number limita- 
tions affect the tip speed; consequently, it pays to reduce the 
blade length, i.e., the diameter ratio, so as to bring the pitch speed 
as near the tip speed as possible, as proved by Expression [32]. 
Besides, a diameter 
Equation [30], thus further increasing the, pressure obtainable 
per stage. On the other hand, given wo and the axial velocity 
c,, (which cannot be increased beyond a certain limit to contain 
friction and diffuser losses within reason; 


ratio near unity increases ry 9, as shown by 


on the Continent, ¢ var- 
ies between 300 and 500 fps, in England and in the United States 
higher values, up to 700 fps, are used), 
determined. 


the flow cross section is 
If the blade length b is decreased, then the required 
cross section must be obtained by increasing the pitch diameter d 
and decreasing correspondingly the rotational speed. In this 
way, the over-all diameter of the compressor is increased. Conse- 
quently, the smallest number of stages and smallest over-all 
diameter are contradictory requirements. 

A reduction in blade height certainly causes a notable reduc- 
tion in number of stages; for instance, everything else being 
the same, a reduction in the blade length: pitch-diameter ratio 
b/dy (which is the normal way of gaging blade length on the Con- 
tinent) from !/; to '/g would reduce the number of stages from 
10 to 6, for the same compression ratio. Besides, stresses and 
vibrations are smaller in shorter blades. Hence in America and 
in England, reasonably short blades seem to be favored in indus- 
trial and even more in aviation turbines. On the other hand, 
on the continent longer blades are used, even though they re- 
quire a larger number of stages. 

There are several reasons for this. Short blades give lower 
and on the Continent, high 
efficiency is always the first consideration. A short blade has 
alow aspect ratio; and, although it is generally assumed that the 
rotor and stator cylindrical boundary surfaces constitute effec- 
tive end vortex shields, this is not actually the case, especially 
on the sidesof the clearance. There are end vortex losses, and 
these become smaller if the aspect ratio is increased. However, 
apart from the aspect ratio, the absolute length of the blade 
counts too; 


stage and compressor efficiencies; 


the thickness of the boundary layers on the rotor 
outer and stator inner cylindrical surfaces is roughly independ- 
ent of blade length. Consequently, the longer the blade, the 
smaller the noxious influence of the boundary layers. 

Usually, on the Continent, blades are never made shorter than 
40 mm (about 1.6 in.) on the shortest (high-pressure) stage. If 
necessary, the pitch-diameter line is decreased from stage to 
stage, so that the compressor is conical (with the smaller diameter 
at the high-pressure end), to prevent the blades from being too 
short. Calculations are set up starting from a diameter ratio, to 


be used in Equations [30] and [32], corresponding to blade 
length/pitch diameter ratio b/do of '/; and even, if the volumes 
are very large, '/«. 
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In this way the minimum compressor outer diameter is ob- _ 
tained, given c,,; also, the rotor diameter becomes as small as 
possible, diminishing cost and weight. It must be noted that the 
longer blades and greater number of stages with relatively lower 
peripheral speeds imply a lower blade loading. This sometimes 
allows a decrease in blade chord, increasing the aspect ratio, 
improving the cascade characteristics, and actually counter- 
acting the increase in length due to the greater number of stages. 
Also continental industrial gas turbines often must deal with 
larger volumes of air than their American counterparts, and the 
lower temperatures further increase the weight of air per horse- 
power. 


Consequently, long blades are necessary on many con- 
tinental compressors simply to cope with the flow. 

The actual procedure in calculating axial compressors is as 
follows: Axial velocities, stage and compressor efficiency, M and 
Z are assumed, based upon known examples; the flow cross 
sections before the first and after the last stage are calculated; 
the compression ratio desired being known, sound velocity be- 
fore the first stage also is known. Choosing tentatively a b/d 
ratio of '/;, the maximum values of ra 9 and uo are then given by 
Equations [30] and [32] for the first stage. Consequently, the 
pressure rise Ap, do, and the rpm can be calculated. These values 
of dy and rpm are then applied to the last stage, and the blade 
length 6b is then calculated from the flow cross section. If b is 
large enough (i.e., greater than 1.6 in.), then the pressure rise 
for the last stage will be calculated (it is greater than for the 
first: density is greater and the diameter ratio nearer unity 
permits a larger rao). The mean value of Ap for the first and last 
stages will then give an approximate idea of the number of stages. 
If, however, as often is the case, b for the last stage is insufficient, | 
then either c,, is decreased at the high-pressure end (this is always _ 
advisable, as it allows the whole compressor length to be used as —_ 
a partial diffuser, thus reducing leaving losses), or do is reduced at _ 
the high-pressure end, or both. 

After repeated attempts, in which some of the ‘assumptions 
are modified if necessary, a reasonable compromise is reached. 


The resulting data, and particularly the rpm, are then matched 7 


with those of the turbine which drives the compressor. After 
another compromise is reached. Then the 
whole combination, compressor and turbine, is calculated anew, 
introducing more exact data, calculating the efficiencies instead 
of assuming them, ete.; the exact number of stages, for instance, in? 
must be determined by getting the pressure rise stage by stage; pp 
if not, mistakes of one or two stages are easily made. ie 

Calculating gas turbines is a long job, because an alteration in 
any element of the cycle reflects on everything else, and often 
makes a complete recalculation necessary. On the Continent, 
the number of engineers and designers used on each gas-turbine 
project is enormous; but practice has shown that much money 
and many needless experiments are saved if a well-trained and 
co-operative calculation and design team is available. 


further fumblings, 


BLADING TyPEs ComMPARED 


Up to now, nothing has been said about blading types. If the 
lowest possible number of stages is desired, however, a glance 
at Fig. 1(a) and Fig. 2(a) will show that the 0.5 reaction type 
is superior to the spinless rotor-outlet type. It has been seen Drs 
that the limiting factor for stage pressure rise is the Mach num- 
ber of the mean wind velocity we. The figures show that in the 
spinless outlet type, wo must necessarily be larger than the periph- 
eral velocity uo; while in the 0.5 reaction type, we must be 
larger than one half of uo; this is shown clearly by expression, 
Equation [31], because, for the spinless outlet type, Ro > aa Pt. 
while for the 0.5 reaction type of course Ry = 0.5. ee; 
quently, given the Mach number and the upper limit of wo, uo is ~ al 
much higher for the 0.5 type than for the spinless type; and suse 
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pressure rise is sais to Uo’. In actual fact, 


advantage of the 0.5 reaction type is not as big as it eppeene at 
- first sight, for the following reasons: 


however, the 


(a) The limiting Mach number affects conditions at the blade 
tip, not at the pitch diameter. In a free-vortex 0.5 reaction 
blading (and continental theory considers only free-vortex 
blades), the degree of reaction at the tip is much greater than 
0.5; as shown by Fig. 1(b) (the figures give an extreme case, the 
: b/d ratio being !/s), it is R, = 0.68, representing a 36 per cent in- 
- erease over pitch-diameter conditions. On the other hand, in 
the case of the free-vortex spinless outlet blading, Fig. 2(b) shows 
_ that there is actually a decrease in the degree of reaction from 

pitch to tip, Ryo = 1.1 and R, = 1.064. (The reason for this varia- 
; tion of R can be gathered from Expression [26], R — 1 being 


-_ positive.for the spinless outlet type and negative for the 0.5 reac- 
sf tion type.). Hence the difference as regards uo is smaller than 
7 would appear from pitch-diameter conditions. 


(b) Beside conditions at the tip, limiting conditions at the 
hub must be considered too, and there, the spinless outlet type 
scores heavily; the fact that, for a given w, it has a higher wo 
is an advantage at the hub, as this reduces the incidence angles 
required for a given load and allows much higher values of rz to be 
used without danger of stalling. This is shown clearly by Equa- 
tion [29]; an increase in R allows a much larger 7, for a given Z. 
Again, it must be noted that the blade twist favors the spinless 
outlet type; in it, the decree of reaction is slightly larger (Ry = 
1.177) at the hub than at pitch diameter; while in the 0.5 reac- 
tion type, Ry = 0.115 at the hub is very much smaller than at the 
pitch diameter, as shown in Fig. 2(c) and Fig. 1(c), which give 
the triangles at the hub. The reason again is given by Equation 
[26]. Consequently, the usual permissible values are rao = 0.18 
— 0.26 for the 0.5 reaction type; ra = 0.34 — 0.44 for the spin- 
less outlet type. 


Even with these limitations, the advantage of the 0.5 reaction 
type is considerable. It can also be seen that this type lends itself 
to larger values of go and higher axial velocities than the spinless 
outlet type, because an increase of go in Equations [29] and [31] 
is more than compensated by the decrease of Ro, and because, for 
a given go, the larger uw implies a larger c,,. Consequently, the 
0.5 reaction-type compressor is not only shorter but also smaller 
in cross section. It is particularly useful in aviation work. 

It must be noted, however, that the spinless outlet type is 
slightly more efficient. The fact alone of having a spinless out- 
let reduces the leaving losses, though these are relatively more 
noxious in ventilators or compressors with few stages than in gas- 
turbine compressors. In practice, however, the efficiency of a 
_* multistage compressor of the spinless outlet type is higher than 
that of other types for the following very important reasons: 

In the spinless outlet type, the degree of reaction is greater 
than 1; this means of cgurse that the pressure actually drops in 
the stator, and then is built up again in the rotor, which conse- 
quently must deliver a pragsure greater than the stage pressure 
rise required. At first sight, this seems a rather foolish thing to 
do, but in practice it is a great advantage. The pressure drops in 
the stator of course because in it the flow is accelerated, Fig. 2(a), 
where stator-entry velocity c: < ci, stator-exit velocity). An 
acceleration of the flow has a remarkably smoothing effect, par- 
ticularly on the boundary layer. This acceleration not only 
allows the flow to pass through the stator without trouble, but 
even cancels or reduces eddies and disturbances caused by the 
preceding stages. That is why the spinless outlet type allows 
more stages to be used without trouble than any other type. 
Of the four types of continental blading described, the spinless 
outlet is the only one which enjoys this smoothing property. 
Consequently it is much superior in this respect not only to the 
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0.5 reaction type, w here the ‘ne is de scelerated equally in stator 
and rotor, but also to the spinless rotor-inlet type, Fig. 3(a), 
where there is a small deceleration in the stator, and to the sym- 
metrical stator type, Fig. 3(b), where the velocity in the stator 
should be constant, but is in practice slowed down by friction. 
Only a definite acceleration has a definite curing effect for bound- 
ary-layer trouble. 

Coming back to our comparison between spinless outlet and 
0.5 reaction types, there is no doubt that the 0.5 reaction type is 
superior for compact design. Its advantages are particularly 
great at the lower stages, where sound velocity is low and the 
better flow coefficients allow the large volumes to be handled with 
ease. If the compressor has many stages and a high compression 
ratio, conditions change at the higher stages. The Mach-number 
limitations, Equation [32], are critical only for low sound speeds. 
The maximum permissible pressure rise per stage increases ob- 
viously with the square of the velocity of sound, as shown by 
Equations [32] and [33], and consequently, with the ratio of 
the absolute temperature increase. After a certain number of 
stages, therefore, the temperature rise is sufficient to annul the 
advantage of the 0.5 reaction type, and from then on, spinless 
rotor-outlet bladings can be used without fear of compressibility 
trouble. Owing to the greater ro of this type, the pressure rise 
per stage is then actually better than with a 0.5 reaction blading. 
Besides, owing to the decrease in specific volumes, the axial ve- 
locity can be diminished conveniently; and, as already seen, 
this fits the spinless outlet type very nicely. 

For compressors having a high compression ratio and using 
free-vortex bladings, the combination of 0.5 reaction bladings at 
the lower stages and of spinless outlet bladings at the higher 
stages is particularly indicated. The flow-smoothing qualities 
of the latter, due to acceleration in the stator, come particularly 
handy at the later stages, where the flow tends to get very unruly 
indeed. This combination allows a greater number of stages to 
be fitted without intercooling; gives a higher mean-pressure rise 
per stage, higher stage efficiencies; and the leaving losses from 
the last stage are as low as possible. 

There is no doubt that this type of compressor is the most 
efficient and compact. The only snag might appear to be the 
diversity of blading. This is only an apparent complication, 
however, because in free-vortex high-efficiency compressors the 
blading cannot be standardized in any case; it must differ con- 
structively from stage to stage, or at least from small group to 
small group of stages. Consequently, standardizing the blading 
diagrams is only a way of pandering to drawing -office lazine 88, 
but represents no real advantage in production. aman ves 7 


Up to now, only the continental types of blading, illustrated 
in Figs. 1 to 3, have been examined. In the comparison of 0.5 
reaction and spinless outlet types, in the preceding section, it has 
been seen, under (a) and (6), that the free-vortex blade twist 
causes changes in the degree of reaction which affect unfavorably 
the 0.5 reaction type. If the degree of reaction remained 0.5 from 
tip to hub, then conditions would be improved, and both a higher 
uo and a higher ra could be used. Of course the blade still 
would have to be twisted, because the deviation and rz must in- 
crease from tip to hub, to insure an even pressure rise at all 
diameters, just as in the case of continental-type blades. Fur- 
ther, if axial velocity remains constant at all diameters, ¢ of 
course will increase from tip to hub. But this type of blading 
does not respect the other continental condition; that free- 
vortex motion should prevail in the axial gaps between stator 
and rotor. In other words, this is not a free-vortex blading, be- 
cause conditions in the gaps do not comply with the free-vortex 
law (c, X d = const for all diameters). Consequently, this type 
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of blading is not included in continental types. According to 
theory, it should give low efficiencies. In practice, however, this 
type of blading is widely used in England, where it originated, 
with excellent results. It is called ‘‘constant-reaction” type in 
England, see Howell (1), and ‘‘symmetrical stage’’ here, see Pon- 
omareff (6). 

When a very compact compressor with very few stages is de- 
sired, this type of blading gives excellent results, and the efficiency 
is much higher than continental theory would expect. Of course 
the shorter the blades, the smaller the difference between condi- 
tions prevailing with 0.5 reaction free-vortex blades and con- 
stant-reaction blading. For long blades, the British have de- 
veloped the so-called “‘half-reaction” type. This is a compromise 
between constant reaction and free vortex 0.5 reaction; F varies 
on getting farther away from the pitch diameter, but the variation 
is about one half that required by free-vortex conditions. ,A good 
description can be found in Howell (1); this type too has proved 
quite satisfactory in practice. 

In the United States, another and more unorthodox type of 
blading has been developed recently, namely, the solid rotation 
blading. In it, the tangential component of the absolute veloc- 
ity increases proportionately with the radius (instead of being 
inversely proportional to the radius, as in the free-vortex type). 
The fluid rotates solidly with the rotor, hence the name. Of 
course in this case radial equilibrium is possible only if the axial 
velocity is not constarit at all radii. By suitable variations of 
axial velocity, radial equilibrium can be obtained; extensive cal- 
culations in three-dimensional potential theory are required. 
The solid rotation type violates all canons of continental theory; 
but apparently it gives excellent results, allowing high pressure 
rises per stage, a very large flow per unit cross-sectional area, and 
relatively cheap and easily built blades, owing to the limited 
twist, even when the blades are very long. It is of course par- 
ticularly suitable for aviation work. It would be very nice if 
some of the American proponents of this type of blading were to 
write a paper about it; the published material available at pres- 
ent is scanty indeed. 


CONTINENTAL THEORY DISCUSSED 


The fact that constant-reaction, half-reaction, and solid rota- 
tion bladings can give quite reasonably high efficiency shows that 
the premises of continental theory are not necessarily infallible. 
Consequently, a critical examination is desirable. It has been 
seen under the heading, ‘‘Conditions Along the Radius,” that the 
main premises are: (a) constant pressure rise in the stage, so as 
to avoid radial pressure differences along the radius (this is ob- 
tained by constant circulation along the blade); (6) radial equi- 
librium in the gaps (this is obtained by free vortex conditions) ; 
(c) the general assumption that axial velocity is constant along the 
radius. 

It must be noted that free-vortex condition (b) includes .con- 
stant circulation (a), because if (¢c X d) = const along the radius, 
then, obviously, the constant-circulation condition (cu: — ¢u2)t = 
const will be satisfied, as the pitch ¢ is proportional to d; but 
the obverse is not true because (¢u. — Cu2) t = const does not 
imply any hypothesis on the values of cu, and Cus. 

In constant-reaction and similar blading, condition (a) is more 
or less satisfied, while condition (b) generally is not. Practical re- 
sults prove that the consequences are not so important as regards 
efficiency. Undoubtedly, this is due in part to the fact that 
axial gaps between stator and rotor at the present time are much 
smaller than when the continental theory was formulated by 
Keller in 1934. Also, radial equilibrium can be re-established by 
corrections in axial velocity along the radius, as noted previously. 

Also, there is another point where continental theory is weak, 
however; and in it lies the explanation of the good results given 
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by constant-reaction blading notwithstanding its theoretical 
failing. The point is this: Condition (a) given is very im- 
portant; the fact that pressure should rise steadily across the 
whole section prevents radial pressure differences which would _ 
cause longitudinal whirls and eddies and consequent loss of A 
efficiency. (It must be stated clearly that by pressure is meant _ 
static pressure and not total energy pressure, as the latter cannot 
by its nature cause radial disturbances). Now, though this con- 
dition (a) is set as a basis of continental theory, actually, it is 
satisfied at one point only (the end of the stage after the rotor) 
in nearly all types of continental blading. This is due to the © 
fact that the degree of reaction varies along the blade; and that — 
is why so much importance has been given to FR in this paper. _ 
In spinless rotor-outlet bladings, the variation of R are small, for — 
the reasons given under ‘“Blading Types Compared.” Fig. 2 — 
(a, b, c) shows that the degree of reaction in R, = 1.064 at the 
tip, Ro = 1.1 at the pitch, Ry = 1.177 at the hub; this means 
that, in the stator, pressure decreases more rapidly at the hub 
than at the tip and is then built up again more rapidly at the 
hub in the rotor. The differences, however, are small; and they 
are also small in the spinless stator-inlet type, Fig. 3(a), while _ 
there is no difference at all in the symmetrical stator type, Fig. a 
3(b), where R = 1 allalong the radius. The fact that Keller, the 
father of modern continental theory, worked mainly on spinless © 
types of blading probably is the cause of these pressure differences 
being neglected (just as the differences caused by efficiency varia- 
tions along the radius had been neglected without appreciable 
error). 
However, when we come to consider the 0.5 reaction-type free- 
vortex blading, things become quite different. As shown in 
Fig. 1, the degree of reaction varies notably; from R, = 0.68 
at the tip, it becomes Ry = 0.5 at the pitch, and only Ry = 0.115 : 
at the hub. This means that in the stator the pressure rise is 
small at the tip and high at the hub (i.e., contrary to centrifugal- _ 
force conditions) and vice versa in the rotor; and the pressure © 
differences between tip and hub are very considerable indeed. . 


The only point where pressures are the same in all the sections 
is at the end of the stage. There is no doubt that these differ- 
ences of pressure must cause disturbances and even eddies, the 
more so, the smaller the number of stages used to attain a cer- 
tain compression ratio, because the pressure differences are pro- 
portional to the stage pressure rise. It also must be noted that 
these pressure differences are highest at the axial gap between 
stator outlet and rotor inlet. Even though free-vortex conditions = 
prevail there, radial equilibrium is not satisfied, because free- — ; 


vortex conditions give radial equilibrium only when static pres- 
sure is the same at all radii. 
rotor and stator. 

On the other hand, constant-reaction bladings of course have 
no radial pressure differences, because the degree of reaction is 
the same at all diameters. In the author’s opinion that is why 
constant-reaction bladings give better results than the theory 
expects; what is lost in the rotor-outlet gap (because radial equi- 
librium is not observed there), is gained because of the steady pres- 
sure rise at all diameters and along the whole stage. 


This is true only in the gap between 


ConcLusION 
From the foregoing considerations, two practical conclusions Ke rs) 
can be drawn: 
(a) In the case of a compressor with a high compression ratio 
(6 to 1 or more) and without intercooler, the best results will be 7 
obtained by the use of three different types of blades, i.e., con- e, , he 
stant-reaction (or solid rotation) for the low-pressure section, ot 
0.5 reaction free vortex for the medium-pressure section, and 
spinless rotor-outlet free vortex for the high-pressure section, 
each type being particularly well-suited for its work. This ar- 
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nar 

rangement is particularly useful in high-altitude aviation work, 
where conditions are very critical to Mach number owing to low 
sound velocity. 

(b) It would be very interesting if comparative tests were made 
between these three types of blading. These tests could be 
carried out at low Mach numbers, because what is wanted is a 
measure of the radial equilibrium and pressure distribution 
along the stages in the three types, and of the smoothing proper- 
ties of the spinless rotor-outlet type (these could be tested by 
causing artificial disturbances before the stator inlet); and a 
measure of the real degrees of reaction and of the radial dis- 
tributions of axial velocity. These tests would constitute an 
interesting and very useful bit of work for some university gas- 
turbine laboratory. 


Centrifugal Compressor. The author desires to make it clear 
that although this long paper deals only with axial compressors, 
he does not believe that the axial compressor is the only type 
suitable for high-efficiency gas turbines. On the contrary, he is 
convinced that if properly developed, the centrifugal com- 
pressor or a combination of one or more axial stages, followed by 
one centrifugal stage will probably give very satisfactory re- 
sults. 
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R.S. Hau. It does not seem at all surprising that the author 
has found little evidence to indicate either European influence 
on the design methods of American manufacturers or mutual 
influence among these same American manufacturers at the pres- 
ent time. Most of the American manufacturers active in the 
gas-turbine field laid the foundations for their design methods 
either prior to or during the early part of the war, at which time 
there was practically no available information on design prac- 
tice. For example, most American axial-flow-compressor de- 
signers began with Curt Keller’s book,‘ stirred in a large portion 


5 Aircraft Gas Turbine Engineering Division, General a 
Company, Schenectady, N. Y. Eee 
¢ Author’s Bibliography, ref. (2). 
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of their own basic thinking, added a small portion of research 
testing, and came up with a design method. Although considera- 
bly more information is now available, most of the American de- 
sign approaches were fairly firmly established before it became 
available. Because of wartime restrictions, there is even today 
little exchange of basic information between the American manu- 
facturers. 

In commenting on the more detailed treatment of axial-flow- 
compressor calculation methods the writer would like t> make 
clear the natura! differences in design philosophy between the 
stationary gas turbine and the gas turbine for aircraft propulsion. 
The three basie factors, size, weight, and efficiency, determine 
the proper ‘design philosophy”’ for a particular type of applica- 
tion. 

For the stationary gas turbine, the first two factors exert a rela- 
tively minor influence, the efficiency being by far the most im- 
portant in determining the ‘design philosophy.” This relative 
weighing leads to two fundamental distinguishing features in 
the design approach for the stationary plant. (a) That the effi- 
ciency of the compressor must be maintained at as high a level as 
possible even at some expense of size and weight. (+) The re- 
search effort should be confined to obtaining the last po s ble bit 
of efficiency from the most fundamentally sound approach. 

This leads naturally to a compressor design characterized by: 
(a) constant axial velocity at all radii; (b) “free-vortex”’ type of 
tangential velocity distribution between blade rows. 

This tvpe of design represents the closest practical approach to 
the ideal “‘potential’ flow, and therefore the most fundamentally 
sound avvroach to high efficiency. The author’s suggested de- 
“spinless rotor outlet 


” 


sign variation employing shown in his 
Fig. 2, represents an effort to obtain the “last possible bit of effi- 
ciency from the most fundamentally sound approach.” 

In the case of the aircraft gas turbine, the picture is considera- 
bly different. We must go much deeper into the scheme of things 
in order to obtain the smallest possible size and weight consist- 
ent with acceptable efficiency levels. While we should not cast 
aside arbitrarily the fundamentally sound approach, we must 
investigate thoroughly the possibilities of deviations from this 
approach to ascertain the magnitude of losses introduced and 
finally achieve a fine balance between size, weight, and efficiency. 

These considerations lead us to a compressor design char- 
(a) axial velocity which varies with radius; ()) 

type of tangential velocity distribution between 


acterized by: 
“forced-vortex”’ 
blade rows. 

This tvpe of design introduces a host of additional unknown 
factors which will take a considerable amount of time and money 
to evaluate. This evaluation, undoubtedly, will be done almost 
exclusively by the aircraft gas-turbine builders. 

These two basic classifications seem to exclude one commonly 
-mentioned type of compressor design; the “symmetrical stage 
This exclusion is a natural one 
_ for such a design does not satisfy the condition of equilibrium 

between the centrifugal force and the radial pressure gradient, 
and, while diagrams may be established on such a basis, it seems 
doubtful whether in fact a compressor actually can operate in 
this manner. 

This paper seems to be a very timely summary of continental 
compressor-design practice. It does seem to be representative of 
stationary gas-turbine practice primarily. 

If a survey could be conducted, in which the distinction be- 
tween stationary and aircraft practice were carefully made, it is 
quite probable that we would find minor differences in routine 
calculation procedures but a fairly good general agreement on 
basic principles, and fundamental limitations and their applica- 
tion, among those active in each of these two gas-turbine 


fields. 
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J. T. Rerrauiata.?’ The author has made a worth-while 
contribution to the literature on axial-flow gas turbines and com- 
pressors. The limited amount of published design information 
on this subject assures a cordial reception to a paper of this kind. 

The use of certain simplifying assumptions for the purpose of 
facilitating the calculation procedure is adequately explained. 
In particular, the assumption of constant density, or incompres- 
sibility, is valid when confined to a single stage where the change 
in energy is relatively small. Where additional stages are in- 
volved, a series of appropriate adjustments in the state proper- 
ties of the working fluid should be made. By imposing the con- 
dition of incompressibility, simplified dimensionless quantities 
are obtainable which permit a ready prosecution of the design. 

Specifically, it is mentioned in the paper that the pressure coef- 
ficient ¥, a dimensionless quantity, may be expressed as % 


mass density 


= > 


mean blade velocity tel 


ihe: not stated in the paper, another dimensionless quan- 
tity is the temperature-rise coefficient, which in this discussion 
will be referred to as ¢,, and it can be shown to be equivalent to 


At 
t 
2 
u 
29 
where 
At = stage temperature rise 
c, = specific heat 


u = mean blade velocity 
g = gravitational constant 
J = Joule constant 


nd 


nay be obtained, where 7 is the stage efficiency. It will be noted 
that the numerator of the right-hand member of the tempera- 
ure-rise-coefficient expression is the work input to the stage. 

As mentioned in the paper, by assuming the blade rotational 
velocity to be unity at ail radii, it is possible to depict the degree 


Dean of Engineering, Illinois Institute of Technology, Chicago, 
ll. Mem. ASME. 
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where 

stage pressure rise 7 


By suitable operations the very useful relationship of me: 
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of reaction as a dimension on the velocity triangles. The author 
is to be congratulated on revealing this useful concept as well as 
other clever manipulations contained in the paper. 


AvuTHOR’sS CLOSURE 


There is no question that the approach to aircraft gas-turbine 
design is radically different from that of industrial gas-turbine 
design, for the reason so clearly exposed by Mr. Hall. In the 
author’s opinion it seems, however, probable that this difference 
in outlook wilk gradually disappear in the future, particularly if 
the aircraft industry will require units of very high power. Altera- 
tions in aircraft structure, such as putting the engines inside the 
main fuselage, would probably bring the aircraft gas turbine 
nearer to the high-efficiency gas turbine by reducing the need of a 
small outside diameter. 

The high efficiency obtained in continental industrial gas tur- 
bines is undoubtedly possible for another reason also—the large 
gas volumes and the consequently long compressor and turbine 
blades employed. The author has recently (October-December, 
1948) noted this while visiting the latest Swiss gas-turbine instal- 
lations (the 13,000-kw and 27,000-kw Brown-Boveri turbines at 
Beznau are particularly good examples). The blades are so long 
that the influence of clearances and of rotor and stator boundary 
layers on total efficiency are very much smaller than would be the 
case in machines dealing with a normal flow of air. The author 
hopes that Mr. Hall and other exponents of modern American 
aircraft gas-turbine practice will publish papers about the type 
of compressor mentioned by Mr. Hall, that is, one having (a) 
axial velocity which varies with radius and (b) “forced-vortex 
type of tangential velocity distribution between blade rows. 
The amount of information that can be obtained at present on 
these subjects is small, and further papers, particularly by people 
who, like Mr. Hall, have both extensive practical experience and 
high mathematical abilities, would be extremely welcome. 

Dr. Rettaliata has rendered a useful service by reminding 
readers that actual compressor design has thermodynamic aspects 
which are equally as important as the fluid-mechanic considera- 
tions. In actual calculations, thermodynamic coefficients such as 
¢: mentioned by Dr. Rettaliata are extremely useful. A good 
way of calculating compressor design is to first make the calcula- 
tions in fluid mechanical terms, and then to recalculate it in ther- 
modynamic terms as a check. The author has not discussed the 
thermodynamic aspects in his paper simply to avoid introducing 


more symbols and concepts in a paper which is necessarily very 


condensed. 

In closing, the author wishes to express his appreciation to Mr. 
Hall and Dr. Rettaliata for their contributions to the worth of his 
paper. 
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The investigations here reported were undertaken with 
the liberal support of the Goodyear Tire and Rubber 
Company, at the instigation of the company’s well-known 
belt engineer, the late Mr. Ray S. Carter. The immediate 
reason for the investigation was the desire to clear up 
front-end belt 
certain important automotive vehicles ought to be applied 


under just what tension the drives on 
to insure dependable power transmission even under 
sustained heavy load, and yet insure a reasonable belt life. 
These drives involve high speeds, small contact angles, 
and also small pulley diameters. Hence it was necessary 
to clear up the influence of contact angle on transmissive 
power with the small pulley diameters used. Also belt- 
life determinations were in order. The project then in- 
volved, in fact, all the fundamentals of power transmission 
with modern V-belts. 


Mr. 


liaison between the company 


While the work was in progress 
Paul D. Suloff, who throughout maintained current 
and the experimenters, 
suggested that the effectiveness of pulley crown on modern 
flat belts should be investigated, since with these belts 
customary crown practice might not be salutary for the 
belt. Such investigations were then added to the program. 
In September, 1945, the project suffered a very serious 
loss in the death of Mr. Carter at the height of his 
powers and usefulness. The work, 
under the detail supervision of Mr. Suloff as before, and 
by the spring of 1946, it was felt that the fundamentals had 
been determined; but for one belt size only. 


however, continued 


Experiments 
on other belts continued into 1947, at which time it was 
necessary for the author to curtail his activities. This 
made it impossible to give a complete experimental answer 
to the practical question originally posed by Mr. Carter. 
However, so much fundamentally important material had 
been accumulated that a delay in making it available to 
belt users would not seem justifiable. Supplementary tests 

(see p. 347) extend the findings to higher loads and speeds. 
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Centrifugal Force 


r YHE basic formula used in this country for belt transmission 


hasbeen 


where 7’, = tight-side tension, lb 


' Professor of Machine Design, Dileer/teient of Mechanical Engi- 
heering, The Ohio State University. Mem. ASME. 

Contributed by the Machine Design Division and presented at the 
Annual Meeting, New York, N. Y., November 29-December 3, 
1948, of Toe AMERICAN SOCIETY OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 48—A-102. 


slack-side tension, |b 
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= weight of belt, pounds per foot of length =| 
belt speed, fps 


g = gravity acceleration, fps? = | 

e = basis of natural logarithms 

= contact angle, radians ate 
f = coefficient of friction ap 

y = one half the groove apex angle; y = 90 deg for flat a 


The formula is derived on the assumption that while the belt 
runs over the pulley, both tensions are reduced by the amount — 
we?/g, and that there is nothing to compensate for this reduction. © 
According to this formula, if wv?/g equals the slack-side tension _ 
T», power transmission ceases, since 7’; — wv?/g would then also © 
have to become zero, e// sin y not being equal to infinity. 

This, as is now becoming realized in this country, and was 
realized earlier in Europe, is wrong in fundamental theory and 
amounts in practice to a mere approximation which is more and 
more in error the slacker the belt can run, and the less it stretches 
elastically. 

The point is this: the centrifugal tension term wv?/g contains 
neither the radius of curvature of the belt, nor the contact angle. a 
Hence it is independent of both. Now the belt hangs between 
the pulleys to some sort of a curve, which for a perfectly flexible 
belt and a horizontal or moderately inclined drive would be a — 
catenary. Hence there is also in this part of the belt a centrifugal 
tension we?/g which adds itself to the tension resulting from the 
weight. This tension increment between the pulleys would 
compensate exactly for the centrifugal reduction on the pulleys; : 
and, if the belt did not stretch, the centrifugal force would have © 
no influence upon the transmissible power at all. 

The centrifugal-force tension however, stretches the belt, and 
while this has no effect on the centrifugal tension itself, it does 
have an influence on the tension caused by the weight of the belt. — 
The tension will decrease with increased sag, i.e., with the stretch- _ 


ing of the belt. Hence since the centrifugal tension stretches the 
belt, if it is at all stretchable, it will reduce the tension due to 
weight. 


Therefore formulas to allow for influence of centrifugal = 

force must contain terms reflecting the influence of the es ol 

on sag and belt length. 
The complete formula for this influence for a horizontal idling — 

belt was given by the author in a previous paper. The deriva- | 

tion is lengthy and will not be reproduced here. The formula, 


however, has the following form _ 
wv E 1 1 
To — T, = — (L,— — | — — 
0.132K*? Ef 1 1 


in which 


To = initially applied standstill tension 
7, = actual shaft pull per side with belt running. If total 
tension per side is T’, we have = T —wv"/g 
E = elasticity constant; equal to force which would stretch 
belt elastically 1 in. per in. es 


“High-Speed Belt Drives,’’ Bulletin No. 83 by the 
Experiment Station, Ohio State University, 1934. co! 
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= original unstretched length of one half of belt 


L, = shaft distance with belt running 
Ly = shaft distance with belt stationary 
K = flexibility constant, such that bending moment needed to 


flex the belt to a radius of curvature ris A/r 


The difference between the standstill shaft pull per side 7, 
and the running shaft pull 7’, is equal to the old-time quantity 
wv?/g, modified, however, by three terms. 

One term allows for a difference in shaft distance. Naturally, 
if the shaft distance decreases, the sag increases and reduces the 
shaft pull, entirely apart from the influence of centrifugal force. 
In a floating drive with special tensioning device this may well 
occur as will be shown later. 

Another modifying term allows for elastic stretch in the belt. 
The greater FE is, i.e., the less stretchable the belt is elastically, 
the greater is the meditvinn effect of this term, the smaller the 
difference between 7) and T,. The same effect is produced by 
great belt weight w per inch of length, and by long center distance. 


This is all on the assumption that 7’, is smaller than 7’, i.e., that 
the term wv?/g predominates. 
The final modifying term allows for belt stiffness. If K 


great, i.e., if the belt is stiff, then the radius of curvature of the 
belt at the pulley is great, and for a given belt length, the belt 
length on which sag may occur is reduced. Therefore stiffness 
decreases the slackening effect of centrifugal force. 

It should be clear that Equation [2] is not meant to be used for 
computing purposes. The derivation is approximate, applies to 
an idling belt only, and the constants F and K are usually not 
known to the belt user. Neither is w. The formula is meant 
only to make clear in a qualitative, or but roughly quantitative, 
way the relations that obtain. Actual data on the influence of 
centrifugal force must be obtained by direct tests. In the tests 
previously reported,” the belts and pulleys as well as the speeds 
used were such that only the influence of the term E (Ls — L,)/l,, 
allowing for changes in shaft distance, was of ‘well-measurable 
magnitude. The findings were in fair agreement with computed 
expectations. The influence of the other terms was shown in 
tests here to be reported. 

Before proceeding to this we shall, however, remark on one 
point, namely, that the centrifugal force as such does not bulge the 
belt and, in fact, gives the belt between the pulleys no definite 
shapé whatever. A chain mounted on vertical shafts takes the 
shape shown in Fig. 1. The bending-in where the chain leaves 
the pulley is due to inertia effects in the links, not to centrifugal 
force. It can be eliminated by arranging the pivot points of the 
links so that the chain tension exerts a righting moment. 

A chain hanging slack from a sheave on a horizontal shaft will 
not bulge but can be thrown into all manner of shapes by light 
knocks or pressure. 
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A perfectly flexible belt would behave aul arly. If a belt 
bulges, this is due merely to stiffness, and actual tests show that 
the bulging force is no greater at 7000 fpm than it is at standstill, 

All this is of course in harmony with the fact that neither the 
radius of curvature nor the included angle appears in the formula 
for the centrifugal tension wv?/g. 

Tests. In Fig. 2 is shown a plot of idling tests run to verify 
the stretching action of the centrifugal force. The driven pulley 
The pulleys were of 9 in. OD, 


is mounted on a sliding carriage. 


The belt was a C-105 smooth cotton V-belt, which is fairly 
= 140 1000 

$ z 
| / CENTRIFUGAL 
= /Z—TENsion (we > 
W +19 LBS. / FT. 
20 — ait 
| | » Slave: 
a 
2 4 6 
INCREASE IN PULLEY CENTER DIST.,IN 
Fig. 2. CentriruGat-Force Tests Wita Two Usine 


GoopyEarR C-105 Smoorn Corron V-BeLt 


(9-in. average pulley OQ; dead-load stretch test made at 70 rpm, and driven 
pulley on sliding carriage.) 


stretchable elastically as modern belts go. The pull on the driven 
shaft was first held barely sufficient to keep the belt running 
straight. The increase in center distance as the belt was speeded 
up to a speed of over 8000 fpm is plotted as abscissa. The belt 
was then idJed slowly at 70 rpm, ar dead loads were applied at 
the driven end to produce a stretch equal to that produced by 
the previous centrifugal force. The practically perfect agreement 
between the computed centrifugal tension wv?/g and the dead load 
per side for equal stretch is noted. 

The really important test results are plotted in Figs. 3 to 8, 
inclusive. Figs. 3 to 5, inclusive, show that for two different 
lengths of steel cable V-belts, i.e., 96 in. and 144 in., 
at two different initial tensions, it is possible to transmit not 
as much, but actually more effective pull at high speed than 
speed. This applies up to speeds of over 6000 fpm. The 
while they increase with the load, do not seem to increas 
the speed for constant load, at least not for the 96-in. belt. 
steel-cable belts stretch very little elastically. However, as Fig 
shows, the same situation obtains for a 144-in. long C-size ¢ 
strand V-belt. The absolute values of the slip are greate 
for the steel belt, but do not increase with the speed for eq 
fective pulls. 

In addition, Figs. 3 to 6, inclusive, reveal the startling fa 
the actual effective pull, 7; — 72, transmissible exceeds the 
tension 7’; + T2 at which the shaft distance was locked. 
this more later. 

The tests just discussed were 
with the driven shaft journaled in a sliding carriage, and 
torque taken through a flexible shaft toa Prony brake. Thes 
distance was locked after the initial tension had been set b 
weights. 

In the tests reported in Figs. 7 and 8 the driven shaft ca 
valibrated fan. The pulleys were the same 9-in-OD pul 
before. The belts were still C-size, but only 68 in. long. 
were of steel-cable type as well as cotton-cord type, and of s! 
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CoMPARATIVE Speep Tests, Ustnc Prony-Brake Loan, 


Wits Goopyear C-144 SmMootH V-BELT 


(Locked center distance; ,9 in. average pulley OD, and two-pulley drive 


direct from dynamometer; nominal contact angle 180 
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Fic. 6 Comparative Speep Tests, Ustna Prony-Brake Loap, 
With Goopyear C-144 Smoota Corron V-BELT 


(Locked center distance; 9 in. average pulley OD, and two-pulley drive 
direct from dynamometer; nominal contact angle 180 deg.) 
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V-type as well as notch type. The main interest centers in show- 
ing the very much greater slip of the cotton-cord belts. The 
slip was also greater for the stiffer smooth belts than for the more 
flexible notch belts. 

The fact that a belt-on a fixed shaft distance can transmit more 
effective pull at high speed than at low is of course no new dis- 
covery. The theoretical basis for this situation was at least in 
part given by Friedmann’ as far back as 1894. 

Kammerer‘ proved it by tests at very high speeds the results 
of which were published in 1907. 

These tests have been referred to by the author in an earlier 
publication.’ In 1926 G. Schulze-Pillot published a booklet® 
giving a quite complete, although cumbersome, theory for the in- 
fluence of belt stretch and centrifugal force. 

This book is mentioned in an earlier reference? in this paper 
and additions to the theory were given as already indicated. 

The matter has been referred to in some recent textbooks on 
machine design and also in other publications. Yet the author 
does not believe that it has been emphasized sufficiently that, in 
Europe, the matter has been so well established by practical ex- 
perience that a very leading belt firm, G. Otto Gehrekens in 
Hamburg, actually recommended effective pulls on sufficiently 


large pulleys increasing all the way up to a belt speed of 10,000 - 


fpm,? 


Comment. Since the complete mathematical theory, as given 


previously? may seem somewhat complicated, it may be well to — 

point out that the centrifugal tension in the belt between the a 
pulleys is of course demanded simply by Newton’s third law, ; ’ 
stating that an action is balanced by an equal reaction. Assume, 7 


for simplicity, a horizontal drive with equal pulley diameters. 
Let the applied tension 7’ in the belt be zero. The outward di- 
rected centrifugal force at each end sets up a tension wv?/g which 
tends to pull the belt apart. As long as the force does not rup- 
ture the belt, this tension must be balanced by an equal force 
wv?/g in the belt between the pulleys. 

If the belt does not stretch, the intimacy of contaci between the 
belt and the pulley is not changed by the centrifugal tension. 
The pressure between pulley and belt will be determined by any 
applied initial tension 7’). If the belt stretches, the tension 7 
will be influenced by the sag, and the belt pull against the 
pulleys will be determined by the sag condition. 

With a vertical belt, the stretch due to centrifugal tension 
actually may pull the belt free of the lower pulley. A well-known 
illustration of this fact was given by Goodman® many years ago. 


His experiment can be easily duplicated by a rubber V-belt having 


no cords, and such belts were run in our tests. 
FIXED AND FLOATING SHAFT DISTANCE 


The new and somewhat startling thing shown in Figs. 4 to 6, 
inclusive, as already pointed out, is that with fixed shaft dis- 
tance, it is possible to transmit an effective pull 7 — 7: greater 
than the initially applied total tension 7; + 72. This had been 
observed also by Goodyear engineers at Akron. Since the 
pressure of war work did not permit a comprehensive investiga- 


3 “Beitrag zur Berechnung des Drahtseiltriebes,’’ by C. Friedmann, 
Zeitschrift des Vereines deutscher Ingenieure, vol. 38, July 28, 1894, 
p. 891. 

4 “Versuche mit riemen- und Seiltrieben,’’ by W. Kammerer, Zeit- 
schrift des Vereines deutscher Ingenieure, vol. 51, July 13, 1907, 
p. 1085. 

5 ‘Principles of Machine Design,”” by C. A. Norman, The Macmil- 
lan Company, New York, N. Y., 1925, p. 410. 

***Neue Riementheorie,”” by G. Schulze-Pillot, Julius Springer, 
Berlin, Germany, 1926. 

7 Reference 5, p. 410. 

8 “Mechanics Applied to Engineering,’ by J. Goodman, Longmans, 
Green & Company, New York, N. Y., 1904 edition, Fig. 269. 
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tion of the phenomenon at Akron, the tests at The Ohio State 
University were suggested by Mr. Carter. 

One possible explanation of this phenomenon which, however, 
will apply only to certain types of belts, will immediately suggest 
itself. In a paper,® published in 1909, Carl G. Barth suggested a 
formula for short or vertical belt drives to cover the relation be- 
tween the initially applied tension per side 7’), and the working 
tensions 7; and 7, 


[3] 


However, this formula applied only to belts, the stress-strain 
curve of which would run as curve A in Fig. 9, that is to say, the 
relation between belt length / and tension 7 could be represented 
by an equation / = a + b 7”, where a and b are constants, and m 
is an exponent less than unity. 

For such a relation, as Fig. 9 shows, an increase in tension from 
Ty» to 7; on the tight side would correspond to a smaller stretch 
than for an equal amount of tension drop from 7’) to 7, on the 
slack side. Hence as load was applied, the belt would shorten. 
If the shaft distance were kept constant, the belt would tighten. 
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ELASTIC STRETCH 
Fic. 9 Srretcu-Strain Curves 


If the stress-strain relation is linear, as represented by curve B, 
then the extension on the tight side would equal the shortening on 
the slack side, and the belt length would remain constant. We 
should have 


+ T2 = 2 


Finally, if the stress-strain curve bends toward the strain axis, 
as curve C in Fig. 9, the extension on the tight side would be 
greater than the contraction on the slack side. The belt length 
would increase with the load and we should have 


where n is greater than unity. 

The total tension under load would be smaller than the initial 
tension, and the effective pull transmissible with fixed shaft dis- 
tance would be smaller than the load transmissible with a floating 
drive. 

In stress-strain determinations for V-belts at the Ohio State 
University, it was found that the majority of them had stress- 
strain curves of type C. In spite of this they transmitted more 
load with fixed shaft distance than with floating drive. 

The matter was clarified by arranging to have the driven shaft 
mounted on a sliding carrier as in Fig. 10. The driven shaft either 
carried a fan or was connected through a flexible shaft to a Prony 
brake. Tests were run with C-105 V-belts on 9-in. pulleys, and 
with C-68 V-belts on 6.9-in-OD pulleys. Tests developed the 
following results: 


“The Transmission of Power by Leather Belting,’ by Carl G- 
Barth, Trans. ASME, vol. 31, 1909, p. 29. 
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When the tension on the slack side approaches zero, then, if 
excessive slip does not occur, the drive becomes a hoist, the tight 
side pulling the driven pulley. toward the driving pulley. This of 
course increases the slack and decreases the contact angle on the 
pulleys so that increased slip and finally breakdown of the drive 
occur. To keep the shaft distance constant, it is necessary to in- 
crease the load L. This of course increases the contact angle, as 
well as thie tensions, and permits the transmission of a greater 
effective pull. 


INITIAL DRIVER 
POSITION 
FINAL” 
POSITION 


24.65 
5 
100 200 
TORQUE, IN. LBS. 
i 32 48 64 


Fic. 11 CHANGE IN CENTER Distance WitH Suipinc PULLEY, 
Usine Prony-Brake Loap, Goopyear C-68 SmMoorH STEEL- CABLE 
he V-BELT 


(6.9 in. average pulley OD; 450 rpm approx.) . 


Hence a fixed shaft distance is equivalent to adding to the 
total tension and permits the transmission of a greater effective 
pull without excessive slip than does a floating drive. 

This effect is shown diagrammatically in Fig. 11 which refers 
to a horizontal floating drive. The shaft distance and the slip 
are plotted against the torque transmitted, or against the effective 
pull, 7; — T:. The decrease in shaft distance and the beginning 
of considerable slip, as 7’; — 7: reaches values equal to the ten- 
sioning load, are clearly shown. This figure represents only one 
of a number of tests both with fan load and Prony-brake load, and 
with different speeds Only this one plot is given here because 
it represents runs at low and constant speed which made for 
accuracy in both Prony-brake and speed readings. At higher 
speeds the decrease in shaft distance came, however, even before 
the slack-side tensions approached zero. The graph should be 
taken mainly merely as a qualitative illustration on what takes 
place. 

A horizontal drive with a nominal contact angle of 180 deg, 
tepresents the most favorable condition for transmitting large 
effective pulls 7, — T:, even with very low slack-side tensions. 
With smaller contact angles, such as occur in a three-point drive, 
the higher transmissive power obtainable with fixed shaft dis- 
tance might not be so noticeable. Therefore this advantage had 
to by direct tests on such The results will 
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be reported in detail in the next section. 


with a floating-tensioning device. 


belt stretch. 


ConTact-ANGLE APPARATUS 


The determination of the influence of contact angle had proved 
With such a load, changes 


impossible with fan load on the belt. 
in the effective pull transmitted demanded changes in speed, and 
these changes introduced irregularities of air flow which scattered 


the data in such a manner that reputable curves expressing the 


relation between contact angle and effective pull transmissible 
could not be drawn. To get smooth and reputable curves it was 
found necessary to connect the driven shaft to a Prony brake by 
means of a flexible shaft, and in addition, run the tests at com- 
paratively low speeds (about 500 to 600 rpm). It did not prove 
possible to find in the markeg a flexible shaft which could transmit 
the maximum torques desired for considerable intervals at high 
speed without excessive friction loss in the casing—hence heating 
and ultimate breakage. 

The apparatus used is shown in Figs. 12 and 13. The driven 
shaft is carried in ball bearings at the lower end of a swinging arm. 
The pivot point of this arm at the upper end is carried in a sliding 
block, the location of which may be adjusted by means of a screw 
and handwheel, so that when readings were taken, the arm would 
hang vertically. Hence the total tension in the belt would be 
applied entirely by means of standard dead weights hanging as 
shown to the right in Fig. 12 and corrected for weight of weight 
carrier, etc. This view also shows the flexible shaft, the Prony 
brake, and the scale, by means of which the torque transmitted 
to the drive shaft could be read. The drive comes in from a 
dynamometer at the left in Fig. 12 to the lower test pulley. The 
arrangement of the test belt and the test pulleys is shown more 
clearly in Fig. 13. The upper pulley at the left is an idler. The 
contact angles could be changed by changing the positions of the 
the three shafts in the slots as indicated. 

Four men were required to operate the device: Two to take 
simultaneous speed readings by means of Hassler tachometers at 
the driving and driven end, one to set the scale and keep the scale 
beam floating correctly during every test, and one to take down 
the readings and keep a running check on the percentage slip de- 
veloped. 

Loads were set on the scale from an arbitrary minimum up to a 
load at which the drive broke down, or at least developed a slip 
of 10 per cent or higher. 

Plotting. The dead loads were transformed to (7; + T:2) 
values by division by the cosine of the angle by which the test 
belt deviated from the horizontal. The (7: — T2) values, derived 
from the torque readings, were plotted against slip for various 
constant values of (7, + 72). Each plot applied to one contact 
angle at the driven end. When, for large contact angles at the 
driven end, the contact angle would have been smaller at 
the driving end, one large driving pulley was as a rule substituted 
at the driving end for the driven pulley and idler. 

From the first plots so made, replots were made of (7; — T:) 
against contact angle for constant (7; + 7:2) values, and for a 
minimum and a maximum slip. Usually the minimum slip was 2 
per cent; but for the largest pulleys (9 in. OD), it was 1 per cent; 
and for the smallest pulleys, in some cases, 4 per cent. 

The pulley diameters were such as might be convenient for 
front-end automotive drives, but were smaller than those recom- 
mended for long life for industrial drives. Even in industrial 
drives, particularly with large transmission ratios, such small 
pulleys might also be found: Some manufacturers seem to get 


They, however, showed 
that with the same initially applied tension, more effective pull 
could uniformly be transmitted with fixed shaft distance than 
The advantage of the floating 
drive with tensioning device lies in compensating for permanent 
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Fig. 12. Contact-ANGLE APPARATUS 


TABLE 1 DEFICIENCY IN CONTACT ANGLE 
\F 
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actual contact angle. This angle is determined conventionally 
by representing the belt by straight lines drawn tangent to the 
pulley circumference. With any belt stiffness whatever this is 
always wrong, since at the running-on or running-off point of the 
belt the tension has no moment arm wherewith to flex the belt to 
the radius of curvature of the ‘pulley. With pulleys: as small as 


Fea 
re 
TYPE PITCH | 
BELT (0/2) (T#10L8) | | (T#3LB) | (T#ILB) 
- 
c-68 250 105 92 | 4s°5 59° ne* 2 
7 7 
275 | 280 [ 270 seit | | owes | 
CABLE | } | 
225 seo | aes | 132° 51 — 
STEEL CABLE 275 1.10 "13 31°44 45° 30 | 59° 52 sid seis 
CoG 
@ e375 200 250 | 168 58° 0 86° 34 124° 32 
8 - 60 | 
sree. case | 225 100 | 73 are | | | 
CoG 
180 225 | ewes | ices Fic. 14 Conract-ANGLE DiAGRAM 
ol 250 | 080 70 | 2723 | 396 | 96° 54 
corron here used the actual contact angle might be very m 
75 5 15 60°40 4°26 
© 266 smaller than the one determined by the tangents. 
200 | 050 | 325 23°18’ 33° 7’ 79° 12 To get a rough idea of what the deviation mig 
COTTON | | Its were be ee 
125 | 180 610 | | | | umount to, te st belts we re bent double betwee n 
ie platens of a testing machine, as shown by the figure 
STEEL the top of Table 1. For a wire bent elastically the be 
@ e=325 125 1.30 53 | 46°37 | 70°37 | 97°26" ing moment is equal to where K is a proportiona 
factor, and is the radius of curv: rhich the wire 
or 225 | fa tor, ar is the ra lius of curvature to which tl 
wwe. ; — po is bent. With the notation used at the top of Table | 
e-3.25 1.50 | 100 | 48 36° 33 55° 40 74° 9° i . we would have K = Fea /2, F being the bending force ex- 
225 0.20 146 13°47 | | erted by the testing machine. 
150 060 | 292 | | | | On the other hand, if with reference to Fig. 14, Cis 
angle at which the belt conforms to the pulley radius &, 
we have 71 = TR (1—cos C) = K/R. Hence as indi- 
away with these by “‘over-belting” the drives, that is, introduc- cated at the top of Table | { SaOobes a 
ing more belts and lower loads per belt than would be rational war oe fy 
for larger pulleys. C=1 6 
In all these cases the question arises concerning the size of the TR? 


By means of this formula the C values listed in Table 1 were 
obtained. They apply to pulley pitch diameters of from 2'/: 
to 5'/: in. (pitch radii of 1.25 to 2.75 in). It will be seen that on 
the slack side, where tensions may well go down to the low values 


of 1 to 010 Ib listed, the eeiabeney angles C may be so nae that it 
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becomes meaningless to use theoretically derived formulas like 
Equation [1] where the contact angle is taken to be the one 
determined by tangents in the conventional fashion. On the 
other hand, correction formulas like the one at the top of Table 1 
are also not of much practical value for computation, since the 
stiffness constants, though they may be used as here for a very 
rough orientation, are not usually known for belts to be used and 
cannot be determined simply with any accuracy. 

The only practical solution seems to be to express, if possible, in 
some simple way the actual (7'; — 72) values obtained for various 
nominal contact angles with various belts and various (7, + 7’) 
values. 

Results. The first test results to be plotted were for C-size 
belts on 6.9-in., 5-in., and 4-in-OD pulleys. It seemed as if these 
results could be represented fairly by a linear relation for which 
was suggested the form 


a being the conventional contact angle in degrees, and k a con- 
stant to be determined from the plot. All these pulley diameters 
are below the absolute minimum of about 9 in. OD recommended 
for long-life industrial drives. Tests with C-size belts on 9-in- 
OD pulleys showed hardly any influence of contact angle at all 
It should be noted, how- 
ever, that these tests were run with effective and total pulls 
considerably below the rated values for these belts, since the full 
rated torques on 9-n-OD pulleys would have exceeded the ca- 
pacity of the flexible shaft. 
If any conclusion is to be drawn from this it would be that the 
results were due to the comparatively long arc length of contact on 


between angles of 90 deg and 180 deg. 


large pulleys, as well as to the large radius of curvature and con- 
sequently lessened influence of belt stiffness in reducing contact 
angle. 

Strange to say, a similar independence of contact angle may 
be observed also on very small pulleys, Fig. 20. The reason then 
may be that belt stiffness reduces the actual contact almost to a 
point for all angles. However, against this, see under ““Adden- 
dum”, page 343, 

If we assume, as we must, that 7, — 7» is zero for a = 0, it 
would seem that the best compromise formula to suggest is 


100 


ceptably the relat on for B-size belts on 5 in. OD with practically 
interesting loads; and does it for both smooth cotton V-belts 
and, steel-cable notch belts, and for fixed-shaft-distance ( “locked” 
drives), as well as for floating-shaft-distance (‘“unlocked”’ drives). 
For a comparatively stiff smooth cotton belt on pulleys of only 
3'/, in. OD, there is a tendency for the experimental plots to run 
flat. 

Comparison With Experimental T;/T: Values. From the 
practical point of view a formula giving the effective pull 7; — 72 
directly from the total pull 7; + 72, is decidedly preferable to a 
formula giving 7'\/7'2. The use of 7/72 as a belt-drive character- 
istic springs merely from the theoretical formula 


Since values of the coefficient of friction f must be derived from 
tests which give 7’; — 72, and T; + 7: directly, and must be de- 
rived under assumption of a contact angle, which may have little 
todo with the actual contact angle, its use is very much like build- 
ing a mountain merely to be able to tunnel through it. However, 
as the author, in the past, has been an advocate of 7/7: values, 
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. 
determined experimentally, as a belt characteristic, and this usage 
has found widespread acceptance, it may be well to compare 
T,/T2 values derived from Equation [8] with values now com- 
monly used in industry. 
It can readily be seen that 
T, T2) + (11 — T2) 


9 
T; + T:) —(T1 — T2) 


The highest value for 7/7: which could be conceived would 
be infinity; this would be obtained for 7, = 0. Actually, the 


author has seen V-belt drives with 180 deg nominal contact angle 
We would 


in which 7: very closely approximated this value. 
then have 7; — 72 = T, + T2 = T1. 
Equation [8] would take the form 


6 


from which 


At a contact angle of 100 deg, a/100 is equal to unity, and 
Equation [9] would with & = 0.745 give aS 


= 6.85 + 
0.255 + T2) 


A k-value of 0.745 is evidently the maximum possible for float- 
ing drives. If higher values are obtained from smoothed curves 
there may be two reasons, i.e., either that experimental readings 
were not accurate enough, or that the smoothed curves were 
drawn under too much influence of points for low contact angles. 

In Table 2 are listed values for k. The symbol k; stands for 
floating drive; ‘, stands for locked drive. If the total tension 
T, + T. refers to a tension set by dead weights before the center 
distance was locked, k2 can well be above 0.745 for reasons set 
forth in the section on driving action. It will be observed, how- 
In case of 
the small A-size belts, this, no doubt, is due mainly to inaccuracies 
In the 
case of the C-size belts, the reason is rather to be seen in smoothed 
cu ves drawn too high 

It is greatly to be regretted that there is now no possibility of 
correcting these defects. They were accumulated during the 
It is possible that the data in Table 2 should 
not be presented at all. Nevertheless, if they are presented, it is 
for one reason only, namely, that ke, the constant for locked-shaft 
distance, is uniformly higher than k:, the constant for floating 
drive. That this was so the author can testify from all the tests 
he witnessed, personally, at which he often did the locking him- 
self. 

The values of k; and kz to use in computation practice, for the 
present must be settled more by recourse to general practical 
experience than to the data in Table 2. 

Let us begin by taking the k value of 0.632, which was found 
for B-60 belts both of steel-cable notch and of smooth cotton 
construction. 

This corresponds at 180 deg contact angle to a 7,/T2 value of 
12.3; and at 100 deg to one of 4.45. These are values which 
well may be attained, although for new drives somewhat lower 
values usually are assumed, 

A value of k; = 0.6 would for 180 deg give T,/T: = 9, and for 
100 deg give one of 4. These are good, but quite attainable 
values. 


ever, that excessively high k; values are also listed. 


of scale readings with the mall torques transmitted. 


author’s illness. 
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TABLE 2 VALUES OF K 


K, * CONSTANT FOR UNLOCKED CENTER DISTANCE 
Ka" CONSTANT FOR LOCKED CENTER DISTANCE 


|PULLEY 
TYPE OF BELT Ke | | Ke | K, Ka |K2/K,| REMARKS 
| t/oo 
20 1, * 30 T, * 50 / 

FA-59 SMOOTH COTTON 4 0795 | O914 1150 | | O922 | 1383] 2 
SMOOTH COTTON 6 0.968 ' 152 0796 jt 2 | 0052! 
| A-60 STEEL CABLE COG 4 0770 | | 1156 | o717 | o792 | 1105] 2 
“A-60 STEEL CABLE COG 6 | 0844| o959 | 1135 0732 |0834| 1139 | 2 | 00573 


40 7, * 70 
8-60 SMOOTH COTTON | 3-172] 0724 0639 4 016 
| 8-60 SMOOTH COTTON __| 5 | 0632] o9s0 | 1800 | o63e | 1170 | 00813 
| 8-60 SMOOTH COTTON | | oars 0 065 
8-60 STEEL CABLE COG 3-/2| [0692 4 0125 
| 8-60 STEEL CABLE COG 5 | 0632] 0875 | 1380 | 0583 | 0735 | 1260 2 | 00875 
| 8-60 STEEL CABLE COG 6-4 | 0615 0585 2 | 0070 


+1) 46 


T, +19 


C-68 SMOOTH STEEL 


0400 


0400 2 01408 | 


SMOOTH STEEL 0500 


C-68 STEEL CABLE COG 4 0400 


0400 2 | 01408 


C-66 STEEL CABLE COG 5 0500 


0500 : 2 ones] 


7, +1) 


+12 


SMOOTH STEEL 0600 


STEEL CABLE COG 7 | 0600 


0600 2 00805 


T, +30 


T, #40 


C-68 STEEL CABLE COG 9 | 0744 00625 
68 NO 15 SMOOTH COTTON 9 | 0795] 1015 | 1275 067! t_| | 
- NO RI TT 10, O94 1167 72! ° 1139 | O69 74 00625 
vanes AG 40) c-68 6 REG COTTON COG 9 | os 5 67 | o72i | O82 6 | 0746 2 
WEOGE BELTS T, +T2 #40 +T2 
STEEL CABLE COG - 3/8" WIDE a | o66|] o725| 1178 | 0583 | O715 | 1228 2 | 01093 
RAYON - 3/8" WIDE 4 |0650| 0745 | 1148 | 0660 | O765 | 1159 2 01093 


A conservative value would be k; = 0.5, corresponding for 180 
deg to 7;/T: = 5, and for 100 deg to 7,/T2 = 3. 

The lowest k, value listed is 0.4, which would give 7;/T, = 
3.34 for 180 deg and 2.34 for 100 deg. This is distinctly too low 
for V-belts, but would be found not rarely for flat belts. 

A designer who wishes to play perfectly safe even for small 
pulleys may take k; = 0.5. With reasonably large pulleys, ky, 
values of 0.6 might be attained readily. 

Locked Versus Floating Drives. In Table 2 are listed values 
for k2/k,, k; being the k-value for floating drive, and /, the value 
for fixed shaft distance. It will be seen that in only one case is 
ky/k; less than 1.1, while in many cases it is considerably higher. 
Hence it is conservative to say that at least a 10 per cent higher 
effective pull can be transmitted with fixed shaft distance than 
with a floating drive, the initially set 7; + 72 value being the 
same; provided of course permanent stretch is still inconsidera- 
ble. 

It should be noted that where the shaft distance and the belt 
tightness are readily adjustable, it is advisable to lock the shafts 
while the drive is idling slowly, since then there is assurance of 
an even tension all around the drive. 

In the experiments here reported the locking was accomplished 
by applying to the tensioning cable a clamp butting against the 
dead-load pulley stand at the right in Fig. 12, As a rule this 
was done with the drive idling slowly. 

However, locking at standstill was tried and, in the author’s 
opinion, seemed to give less consistent results. 

Addendum. The thought may occur that on very small pulleys 
the arc of contact with belts of some stiffness would be so small 
that it could be regarded as merely point contact. In such a 


case it can be seen readily that the total force pressing the belt 
against the pulley would be (7; + 7.) sin a/2, where a@ is the con- 
ventional angle of contact. The friction force preventing slip- 
page would be 


f 
—— (T, + T:) sin =~ where y is one half the groove angle, 
sin y 


and we might set 


sin y 2 


With f = 0.25 and y = 14'/, deg, f/siny would be unity. For 
a = 180 deg, we would have 7 — T; = T; + 7s, i.e., the slack- 
side tension T would be zero, and T;/T, would be infinity. 

For a contact angle of 90 deg, sin a/2 would be 0.707, and T7,/T: 
would be 8.15. 

On the other hand, if f/siny were 0.8, T7,/T2 for a = 180 deg 
would be 9, and for 90 deg it would be 3.6. These might be quite 
reasonable values for pract cal use. 


PuLLEY Crown 


Apparatus. The pulley-crown tests at The Ohio State Univer- 
sity had been preceded by so-called crown-conformation tests at 
Akron. These indicated that wide modern belts, particularly 
with steel-cable transmitting organs, might not conform to the 
pulley rim at the edges, unless the crown was quite low. This 
of course would have a tendency to concentrate the power trans- 
mission of the belt toward its middle section only, which could 
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Fic. 21 
B, grooved I-beams; C, pulley; 
, scale arm; 


(A, Cradled motor; 


The question then arose how much crown was absolutely neces- 
sary to prevent the belt from running off the pulleys. 

Tests on this were performed in the laboratory of the mechanical- 
engineering department of The Ohio State University with the ap- 
paratus shown in Fig. 21. In this, A is a motor cradled on a 
stand so that it can oscillate, making it possible to weigh the 
torque on scale D. The belt runs from a pulley C on the motor to 
a pulley F on a dynamometer G, on the scale arm H of which the 
torque at the driven end can be weighed. The cradled motor ran 
on grooved I-beams B, and the total pull on the belt could be 
weighed through a cable and a bell crank, bearing on a platform 
scale attached to the far end of the left I-beam. 

The whole I-beam frame could be shifted on the floor so as to 
produce various angles of misalignment between the motor shaft 
and the dynamometer shaft. The angularities were determined 
by markings on the floor. By good luck, the help of Mr. O. J 
Marshall, then professor of geodetics and surveying at The Ohio 
State University, now at the University of Toronto, was secured 
for these angle determinations. His painstaking care and system- 
atic orderliness in this matter cannot be too highly eee aril 

Belts Used. The test belts used were the following: is 


No.1 3in. X 16 ft endless steel-wire Compass No. 250. ye 
No.2 3in. X 9 ft endless steel-wire Compass. 
No.3 3in. X 16 ft endless cotton-cord Compass No. 40. 


No.4 3in. X 16 ft open-end, 5-ply fabric Thor (lac 


Clipper fasteners). 
No.5 10in. X 16 ft steel-wire Compass No. 250. 
No.6 10in. X 16 ft endless cotton-cord Compass No. 40. 
No.7 10in. X 16 ft 5-ply fabric Thor open-end (laced with 
Clipper fasteners). 


The pulleys used were, in the majority of cases, cast-iron ones, 
11-in. wide, and of 8*/, in. and 22 in. diam over the crowns. This 
gave a transmission ratio of about 2'/.. Various heights of crown 
were secured by successive turning down of the pulleys to increas- 
ing taper from the central ridge, the diameter of which remained 
constant 


PuLLey-Crown-Test APPARATUS 


D and E, weighing scale; F, pulley; G, dynamometer; 
T and J, speed-indicator cables.) 


All crowns are expressed as excess of the diameter at the central 
ridge over the diameter at the edges. 

Results. Initial orientation tests showed that a crown of 0.06 
in. on the diameter per foot of pulley width was sufficient to steer 
the belt, but only if the shafts were specially aligned for each belt. 
A crown of 0.10 in. per ft was necessary to guide all belts without 
special alignment. 

In Fig. 22 is given a general plot of the results of all tests. 
The tests here plotted were all idling tests with varying degrees of 
total tension 7; + 72. However, runs with actual power trans- 
mission and unvarying 7, + 7’ were carried out to make sure 
that the belts still tracked properly. The capacity of the motor- 
dynamometer aggregate was, however, not sufficient to permit full 
rated load for'the 10-in-wide belts. 

The plots in Fig. 22 all refer to a speed-down drive, the motor 
speed being approximately 680 rpm, and the dynamometer speed 
280 rpm. This meant a belt speed of about 1600 fpm. Speed-up 
drives with the 22-in. pulleys at the motor end were, however, 
also tried. This gave a belt speed of about 4000 fpm. 

When the high-speed results were plotted over the low-speed 
results, the overlapping was such as to cause confusion, and one 
was tempted to conclude that speeds up to 4000 fpm had no ap- 
preciable effect on the guiding power of the crown. 

However, separate plots of the speed-up tests, as given in Fig. 

23, indicate that.with high speed there is less influence of total 
tension on the results than at low speed, at least for the wider 
belts. 

The angles of misalignment plotted in Figs. 22 and 23 were the 
angular change while the belt moved from one edge of the pulley 
to the other. A reasonable assumption would be that one half 
of this angle was deviation of the shafts from strict parallelism. 

Narrow Belts. Since all tests were run on pulleys 11 in. wide, 
the observed possible deviations were greater for the belts of 3-in. 
width than those which in practice would be possible with pulleys 
not more than 1 in. wider than such belts. For this reason tests 
were also run with the 3-in. belts in which the observed angular 
change was the one occurring while the belts moved from a posi- 
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+ 122425 X¥T, +7, 
23 Puttey-Crown Tests WitH Speep-Up Drive, Usine 


8/-In-Diam DyYNAMOMETER PULLEY, AND 22-IN-Diam Moror 
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LAB. NO 2 | LEGEND 
3° WIRE BELTS; 1,2,384 
Fic. 22 Puttey-Crown Tests WitH Speep-Down Drive, Usine Motor Puttey 
ne (Average motor speed 680 rpm; 22-in-diam dynamometer pulley; average dynamometer speed* 280 rpm.) Pr 4 a 
tion in. to the right of the central position to one !/2 in. to the 
left. The results are plotted in Fig. 24. 
ameed COMPASS NO 250 ar It also will be seen in these tests that narrow belts show more 
ot ayaa 95 sensitiveness to increased height of crown than do wide belts; 
but the maximum angles of permissible misalignment are not 
much greater than for wide belts under the same speed conditions 
ee “0 ne (680 rpm at driving engl, 280 rpm at the driven end). 
ny nang | COMPASS NO 40 pe pal. 1 Response to crown improves as tension decreases (at least 
in the speed-down drives, although this is not as pronounced for 
wide belts as for narrow belts). 
a rie «1 2 Reponse to crown improves as ratio of length over width in- 
Ms Selaians tia 3 Steel belts and cotton belts respond roughly to the same 
sale wt A ine a extent to given crowns. (Note cases 1, 3, and 4, and cases 5, 6, 
og ae a - and 7. Reservations might be made for cases 1 and 5.) 
: yen vans 4 As already stated, increased height of crown has less effect 
06 09 i2 5 i@ 20 ; on wide belts than on narrow belts. In view of the fact that 
CROWN, IN 


wide belts may not conform to the pulley at the edges, it is well 
to use as small crowns as possible with wide belts. 

5 Great care should be taken to align shafts properly for wide 
belts, since increased crown is not a remedy for poor alignment, 
and the belt may suffer from too much crown. 

6 Since low tension increases the effectiveness of the crown, 
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Fic. 24 Tests Wits. Speep-Down Drive, 
3-In. BELTS ON SimvuLaTep 4-InN. PULLEY WipTH 


(Belt travels 1/2 in. from center, 8*/i-in-diam pulley on motor; average 
motor speed 680 rpm, and 22-in-diam pulley on dynamometer; aver- 
age dynamometer speed 280 rpm.) 


it might be concluded that the crown is more effective on the 
driven pulley, on which the belt runs on slack, than on 
the driving pulley where it runs on tight. Some European belt 
practice seems to be based on this idea. Direct tests at The 
Ohio State University on crowning at one end only, however, 
rendered this conclusion questionable. 

Theoretical Explanations. The observed behavior of the belts 
can be explained by the commonly given theory of crown effect. 
It is assumed that when the belt runs onto a tapered pulley, it 
flexes sideways as shown in Fig. 25, i.e., contact is made at a 
point nearer the high end as the belt runs on than is the simul- 
taneous point at the center of belt contact. The wider the belt, 
the more difficult it is for it to flex sideways. The higher the 
pull, the greater is the tendency to pull the belt straight and re- 
duce the possibility of sidewise bending. 

A wider belt would not then be guided by a crown as effec- 
tively as a narrow belt, and a heavily loaded belt would not be 
guided as effectively as a lightly loaded one. Both conclu- 
sions are in harmony with the test results here reported. F 
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Lire Tests 


Throughout the entire period during which the investigations 
reported in this paper were in progress, life tests on the belts of 
various manufacturers were run continuously on the author’s 
differential life-testing machine for V-belts."° These tests gave 
important information as to what load should be regarded as 
normal for various types and sizes of belts. 

Of course results cannot here be given, since they might in 


© U. 8. Patent No. 1749297; ‘“‘An Endurance Testing Machine for 
Belts,"’ Circular No. 16, Engineering Experiment Station of The Ohio 
State University; also advertising material of Tinius Olsen & Com- 
pany, Philadelphia, Pa. 
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some cases be held detrimental to the interests of industrial con- 
cerns. However, one thing can be emphasized, and that is, the 
importance of,most careful arrangement of the carrying elements 
of the belt section. 

Of particular interest were also results with the so-called Wedge 
belts, in the development of which Mr. R. 8. Carter played an 
important part, and which now have been applied as standard 
equipment on at least one well-known automobile. In these 
belts the V-section runs to a sharp edge as in the letter V itself, 
and is not truncated to give a flat inner surface. 


SUMMARY OF FINDINGS 


Tests oN V-Be.t Drives 

Centrifugal Force. Centrifugal force may have much less in- 
fluence than commonly assumed. This is true particularly for 
belts with small elastic stretch, such as belts with steel-wire 
transmitting organs; but is fairly true also for other modern V- 
belts, except that belts with textile transmitting organs may 
slip somewhat more than steel-wire belts. 

Fized Versus Floating Shafts. A drive with fixed shaft dis- 
tance, as long as the belt has not undergone much permanent 
stretch, can transmit more torque than a floating drive with 
total tension set by a tensioning device. 

Angle of Contact. On comparatively small pulleys, the actual 
arc of contact between a V-belt, or other stiff belts, and the pulley 
may be very much smaller than the conventional one obtained by 
representing the belt by straight lines drawn tangent to the 
puiley circumference. Therefore the actual effect of conven- 
tional contact angle can be obtained only by direct test. In the 
author’s opinion, it may be represented most conveniently by a 
constant k in a formula 


T, —T: = k Va/100(T: + 72) 


where a is the conventionally determined contact angle in de- 
grees, and 7; and 7, are the tight and slack-side tensions, re- 
spectively. 

If k, is the constant for a floating drive, and k, the constant for 
the same drive with fixed shaft distance, the advantage of the 
latter can best be indicated by the ratio k,/k;. This ratio is 
almost always in excess of 1.1. 

Recommended Pulley Diameters. From the point of view 
simply of the torque transmitted, the tests seem to indicate that 
for V-belts the ratio of pulley diameter to belt thickness should 
not be less than 12 (ratio of belt thickness to pulley diameter 
should not be more than 0.08). For so-called Wedge belts the 
diameter /belt-thickness ratio may be 10 (the inverse ratio 0.1). 
These values correspond also to the minimum diameters usu 
prescribed from the point of view of reasonable belt life. 

Ratio of Total Tension to Initial Tension. The ratio of total 
tension with power transmission to total tension without power 
transmission initially applied depends, among other things, on t 
stress-strain curve of the belt. From this point of view the 
running total tension may be either smaller than, or larger ' 
or equal to the initial tension. If the slack-side tension drops to 
zero, so that the belt no longer can contract on the slack side, 
and if power is still transmitted, the total tension becomes 
simply equal to the tight-side tension. 


CROWNING OF FLat-BELT PULLEYS 
Pulley Crown. Modern flat belts, particularly with steel. 
transmitting organs, do not conform to a crown as well as old- 
leather belts. It is bad for the belt to be riding merely on a riage 
and to transmit the full tension only in the middle. Hence the 
necessity for finding the minimum crowns needed to keep the 
belts guided. 
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It was found that a crown of 0.10 in. on the diameter per foot of 
pulley width was necessary to guide all belts without special ad- 
justment of shaft alignment. 

A crown of 0.06 in. will be satisfactory for modern belts, if the 
shafts are specially aligned for the belts used. Narrow belts 
respond to increased crown more readily than wide belts. Slack 
belts are more easily guided than belts under heavy tension. 
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SUPPLEMENTARY TESTS 


At the time of the final proof reading of this paper the Good- 
year Company has made it possible to run certain additional tests 
with an automotive propeller shaft substituted for the flexible 
shaft shown in Fig. 12. 

With this equipment C-68 steel-wire and cotton belts could be 
run up to rated loads on 6.9 OD sheaves at belt speeds of 4000 to 
5000 ft. per min. 

The results so far obtained indicatethat the & values in formula 
[8] derived from runs at lower speeds and loads, apply also at 
these higher speeds and loads; and that, as before found, higher 
k values are permissible for fixed shaft distance than for floating 
drives. 

This additional work was done by Mr. Robert E. Dine with 
the assistance of Mr. R. L. Pratt and students. 
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The mathematical theory of plasticity has been general- 
ized to apply to plastically anisotropic materials. The 
anisotropic flow theory has been shown to reduce to the 
resolved shear stress - shear strain relationship for single 
crystals, and to the distortion energy theory for isotropic 
polycrystals. Experimental data concerning the plastic 
flow of anisotropic polycrystalline aluminum indicate that 
the predictions of the anisotropic flow theory are in good 
agreement with experiment, and are significantly better 
than the predictions of the distortion energy theory. As 
plastic anisotropy is the rule rather than the exception, 
caution is indicated in interpreting the results of combined 
stress tests by means of the distortion energy theory. 


HE fundamental problem in the field of plasticity is that 
Be determining the plastic strains and strain rates corre- 

sponding to an arbitrary history of the temperature and 
stresses applied to an element of material. The mathematical 
theory of plasticity generally restricts itself to deformations at 
constant temperature and constant rate, and discusses the re- 
lationships between strain and stress with these limitations. 
Subject to the constant-temperature and constant-rate condi- 
tions of the mathematical theory of plasticity, stresses and plastic 
strains have been related successfully for. the deformation of both 
single crystals and isotropic polycrystals. However, the theories 
for these two cases appear to have little in common, and they 
have not led to a theory for the general case of plastic flow in an 
anisotropic polycrystal. 

It is desirable to develop a generalized theory of crystal plas- 
ticity which will reduce under the appropriate conditions to the 
accepted single-crystal and isotropic-polycrystal treatments, 
and which in addition will describe the plastic flow of anisotropic 
polycrystals. The present paper attempts such a generalization 
of the theory of plasticity, on the basis of the slip mechanism of 
plastic deformation common to both single-crystal and poly- 
crystalline materials. 


Basic THEORY—NUCLEATION OF SLIP 


Observation of plastic flow in single crystals has led to the 
discovery of a number of phenomena associated with the flow 
process (1, 2).2 A few of the more important of these, from the 
standpoint of plasticity theory, are summarized as follows: 


1 Plastic flow frequently occurs by slip, a relative motion of 
two portions of a crystal where the two portions slide past one 
another for many (the order of hundreds) atomic spacings. 

2 The relative displacement observed during slip occurs on 
certain crystallographic planes and not on others. 

3 The relative displacement is in a particular crystallographic 
direction. 


4 Ata constant temperature and shear strain rate there is a 
unique relationship between the component of shear stress in the 
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slip plane and in the direction of slip (called the resolved shear 
stress) and the plastic shear strain corresponding to this stress 
(called the resolved shear strain), which holds for plastic defor- uw 
mation of a given crystal under arbitrary stress systems. — a 


Tests of polycrystalline metals also indicate that plastic = ol 
formation proceeds by slip, with the extent of each slip band 
limited to a single crystal of the matrix. Slip frequently occurs © 
simultaneously on different sets of planes in adjacent regions of _ 
the same grain, giving rise to deformation bands (2). Although 
the resolved shear stress - shear strain relationship loses its mean- 
ing for polycrystals, the von Mises-Hencky distortion energy 
theory of plastic flow leads to a unique effective steals 
strain relationship for isotropic polycrystals (3, 4). 

Slip bands may be thought of as regions of relative motion be 
tween two plastically undisturbed portions of a crystal. They _ 
grow with extreme rapidity, the time for complete live dl 
being of the same order as for the passage of sound through a — 
similar distance, as indicated by the clicking noises accompany- 
ing slip in rock salt (5). During the slip process, slip bands ap- 
pear unable to support a shearing stress in the direction of slip. — 
After slip has occurred, however, the bands very rapidly regain — 
their ability to withstand shearing stresses. 

It is reasonable to believe that during slip the elastic strain 
energy near the slip band is relieved to an extent consistent with 
the limited relative displacements during the process. For a 
slip band with area A, elastic energy should be relieved in a vol- 
ume roughly equal to that of a sphere with great circle area A, 
as indicated schematically in Fig. 1. A smaller amount of strain 
energy should be concentrated near the perimeter of the slip 
band (unless the band terminates at a free surface of the metal) 
as sketched in the same figure. 


Measurements of the elastic energy stored in a deformed poly- “a 
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crystal indicate that on the average _ sttain energy concen- 
trated near the perimeter of a slip band is only about 10 per cent 
stress system in the neighborhood of a newly formed slip band 
will resemble that shown in Fig. 2, where the energy concentrated 


of the energy relieved by the slip process (6). Therefore, 
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at the perimeter of the band has been neglected and that portion 
of the strain energy relievable by the slip process has been re- 


lieved in a volume containing the band. 


Statistical mechanical considerations require that very small 
slip bands appear and disappear from time to time in a stressed 


crystal. 


“slip embryos.” 


Most of these bands are smaller than a critical mini- 

mum size required for contineous growth, and will be called — 
A few occasionally exceed the critical size, 
become “‘slip nuclei,” and grow rapidly as observable slip bands. 


The problem of slip band nucleation has been discussed by 
Leschen and Carreker (7), who assume that the formation of a 
slip embryo is accompanied by the following free energy changes 


where is the interfacial energy per unit area of slip embryo, A is. 
the area of the embryo, W* is the strain energy per unit volume which at constant temperature requires 1) ie ei + 
released by the formation of the embryo, and V is the volume PevaehA wi: | 


throughout which the energy W* has been released. The free 
energy change in the neighborhood of a circular slip embryo is 


therefore 
= yA—W*V 


4 ; 
= (xr?) — W* (: 


It is evident that the plot of AF versus r passes through a maxi- 
mum as shown in Fig. 3, and that once a slip embryo exceeds the 
critical radius r*, corresponding to this maximum, it becomes a 
slip nucleus and can continue to grow with monotonically de- 


creasing free energy. 


The theory of nucleation (7, 8) demonstrates that slip embryos 


dn _ (2) 
where ao 
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change their sizes at finite rates, and that slip nuclei arise from 
slip embryos that have grown to critical size. Nucleation theory 
further states that for a given temperature and stress system, 
the rate of slip band nucleation in an ideal material will approach 


is the value of AF corresponding to the critical radius r*, and 
where B is a constant. 
Plastic deformation carried out at a constant strain rate, i.e., 


_ constant rate of nucleation of slip bands, will require 


In other words, in order to maintain a constant strain rate in an 
ideal material at a given temperature, it is necessary only to apply 
a constant value of W*, the strain energy per unit volume released 
by slip. 

Real crystals invariably contain defects which may either pro- 
duce local stress concentrations or act as finite preformed slip 
embryos. Further, new defects are introduced by the deforms- 
tion process itself. The rate of slip nucleation is sensitive 
the size distribution of such defects. Since the distribution 
changes as deformation proceeds, the constant in Equation [4] 
will assume for real materials a characteristic value for each 
amount of deformation. In general 
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W* = f (deformation)................ [5] 


for plastic flow at a constant strain rate and temperature. 
An “effective stress’? ¢ may be defined proportional to the 
square root of W* 


An “effective strain” ¢ may then be defined for an infinitesimal 
element of material according to the relationship 


where W is the work done per unit volume while deforming the 


element. It will be assumed that the effective strain ars 
dW ou 


is a satisfactory measure of deformation. 
Equation [5] can be written as 


With these definitions 


The plastic strains observed in crystals are in reality a summa- 
tion of the elastic strains relaxed in the neighborhood of a very 
large number of slip bands. It follows that the plastic strain 
increments in a material are proportional to the difference be- 
tween (a) the elastic strains before slip and (b) those after slip in 


the regions of stress relaxation near slip bands. Symbolically 


where ¢; is a plastic strain, e,; is the corresponding elastic strain 
before slip, and e,’ is the corresponding elastic strain in the 
slipped region after slip. 

The plastic stress-strain relationships required for a generalized 
mathematical theory of plasticity have been derived, assuming 
the slip mechanism of plastic flow. The essential features of 
the development of the generalized theory are as follows: 


1 The definition of an effective stress proportional to the 
square root of the strain energy per unit volume released by slip 
in the neighborhood of a slip band, 

2 The definition of an effective strain such that the integral 
of effective stress with respect to effective strain gives the work 
done in deforming a unit volume of material, 

3 The assumption that the effective strain (or the work done 
per unit deformed volume) is a satisfactory measure of deforma- 
tion, 

4 A demonstration that there exists a functional relationship 
between the effective strain and the effective stress required to 
maintain a constant strain rate at a constant temperature, 

5 A demonstration that the plastic strain increments are pro- 
portional to the difference between (a) the elastic strains before 
slip and (b) the elastic strains in the slip region after slip. 


It is of interest to apply the theory thus summarized to the 
plastic flow of single crystals and of isotropic polycrystals. 
FLow or SINGLE CrysTALs 


In a single crystal the only stress relievable during slip is the 
resolved shear stress r+ on the slip plane. The strain energy per 
unit volume relieved in the neighborhood of a slip band during slip 
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identical with the resolved shear stress rs. 


plastic strain is, therefore, the resolved shear strain ye. 


rial from resolved shear strain ys to y« + dys is 


and the effective strain increment becomes 7 

dW rede 


For monotonic plastic flow this can be integrated to give - 2 


for monotonic extension or compression of single crystals, giving 


the accepted resolved shear stress - shear strain relationship. 
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The plastic strain 
increment is proportional to the elastic resolved shear strain, 
since this is the only strain that is relaxed by slip. The only 
The dif- 
ferential work required to deform plastically an element of mate- 


Each individual grain of an isotropic polyerystal must deform 
in & manner consistent with continuity of the entire matrix. 
Owing to interference from neighboring grains, generally it will 
be impossible for a grain to slip on a single set of slip planes. 
Therefore, the typical slip process will be that of simultaneous or 
alternate slip on a different set of planes in each of several con- 
tiguous regions (deformation bands) in the grain, the net dis- 
placements at the boundary of the grain conforming to the de- 
formations of its neighbors (2). Slip on several different sets of 
slip planes allows more strain energy to be relaxed than does slip 
on a single set of planes. For isotropic polycrystals, there- 
fore, it will be assumed that the average slip process relieves all 
shear stresses in the slip region, reducing the stress system to 
hydrostatic tension or compression. 

Before slip, the energy per unit volume is 


1 
.. [14] 


1 
= + o2? + — + o203 + 030;)] 


where o1, ¢2, 3 are principal stresses. After slip the principal 
stresses in the slip region are vee 
1 

3 (o1 + a2 + 03) 


since there is no volume change. 
remaining after slip is 


The energy per unit volume 


Wa = (ores + + 
4 

= ——- (a, + o2 + 


6E 


istherefore 


Where G+ is the appropriate elastic modulus. Defining 


The energy per unit volume relievable by slip is therefore 
w*=W,—W, 
1 


Proportional to the square root of W*, the effective stress o is 


W* = 


[16] 


[(o, — 2)? + (¢2 — a3)? + (03 — 


and the effective stress may bedefinedas 
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The plastic strain increments are given by the relationships 


d OW, OW: 2(1 201 +» v) 1 
[18] 
ow, re) 2(1 + v) 1 
ow, ow, 


The only plastic strains are therefore normal strains in the direc- 
tions of the principal stresses 


——- 


differential work expended in a plastic 


of material is 


dW = o;de, + a3de; 
and the corresponding differential effective strain is 
dw 1 
de = = — (o,de, + + osdes)........ [20] 


which reduces to 


de = 


sia so on, the expression for de becomes res 
2 
de = dez)? +(deg — des)? + (des — . . [22] 


The effective stress and effective strain for plastic deformation 
of an isotropic polycrystal have been shown to*be 


“a V (01 — 02)? + — o3)* + (63; — 


+ (des de;)? + (de; — de,)? 


The unique relationship « = f(e) is identical with that obtained 
from a tension test, ¢, = f(e,), aso = o, ande = e¢, for simple 
tension. The plastic strain increments are related to the stresses 
by the equations the 
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1 
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(a3 + | 4 


de 
dea = — —- (o, + | 


The relationships summarized in Equations [23], [24] are those of 
the well-known distortion energy theory of plastic flow, which has 
received satisfactory experimental verification for isotropic poly- 
crystals. 

The success of the generalized theory of plasticity in reduc- 
ing to the resolved shear stress-shear strain relationship for 
single crystals and to the distortion energy theory for isotropic 
polycrystals suggests that the generalized theory may prove of 
value for the analysis of plastic flow in anisotropic polycrystals. 


FLow or ANISOTROPIC POLYCRYSTALS 


A particularly simple yet interesting and important type of 
polycrystalline anisotropy occurs when the material possesses an 
axis of symmetry in the sense that all rays at right angles to this 
axis are equivalent. Anisotropy of this type is found, for ex- 
ample, in rolled and extruded bars. 

It will be recalled that according to the distortion energy theory 
of plastic flow, the differential plastic strains are linear functions of 
the stresses. In the present analysis attention will be directed 
to those cases of plastic flow where also the differential plastic 
strains are linear functions of the stresses. The problem is fur- 
ther simplified when the direction of the axis of symmetry is a 
principal! stress direction. 

With these limitations, taking the l-axis coincident with the 
axis of symmetry and taking the 2- and 3-axes in the other prin- 
cipal stress directions, the principal stresses applied to an element 


After slip, the stresses in the slipped region are linear func tions of 
the applied stresses 


= ang + anor + 

= ano, + anor + anos 

= + anor + a3303 (25] 
= aor + anor + agas | 

= + + 


2’ = asia + ano: + asses | 


differential plastic strains would n 


since otherwise the 


linear functions of the applied stresses. 
Constancy of volume in simple tension requires 


an + an + an = 1 
a3 + ar + a3 = 1 
while te absence of slip under hydrostatic stress systems requires 
an + ae + as = 1 : 
a2 + ar + ay = 2i 
+ a2 + a3 = 1 
Assuming elastic isotropy, in anticipation of an applicat 
polycrystalline aluminum, the strain energy before slip is 
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T hati in the slipped region after slip i is 
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The corresponding plastic strain increments are 
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Symmetry of the deformations accompanying plastic flow in 
simple tension in the principal directions requires that the plastic- 
strain increments dy23, dys, dyi2 shall all be zero. This is possible 
only when 


Mm = ae = ag = ay = ay = ays = ae = ae = as = 0 [31] 


Symmetry further requires 


an = an an = a3 


The expressions for the plastic-strain increments, therefore, sim- 
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where the substitutions 
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an) 


ay = - (1 


1 
= + ain — 2a2) 


1 
= -(1 — 
1 
= -(1 + an — 2a2) 
have been made. 
The strain energy per unit volume released by slip may be com- _ 
puted as W* = W, — W: which reduces to } 
4EW* l 


+ (03 — + (ox — [35] 


where 
— — ou — Zon) 
(1 + 3an) (1 — an) 
The effective stress may be defined as 


= V4E/(1 + 3au)(1 — on) (1 


VWe 


+ m) — a3)? + (63 — a1)? 


2 
= —o3)* + (1 


D = (1— an) D, and defining 


1 — an 


“4 1 
1+8 8 
8 1+, 
The effective strain increment 
dw 1 
de = = (ode, + + 


can be expressed in terms of de;, de2, des, m, 8 by making use of the 
relationships in Equations [37], [39], and [40] . 


Bde? + deo? + de;? 
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Equations [36], [37], [38] [39], [40] [41] summarize the plastic 
stress-strain relationships of a typical anisotropic polycrystal of 
the type under consideration. 

_ The quantities m and 8 may be thought of as plastic anisotropy 
parameters having the values m = 0 and 8 = 1 for isotropic 
media. Both m and 8 can be determined experimentally from 
two tension tests, one in the 1-direction (the direction of the 
axis of symmetry) and one in the 2- or 3-direction. Consider 
first a tension test where the axis of the specimen is in the 2- 
direction of the material. The plastic strain increments during 
this test are 


|| 


de/de, = B..... .. [42] 


and the ratio of lateral strains is 


giving directly the value of 8 from the ellipticity of the cross 
section. 


For the same tension test with oz = o2, 6: = o; = 0 as before, 
the effective stress is 


/9 | m 
= + (1 + = 0 1+—... [37a] 
The effective strain is 
ooles oodles 
de = = de — {41a} 


or for monotonic extension = 


/ 


For a tension test in the 1-direction the effective stress reduces to 


v2 


and the corresponding effective strain is 

de = = [415] 


a 


or for monotonic ext@nsion 


e= 


Since the effective stress-effective strain relationship is invariant, 
it will be possible to find a value of m such that the plot of 


coincides with the plot of 


o0 = versuS€ = 


Having determined the values of m and § for a given plastically 
anisotropic material, the behavior of the materia] under arbitrary 
stress systems (with a principal stress in the direction of the axis 
of symmetry) can be predicted from the theory. 
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APPLICATION OF ANISOTROPIC-FLOW THEORY 


Plastic flow corresponding to various systems of combined 
stresses is frequently studied by subjecting tubes to internal pres- 
sure and end load. It is of interest to examine the behavior of 
such a tube cut from a plastically anisotropic material, the axis 
of the tube coinciding with the axis of anisotropic symmetry. 

The recent analysis of large plastic deformations in isotropic 
thick-walled tubes (9) can be extended readily to the deforma- 
tions of anisotropic tubes. Appropriate modification gives the 
following stresses and plastic strains in an anisotropic closed-end 
thick-walled tube subjected to internal pressure, where the 1- 
direction is now written as the z-direction 


3 
20 
=o, + 
V3 
=—« 


Here o, (€,, €,) are the radial, tangential, and axial stresses 
(strains), respectively; r is the radial distance from the axis of the 
tube to an arbitrary element; R, is the value of r at the external 
surface of the tube; and e, is the value of «, at r = R,. It is of 
interest to note that when e, = 0 only one of the two anisotropy 
parameters (m, 8) appears in the expressions for the stresses and 
strains. 

The predictions of the anisotropic-flow theory have been investi- 
gated using an extruded aluminum bar, 10 ft long and one-half ft 
diam, as the source of material. A number of tension tests indi- 
cated that this material was plastically anisotropic, with the axis 
of the extruded bar being an axis of symmetry in the sense that 
all directions at right angles to it were equivalent. Calling the 
direction of the axis of the bar (and of anisotropic symmetry) the 
axial direction, it was found that tension specimens having axes 
coincident with the axial direction remained circular in cross 
section during extension, while tension specimens having axes 
coincident with any lateral direction at right angles to the axial 
direction became elliptical in cross section during extension. 

The value of 8 = e/e, corresponding to a tension test of a speci- 
men with axis in the 2-direction was determined for a number of 
specimens cut in various lateral directions. The mean value of 
8 so found was 


indicating a moderate degree of anisotropy. _ = 
The value of m was determined so that the mean curve of 


o, Versus 


for several axial tension specimens coincided with the mean curve 
of 


/ m 


for several lateral tension specimens. Fig. 4 shows that the mea 
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do in fact coincide within the limit of accuracy of the measure- 
ments. The value of m corresponding to (1 + m/2)'/? 1.07 is 


m = 0.29 


Having the value of m and the relationship in Fig. 4 between 
the effective stress a and the effective strain e, it is possible to cal- 
culate by means of Equations [43] a relationship between the 


32 ‘ 
| 
| 
30 
29 | 
| 
+—4 + 
b | | | | | 
7 
24 
a's | 
23 | T 
o 
z 22 + 
= 19 LATERAL ne 
(oy VERSUS ) 
cr. 
(L070, VERSUS £4.) 
| | 
1 
| | 
12 } 
| | 
| 
03 04 05 06 07 08-09 1213145 


TRUE STRAIN 


Fic. 4 Mean Srress-Strain Curves FoR ALUMINUM 


internal pressure and the corresponding external tangential strain 
for the expansion of a closed-end thick-walled tube of the mate- 
rialin question. Such a calculation, involving numerical solution 
of Equations [43], has been carried out for a tube with wall ratio 2. 
The theoretical pressure-expansion curve is given as curve B in 
Fig. 5. Curve A was calculated using the distortion energy 
theory based on the mean tangential stress-strain relationship. 
Had curve A been based on the mean axial stress-strain relation- 
ship, it would have. fallen still higher than curve B. Curve C 
was determined experimentally from a tube with an initial ex- 
ternal diameter of 5 in. and an initial internal diameter of 2.5 in. 
The length of the tube including the threaded ends which were 
fitted with steel caps was 36 in., while the uniform section was 
24in. long. 
_ Itis evident that the prediction of the anisotropic flow theory 
8 significantly better than that of the distortion energy theory, 
differing from experiment by only about 4 per cent compared to 
‘minimum of about 9 per cent for the predictions of the distor- 
tion energy theory. 

Although it did not enter the calculation of the stresses and de- 


FISHER—ANISOTROPIC PLASTIC FLOW 
ia 


22 T T T T 
| | 
20 
bee 
| 
16 
| | 
a | | 
14 
g 
4 
12 
3 | 
ro) 
| | 
= 0 - 
| 
| 
| 
A DISTORTION ENERGY THEORY | 
8B ANISOTROPY THEORY 
C EXPERIMENTAL 
2 
| 
| | 
re) L 
02 03. 04 05 0 
EXTERNAL TANGENTIAL STRAIN 
05 10 15 20 


INTERNAL TANGENTIAL STRAIN 


Fic. 5 


PRESSURE-EXPANSION CURVES FOR ALUMINUM TUBE 


formations in a closed-end thick-walled tube, the value of 8 will 
be important whenever the strain in the direction of the axis of 
plastic symmetry is different from zero. For example, a com- 
bined stress test where o; = o2, o; = 0 leads to an effective stress 


Many investigations of the effects of combined stresses on the 
plastic flow of metals have been made by subjecting tubes, ma- 
chined from rolled or extruded bars, to internal pressure and end 
load. Since plastic anisotropy is to be expected in these materials, 
many of the discrepancies between experiment and the predic- 
tions of the distortion energy theory may be attributed to aniso- 
tropy. The results summarized in Fig. 5 indicate, for example, 
that the pressure-expansion curve for a closed-end tube can fall if 
below that predicted by the distortion energy theory based on A 
the lower of the two stress-strain curves for an anisotropic mate- 
rial. 


and an effective strain 
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The laminar-film hypothesis which plays so prominent a 
part in current heat-transfer literature grew out of a for- 
mula relating the pressure gradient along a tube through 
which a fluid is passing to the rate of heat transfer between 
the tube and the fluid. Perry derived this formula by 
combining Péclet’s idea that heat transferred between a 
body of fluid in violent motion and a bounding solid 
must flow by conduction through a fluid film at the 
boundary, with Reynolds analogy between heat convec- 
tion and momentum convection. Prandtl and later 
Taylor identified the surface film, invented to explain 
heat-transfer findings, with a layer of fluid assumed in 
fluid mechanics to move in laminar flow along the tube 
wall while the body of fluid forms a turbulently moving 
core, and they modified Perry’s formula accordingly. 
Stanton pointed out that the film thickness could be 
calculated by the modified formula from heat-transfer 
measurements, and that proof by velocity measurements 
that there was indeed a laminar film having the calculated 
thickness would substantiate the hypothesis; but his ex- 
periments showed only that there wasa regioncharacterized 
by velocity gradients intermediate between those in the 
central part of the tube and those calculated for laminar 
flow. Eagle and Ferguson offered a formula having a 
term for the intermediate zone as well as one for the 
laminar film and one for the turbulent core, and calculated 
the numerical constants from their heat-transfer mea- 
surements. Von Karman adopted the three-zone scheme, 
but obtained his numerical constants from a velocity 
distribution published by Nikuradse. If the velocity dis- 
tribution used by von Karman had actually been deter- 
mined experimentally by Nikuradse, the laminar-film 
hypothesis would be strongly supported, but Nikuradse’s 
experimental results were inconsistent with the laminar- 
flm hypothesis; having more faith in the hypothesis 
than in his experimental results, Nikuradse adjusted the 
results to make them seem to be in accord with the hy- 
pothesis, and published the adjusted results as well as the 
unadjusted, without explaining the discrepancy. 


HE concept of a surface film, which resists the transfer 

of heat between a solid and the fluid in contact with it, 

is one of the most venerable in heat-transfer literature. 
Péclet (1)? invented it more than a hundred years ago to explain 
some astonishing results he obtained in experiments intended 
to determine the thermal conductivities of the metals. These 
experiments, begun in 1841, made use of a hollow cylinder fitted 
with a stirrer, and well insulated externally except for a detacha- 
ble metal bottom, separated from the rest of the cylinder by a 
ting of cork. Steam condensed on the underside of the metal 
bottom to heat water contained in the cylinder, and observa- 


‘Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, Atlantic City, N. J., Dec. 1-5, 1947, of The Ameri- 
can Society of Mechanical Engineers. Adapted from a lecture en- 
titled, “Exploding a Heat Transfer Myth,” delivered to the Nepa 
Heat Transfer Symposium at Oak Ridge, Tenn., December, 1947. 

‘Consulting Engineer. 


* Numbers in parentheses refer to the Bibliography at the end of the 
paper, 
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tions of the temperature of the water at timed intervals hae = 
used to calculate the heat-transfer rate. 4 

At first, Péclet was astonished to find that, with the quantity of , 
water and its initial temperature maintained the same in a series 
of experiments, the time taken for the temperature to rise 1 deg 
was affected not at all by the kind of metal of which the bottom 
was made, nor by its thickness, although the time did decrease — 
as the violence of agitation increased. He hypothesized that 
the metal disk was sandwiched between two layers of water whose __ 
thermal resistance was so much greater than that of the metal 
disk that any effect of variations in the latter was entirely ob- 
secured. Following this reasoning, he set up other apparatus in — 
which a thick disk of poorly conducting lead was placed between __ 
two bodies of water whose temperatures differed by only a few _ 
degrees, and arranged for both sides of the disk to be scrubbed 
continuously during the run. When in two runs the passage of — 

a certain quantity of heat took 500 sec with a disk 20 mm thick | 
and 380 sec with one 15 mm thick, everything else being equal, 
Péclet was satisfied that the surface film was no longer so 
fering seriously, and that he was measuring the thermal con- 
ductivity of the metal itself. 

Péclet’s work was studied by that remarkable engineer Ciberns 
Reynolds, who criticized it as being entirely empirical. In 7 
1874, Reynolds (2) suggested that the design of steam boilers and 
other heat exchangers might be based rationally on the kinetic — 
theory, which was then being developed by Maxwell and others. 

It followed from this theory that the rate at which heat can be 
taken from a surface by a fluid would be proportional to the 
temperature difference between fluid and surface, and to the rate 
at which molecules can pass back and forth between the surface — 
and the fluid; for definiteness, between a line on the sur- 
face and a parallel line within the fluid. The rate of molecule 
passage depends on two things, namely, the natural movement of 
the molecules which exists when the fluid seems to be at rest, 
and the eddies which are caused by visible motion, and which © 
continually bring fresh particles to the surface. Assuming that 
the eddy contribution is proportional to the velocity with which 
the fluid moves past the surface, and to the density of the fluid 
to allow for the effect of pressure if the fluid be a gas, Reynolds — 
predicted that for heat transfer between a tube and a fluid flow- — 
ing through it the law would be found to be y 


qo = A (t, —t,) + BV (t,, — 
where 


qo = heat transferred from unit surface of wall to fluid in © 
unit time 


temperature of wall 


~ 


t, = temperature of fluid 
V = flow velocity, volume of we per unit time divided 
by cross-sectional area of tube 
p = density of fluid, 
A, B = constants for each fluid 


One of the formulas for flow resistance then in vogue w: 
to = A'V + p 
where 


To = resistance to flow per unit surface of wall 
A’, B’ = constants for each fluid 


Reynolds gave Equation [2] as the law of flow resistance, and 
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said that there were reasons to believe that A and B would be 
found to be proportional to A’ and B’. This is the first form of 
the Reynolds analogy between heat transfer and resistance to 
flow. 

In the 1874 paper (2) Reynolds mentioned some preliminary 
experiments he had made to test his prediction, and spoke of fur- 
ther experiments he hoped to make. It was not until 1897 (3) 
that further developments were reported. In that year there was 
published a paper by Stanton describing experiments on heat 
transfer to water flowing in tubes; 
made in Reynolds’ laboratory in 1895 and 1896. The paper 
included a section on theory which Stanton attributed to Reyn- 
olds; this was supposedly base¢c. on the same ideas as those in 
the 1874 paper. In the years that had intervened, Reynolds 


had done the classic work on viscous and turbulent flow, and the © 


transition, and he no longer accepted Equation [2] as the re- 
sistance law, but instead he had verified Poiseuile’s law for vis- 
cous flow, and for turbulent flow he had put forth the Reynolds 
index law, which is 


Hes 


where 
din 
p = pressure on fluid 
g distance along tube in flow direction 
“a ra = rate of increase of pressure with distance along tube in 
at flow direction 
D = diameter of tube 


uw = viscosity of fluid 
Ao, n = constants 


Reynolds reasoned that every molecule of the fluid which 
touched the wall would come to equilibrium with the wall, so 
that the change in temperature of a particular mass of fluid 
while passing through an elementary length of the tube would be 
a fraction of the difference in temperature between tube wall 


and entering fluid, that fraction being equal to the fraction of - 


the molecules which touched the wall during the passage. The 
increase in temperature of the fluid while passing through the 
differential length of tube dz being designated dt, the fraction of 
the molecules which touched the wall during the passage is 
(dt)/(t.. — ty). 


wall its momentum. The velocity of the fluid leaving the ele- 
mentary length is not less than it was when entering, because 
the momentum is restored by the decrease in pressure. The 
rate at which momentum is regained by the fluid in the length dz 
is 


The total mass of the fluid passing through the length dz in 
unit time is the product of its cross section (# D*)/4, by its den- 
sity p, by its velocity V, or 


and the total momentum of that mass is accordingly 


Then the ratio of which touch the wall 


while passing ——- thé Jength dz to the total number which 
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the experiments had been — 


Now every molecule which touches the wall — 
loses its velocity with respect to the wall, thus giving up to the — 
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pass through is the ratio of the momentum gained to the total 
momentum, or 


Reynolds therefore equated the fraction obtained by considering 
temperature to the fraction obtained by considering velocity, and 
obtained 


dt dp (4) 


Equation [4] is the second form of the Reynolds analogy. Com- 


bining Equations [3] and [4] 


dt DV p n- 
— = A; 


Reynolds pointed out that Equation [5] was derived on the as- 
sumption that the conductivity of the fluid, as compared to its 
viscosity, did not take part; but since the heat must pass by 
conduction from wall to fluid, he predicted that it would be 
necessary to introduce some function of the ratio‘ of the conduc- 
tivity to the viscosity, which would have to be determined by 
experiment. 

Stanton compared his experimental results with Equation [5}, 
and found that the rate of heat transfer was considerably less 
than the formula predicted; he ascribed the discrepancy to the 
conductivity effect. 


Since 
DV pC, dt 
(6) 
C, = heat capacity of fluid 
D dp 
Equation [4] is to i fog)’ 
Vv 


However, if the heat must first pass by conduction through a 
surface film, Equation [8] overestimates go, and the 1 relation 
should be 


t, = temperature at inner boundary of film aoa " 
To evaluate t, we have bug ral! - 


4 It should be noted that water is the only fluid mentioned by Rey2- 
olds, and Equations [3], [4], and [5] have been changed from the 
forms given in the paper by inserting density in appropriate places 
to achieve dimensional homogeneity, making them applicable t 
fluids whose density is not unity. The “ratio of the conductivity 
to the viscosity”’ similarly must be changed to the “‘ratio of the com 
ductivity to the product of the viscosity and the heat capacity” 
make the statement applicable to fluids whose heat capacity is 20 
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where 
b = thickness of film 
k = thermal conductivity of fluid 
Combining Equations [9] and [10] ‘vos 7 
To C, (t,, t;) 1 


Vk 

Equation [11] and its derivation are due to Perry (4), who said 
he was led to it by considering Stanton’s paper. 

It is implied in the derivation of Equation [11] that the fluid 
in the surface film does not move along the tube. However, 
Prandtl (5) pointed out that the fluid must move along the tube, 
except at the wall, and that the flow in the film must be viscous.® 
A molecule which touched the inner boundary of the film would 
not have its velocity reduced to zero, but only to the velocity of 
the fluid flowing at that boundary; this velocity may be desig- 
nated U. Therefore the loss of momentum suffered by such a 
molecule would be proportional to V — U, not to V. Carrying 
through the derivation with this change, instead of Equation [9] 


one obtains 


Qo = 


Actually, one should write r, rather than 70, to indicate the re- 
sistance to flow of the core per unit surface of boundary; if the 
thickness of the film is very small, the difference between 7) and 
7, is also very small, as can be shown by considering the force on 
the cross section of the whole tube and the force on the cross 
section of the core. 

Assuming that the viscous film is thin enough so that the 
curvature can be neglected, the velocity will decrease linearly 
from the boundary to the wall, and the thickness of the film 
follows from the definition of viscosity 


Eliminating 6 by combining Equations [10] and [13], and then 
combining the result with Equation [12] to eliminate ¢, 


ro C, (ty — ty) 1 


Equation [14] reduces to Equation [8] if C,, «/k is equal to unity; 
this group is called the Prandtl number, and will be designated 
Np,. 

Equation [14] was independently derived by Taylor (6) a few 
years later: He decided on theoretical grounds that the ratio of 
U to V should be about 0.38 although the only measurements 
available to him indicated a much higher value. 

Discussing Taylor’s paper, Stanton (7) pointed out that 
Measurements on heat transfer to water could be used to cal- 
culate the ratio, and he found it to be in the neighborhood of 0.3. 
He also said: “The simplest check on the accuracy of the 
theoretical conclusions would be to explore the region in the 


5 Prandtl said: ‘In the case of turbulent flow through a tube con- 
vection is secondary to viscosity in the immediate vicinity of the wall, 
plays the principal role in the central region. Between the two 
8 is a zone in which viscosity and convection are equally im- 
portant; it is certainly wrong to say that the thickness of this zone is 
tero, that only a boundary line divides viscosity’s realm from that in 
ich convection is supreme, but it is only on this assumption that 
the calculation can be carried forward.” Later authors have over- 
looked this passage. 


LAMINAR-FILM HYPOTHESIS 


neighborhood of the surface by means of a fine Pitot tube and 
determine the value of U (the velocity at the outer surface of 
the layer of fluid which is undisturbed by the eddying motion — 
and through which the heat is transmitted by conductivity) 
corresponding with a given value of V (the mean velocity of flow 
over the surface). During the last few years, several attempts to ; 
solve the problem by this method have been made at the Na- an 
tional Physical Laboratory, and the work is still in progress. . . 
Up to the present, observations have only been made in the 
comparatively wide region over which a state of motion exists, 
which is intermediate between turbulent and laminar flow, and 
pure laminar flow has not been observed.’’ 

It seems likely that by “pure laminar flow,” or “laminar flow,” 
Stanton meant flow such that the velocity distribution is given 
by 


where 


u = velocity at any point 
distance from tube axis to point 
ro = distance from tube axis to wall, or D/2 


ll 


while by “turbulent flow’ he meant flow such that the velocity 
is substantially independent of distance from the axis. If this 
be so, a state of motion intermediate between laminar and tur- 
bulent flow would be one characterized by velocity gradients e 
less than given by Equation [15], but still considerable. The 
present author prefers to use “turbulent”? to indicate velocity 
gradients less than given by Equation [15], and to characterize 
flow as slightly, moderately, or highly turbulent, depending 
upon the difference between the actual velocity gradient and that 
given by Equation [15]. 

In 1920 Stanton, Marshall, and Bryant (8) described their 
measurements with fine Pitot tubes; they did not succeed in 
measuring velocities close to the wall, even when the flow was 
laminar throughout the tube. 

In 1928 Prandtl (9) returned to the problem, and proposed a 
very ingenious scheme for estimating the thickness of the vis- 
cous film, based on an assumed velocity distribution developed 
from the Reynolds index law by using the values of the con- 
stants in the index law assigned by Blasius (10). The develop- 
ment of the assumed velocity distribution had been given in a 
previous paper by von Karman (11) on dimensional grounds; the 
present author has found it easier to explain it as follows: 

It is assumed that, outside the viscous film, the velocity in- 
creases with some power of the distance from the wall, so that 


where y = distance from wall, and a and m are constants. Then 
through any elementary ring of thickness dr the flux, which is 
2xrudr, will be 2 ar (ro —r)™ dr. Integrating from axis to 
pipe wall, and dividing the result by the cross-sectional area of the 
tube gives the average velocity, or 


* The crux of the matter is in this quotation from Stanton. The 
laminar-film hypothesis arises from heat-transfer considerations. 
Evidence from heat-transfer experiments may be used to support the 
hypothesis, but that evidence may be interpreted in various ways. 
Only velocity measurements can prove that there is a laminar film, 
because only velocity measurements can be used to obtain the veloc- 
ity gradient, and the velocity gradient is the criterion by which the 
character of flow is established. 
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Combining Equation [3] and Equation [7] to eliminate the pres- 


sure gradient —(dp)/(dz), the Reynolds index law becomes 


DV p\" 


and solving Equation [19] for V 

4 1/n (2-n) /n 

V = (2) DOM... [20] 
p 


[21] 


ro” 


= (1 + m) 


Blasius had found by analysis of published experimental data 
that n is 1.75, which is close to the value found by Reynolds. 
With this value of n the value of m is '/;, and Equation [18] be- 
comes 


7 = .. [18a] 


According to Equation [18a], the ratio V to wmax (the velocity 
at the axis) is **/g, which is quite close to experimental values. 
Using the value given by Blasius for As, which is 0.1582, the 
value of a is calculated from Equation [20], and Equation [16] 
becomes 


|> 

re) 

& 


4/7 
TO 
Umax = 8.56 (=) ( 
p 


and for the average velocity 


49 bie 
V = — - 8.56 (=) (2) [24] 


nar 


Solving ann [24] for ro 


on = 0.0333 V? 


Dividing Equation [22] by Eguation [24] 


Prandtl’s hypothesis, for which he offered no reasons, was 
that the inner boundary of the film would be located where the 
velocity gradient, calculated according to the turbulent-flow for- 


mula, was equal to the velocity gradient in viscous flow. Dif- 
ferentiating Equation [26] 
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Combining Equations [28] and [29] to eliminate (du/dy), and 


‘substituting for zo its value from Equation [25], there results 


0.0333 V2 p | 30 
343 ro \b [30] 


where b has been written as the value of y at the boundary. 
Equation [30] simplifies to —_ 


To 0.0383 X 343 


and elimination of b/ro by combining Equations [31] and [27] 


yields the ratio 
1/ 
U 


Prandtl did not claim high accuracy for the numerical constant 
1.62; he noted that Stanton’s calculations, referred to previously, 
which made the ratio about 0.3, corresponded to a numerical 
constant of about 1.2. 

Equation [32] can be transformed, using the Reynolds index 
law with the constants given by Blasius, to 


There is a slight inconsistency introduced by Prandtl’s as- 
sumption, in that the velocity U calculated by Equation [13], 
with b taken as y and calculated by Equation [31], is much smaller 
than given by Equation [33]; in fact, it is only 4/; as great. 
Prandtl overcame this difficulty by changing the definition of y, 
making it less than the distance from the wall by 6/7 of th 
film thickness, that is, y is the distance from a point within.the film 
which is (6/7) b from the wall. With this change, the value of y 
at the inner boundary of the film is 6/7 rather than 6, and b/7 
should be written in place of b in Equations [27], [30], and [3 
and in the accompanying text. 

While Stanton’s calculations indicated that Prandtl’s result 
for the ratio U/V was too high, really good experimental data 
were not available until 1930, when Eagle and Ferguson (12) 
published the results of their very careful work on the transfer 
of heat from a tube to water flowing through it. To elimi: 
uncertainties which arise from the change of fluid properties with 
temperature, they made experiments at various heat-trans 
rates, then extrapolated to zero heat flow. 

Eagle and Ferguson also discussed the theory underlying 
Equation [14], which they wrote in the dimensionless a 


=| 1 — (N d4 
qo V ( 1) 


They say: “It is evident that the theory by which Equation [34] 
is derived must be inaccurate. One obvious point in which it is 
incomplete is the assumption that the total thermal resistan 
made up of a viscous film and a turbulent core only, each stri: 
obeying their quite different laws. Physically there cannot be 
this sharp boundary between the film and the mean motion of 
the turbulent core; there must be a region in which the resultant 
behavior of the fluid is intermediate between viscous flow and tur- 
bulence.” The-similarity of this reasoning to that of Prandtl 
quoted previously is striking, particularly in view of Stanton’s re- 
marks regarding the experimental work at the National Physical 
Laboratory. 

Eagle and Ferguson took the view that the theory could be 
modified to bring in the intermediate zone, saying, ‘As there 
must be, between the film and the core, a region whose behavior 
is inte rmediate between the behavior of these, theory indicates 
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= 
that p V C, (tw — t,)/qo, instead of being a linear function of Np, 
should be a continually increasing function of it with a gradient 
continuously decreasing to some asymptotic value, which asymp- 
totic value would give the value of U/V for the viscous film.” 
This reasoning was implemented by the following: “For a given 
value of D V p/u the thermal resistance of the core and film have 
been seen above to be independent of Np, and directly propor- 
tional to it, respectively. Now the presence of some layer of 
intermediate behavior between the film and core necessitates the 
variation of p V C, (tw — t,)/qo, for a constant value of D V 
p/n, qualitatively as indicated in the accompanying figure, which 
shows diagrammatically the three thermal resistances of the core, 
film, and intermediate layer.” In the figure referred to, p 
V C, (tw — t,)/go is plotted against Np, as the sum of three re- 
sistances; one for the core, which is constant, a second for the 
film, which is proportional to Np, and a third for the inter- 
mediate layer, which is proportional to the difference between 


Np, and a fraction of N*%p,. Eagle and Ferguson accordingly to k, we may write as approximations is 
(te = As + Bs (Np, — 1) — Cs (Np, — 1)? 


where A;, B;, and C; are positive numbers which are functions of 
DVp/u 

They found that their results could be represented very well 
by Equation [35], but cautioned that it might not be suitable for 
fluids whose N p, is very different from that of water. 
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causes convective heat transfer, it is reasonable to introduce on , 


% 


mechanical thermal conductivity km, and define it by 
q = — (k + k,,) [40] 


It is plain that the quantity of momentum transferred when a 
certain volume of fluid changes velocity is proportional to the 
volume, the density of the fluid, and the change in velocity; if 
that same volume of fluid changes temperature, a quantity of 
heat is transferred which is proportional to the volume, the 
density of the fluid, the change in temperature, and the heat 
capacity of the fluid. Therefore the analog of momentum 
is not heat, but the ratio of heat to heat capacity; accordingly, 


we divide Equation [40] by C, and obtain a * 


If um is very large compared to yw, and km very large compare qd 


and = 
q/C, 


distributions should be similar. White points out that in the 


case of a fluid for which u is equal to k/C,,, similarity of tempera- — 


ture and velocity distributions does follow from the third form 


Reynolds analogy may then be put into a third form, that Mm 
is equal to k,,/C,, and therefore the velocity and — ah 


of Reynolds analogy, but for other fluids this will not be the _ 


The experimental results obtained by Eagle and Ferguson . 
case, except under conditions such that Equations [39a] and | vt 
aie be 


have been used extensively by later authors, though Equation 


' very similar to that given by Eagle and Ferguson. White’s Correlation of forced-convection heat-transfer data and a com- 
‘ formula is parison with fluid friction, and offered the formula 


[37] bulent core. Colburn concluded that heat-transfer theory for. 
where turbulent-flow conditions had not further advanced because of 
— the lack of simple mathematical relationships for turbulent — 
g 7 = resistance to flow per unit area flow itself 
= distance measured perpendicularly from the aren 
iid y : a The problem was taken up at about the same time by von 
while the definition of thermal conductivity is _ oe K4rm4n (15) who published one paper in 1934, and two others” 
= —k (dt/dz) [38] in 1939. Von K4rmin explained the Reynolds analogy very 
much as White had, and adopted the Eagle and Ferguson criti-_ 
Where . ¢ism of the theory that p V C,, (tw — t,)/qo is a linear function of 
is q= mm lost per unit area of surface perpendicular to z in unit Np, He also adopted’ their scheme of dividing the thermal 
is ime 
ly In turbulent flow there is a mechanical mixing and the veloc- 7 In a discussion of the 1941 paper by Boelter, Martinelli, and — 
be ity gradients are less than Equation [37] predicts, except at the 
: or the transition layer tween perfectly laminar and perfectly 
of wall. For ay Te introduce a mechanical viscosity turbulent regions, introduced by the writer in order to explain the | 
nt vm and define it by discrepancies between experiments and the theories of Prandtl and 
G. I. Taylor, is quite appropriate.’ This indicates that von KAérman 
Ir 
il + wm) [39] independently conceived the existence of a transition zone between 
the viscous film and the turbulent core, and believed the conception 
ad a peas Bm depe nds — the mamon, and thus pices to be original with him. Since he used the experimental data of 
al point to point in the fluid, even if the temperature is constant, Eagle and Ferguson, and cites their work in his bibliography, this 
While « is a property of the fluid itself, and remains constant if the is at first glance astonishing. However, in a footnote in the 1934 
be temperature does. paper, von Karman states that he obtained the experimental re- 
‘ = _ ;___ sults he used from a then-current review by H. Lorentz, so it may be | 
ere In turbulent flow with transfer of heat, the temperature gr adi that he never read the Eagle and Ferguson discussion. Later au- 
jor ents are less than Equation [38] predicts, and, since the mixing thors have erroneously credited von Karman with the basic concept of 


[35] has not. In 1932 White (13) showed that Eagle and Fergu- 
son’s results were in fair agreement with a formula which he had 
derived on the basis of the Reynolds analogy, using reasoning 


where 8 is a function of D V p/u and Np. 

White gives a very lucid discussion of the Reynolds analogy 
which may be conveniently mentioned here. He points out that 
the definition of viscosity is 


action which accounts for the decreased velocity gradients also 


[41a] are good approximations. He concluded that the aan 
lem was too complicated for analytical treatment. 
In 1933 Colburn (14) presented a most excellent paper on the 


Bauation 42] j is very similar to Equation [36], and would be 
the same as Equation [36] if 8 were 1/Np,'/*. Colburn also 


discussed the Reynolds analogy and the development of Equa- | 
tion {14], and pointed out that Eagle and Ferguson had con- 


sidered a buffer zone between the laminar film and the tur- 


dividing the tube cross section for the purpose of analysis into three —|/. i 
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resistance into three a one for the turbulent core, which is 
independent of N>p,; one for the laminar film, which is a linear 
function of Np,; and one for the transition region, which in- 
creases with N p,, but more slowly than the first power. 

The novel contribution made by von Karman was,this: He 
proposed to use a velocity distribution published by Nikuradse 
(20) to obtain the thickness of the film and of the transition layer, 
and the rate of increase of thermal resistance in the transition 
layer with Np-; thus he would predict heat-transfer rates from ve- 
locity measurements, as Stanton had proposed but had been un- 
able to accomplish. Eagle and Ferguson had obtained the con- 
stants in their formula from heat-transfer measurements. Un- 
fortunately, the numerical values published by Nikuradse and 
used by von Kérmdn,were not experimental values, but values 
adjusted to bring them into agreement with the laminar-film 
hypothesis. 

Nikuradse described experimental work which he had done on 
flow of water through drawn brass tubes, including velocity dis- 
tributions measured in sixteen experiments in which Np, (the 
Reynolds number, which is D V p/u) varied from 4000 to 3,240,- 
000. These measurements he proposed to use to test various 
theories of turbulent flow. One of these, which Nikuradse 
ascribed to Prandtl, was that the velocity at a point close to the 
wall should depend only upon the resistance to flow per unit area 
of wall, the viscosity and the density of the fluid, and of course 
the distance from the wall, and should be independent of the 
distance to the opposite wall and of the average or maximum 


regions; a viscous film, a turbulent core, and a buffer zone (16, 17, 18, 
19). 


1 GENERALIZED VELOCITY DistrRiBUTION [AFTER NIKURADSE (20) ] 


Nre=9,200 
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velocity; that is, vu should be a function of TO, My hs sit Yy, but: inde- 
pendent of the size or shape of the conduit, of V, and of umax. 
Since (70/p)'/* has the dimensions of velocity, while u/(ro p)' 
has the dimension of length, Prandtl’s theory was that the ratio 
of u to (ro/p)'/ should be a function of the ratio of y to u/(ro p 
The first ratio Nikuradse called ¢ and the second he called ». 
Nikuradse published a table (his Table 3) which purportedly 
gave the values of ¢ and 7 calculated from his measurements, 
and also two figures, in which ¢ was plotted against n (his Fig. 23) 
and against logio 7 (his Fig. 24). The accompanying Fig. | is 
patterned after a portion of Nikuradse’s Fig. 23, including the 
dashed line marked “laminar,”’ which is plotted for @ equal to ; 
this is approximately correct near the wall for laminar flow. 
Nikuradse’s Fig. 24 included three lines. One was a curved 
line, said to be calculated on the one-seventh-power assumption 
(Equation [33], very nearly); this line need not concern us. 
Then there were two straight lines. One of these is given by 


@ = 5.75 logon + 5.5..............- [43] 


Nikuradse said that this line represents the points close to the 
axis of the tube. The other straight line is given by 


@ = 5.52 login + 5.84.............. [43a] 


Nikuradse said that the second line represents the points near the 
wall of the tube. 

Fig. 2 is patterned after a portion of Nikuradse’s Fig. 24, but 
drawn as suggested by von Karman, and as it has appeared with 
minor variations in various heat-transfer publications. It in- 
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cludes the straight line of Equation [43], but not the straight 
line of Equation [43a], because von Kd4rmin used only the former; 
it includes also the line for @ equal to 7 which is not in Nikuradse’s 
Fig. 24, but is in his Fig. 23; and it includes a straight line given 


by 


@ = 11.5 logio — 3.05.............. [44] 


The line given by Equation [44] does not appear in Nikuradse’s 
publication, but was drawn by von Karman. 

The theory of von Kaérm4n is that Equation [44] is based upon 
Nikuradse’s measurements, and represents the velocity distribu- 
tion in the transition region between laminar and fully turbulent 
flow, and that the intersection of the line of Equation [44] with 
the line which corresponds to ¢ equal to 7 marks the inner bound- 
ary of the laminar film, while the intersection of the line of Equa- 
tion [44] with the line of Equation [43] marks the inner bound- 
ary of the transition region. 

The author had occasion to examine Nikuradse’s paper care- 
fully, and to recalculate some of the numerical values given in 
his Table 3 from the velocity distributions themselves, which are 
It became apparent that there was a serious 
discrepancy between Table 2 and Table 3, in that each value of 
nin Table 3 was greater by 7 than the corresponding value cal- 
culated from the data in Table 2. When the valyes of ¢ were 
plotted against the values of logio 7 calculated from the data in 
Table 2, the result was Fig. 3 of this paper. It will be noted that 
all the points in Fig. 3 lie close to a straight line, and there is no 
suggestion of any trend toward the line for ¢ equal to 7. 

Since the adjusted values of Nikuradse were being used by 


writers on heat transfer who followed von Karman, it seemed 
desirable to call this discrepancy to their attention: It was ob- 
vious that if Table 2 is consistent with Nikuradse’s measure- 
ments and Table 3 is not, there is no experimental basis for the 
velocity distribution von Kaérmdn used in his heat-transfer cal- 
culations. It was suggested, however, that Table 2 contains 
the raw values of Nikuradse’s observations, which had to be 
corrected for the interference between the wall of the pipe and the 
Pitot tube used for the measurements, while Table 3 contains the 
corrected values. 

Nothing could be found in Nikuradse’s publication to sup- 
port. this suggestion; on the contrary, Nikuradse stated that, to 
avoid such interference, the Pitot tube was not placed within 
the pipe at all, but instead the measurements were made in the 
free jet just downstream from the end of the pipe. There was a 
discussion of this matter in December, 1946, in which Professor 
Rouse, Professor Boelter, and Professor Martinelli participated, 
on which occasion Professor Rouse suggested that it would be 
possible to inquire of Professor Prandtl concerning the discrep- 
ancy; since Nikuradse had worked under Prandtl’s direction, 
this was a particularly happy suggestion. Accordingly, an in- 
quiry was prepared by the author, and sent to Prandtl by Profes- 
sor Rouse through the United States Government intelligence 
agency working in Germany, known as FIAT. The reply to 
this inquiry explained the discrepancy. 

It appeared that of recent years Nikuradse had been an in- 
structor at the Technical University in Breslau; as the Soviet 
Army had occupied Breslau, Nikuradse was visiting relatives in 
Gottingen, the city in which the Kaiser Wilhelm Institute for 
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Flow Research is located, at the time the inquiry arrived. This 
is the institute in which Nikuradse made his velocity measure- 
ments; Prandtl was the director of this institute at the time, 
and had returned to it. Therefore it was possible for Prandtl 
and one of his colleagues to interview Nikuradse, and find out 
what had happened. 

According to Prandtl, after Nikuradse had prepared several 
of his tables, he plotted @ against » using his measured values. 
The result is shown in Fig. 4 herewith, the points lying along the 
line marked “old” being the measured values. Then he plotted 
the straight line for @ equal to » which is marked “Jaminar.”’ As 
can be seen, the line marked laminar would, if prolonged, inter- 
sect the line marked old, which means that some of the veloci- 
ties measured were greater than they would have been if the flow 
were laminar rather than turbulent. This was not reasonable, so 
Nikuradse decided that his measurements were not so exact as he 
had first assumed. 

If there is a laminar film, the curve for the turbulent portion 
of the flow should become tangent to the straight line for laminar 
flow at the film boundary. To get a curve for the turbulent por- 
tion of the flow which is tangent to the straight line, Nikuradse 
added 7 units to each value of » which shifted each point 7 units 
to the right. The line drawn through the shifted points is 
marked “new” in the figure. 

The line marked new in Fig. 4 is tangent to the straight 
line at about » equal to 7. However, if Nikuradse had chosen to 
use a different French curve, he would have achieved tangency at 
some other value of 7, and the number of units in the shift would 
have been different. He might have made his shifted curve 
tangent to the straight line at » equal to zero, in which case his 
published values would have “established” that there is no 
laminar film! 

It must be emphasized that there was absolutely no basis for 
the magnitude of the shift in the values of n. This is not a case 
such as frequently occurs when there is an error in observation, 
and the magnitude of the error is estimated on the basis of cali- 
bration experiments, and then an adjustment made to correct the 
observed data. The values of » depend upon the distance from 
the wall to the point at which the velocity is to be measured, and 
the placement of the Pitot tube had been carefully worked out by 
means of preliminary experiments. The shift of 7 units was 
simply a distortion of the data to make it seem to agree with an 
hypothesis. 

However, Nikuradse did not claim to have proved the exist- 
ence of the laminar film by his velocity measurements. Further- 
more, his measured values of » ranged up to 55,000, and by far 
the greater part of them were large enough so that the addition 
of 7 units was an insignificant distortion. Nikuradse made no 
use of the altered » values in his further calculations. If Niku- 
radse’s published values had not been used by later investigators, 
his shift would have had little significance. 

The use of Nikuradse’s published values in heat-transfer cal- 
culations gave them an importance which they might not other- 
wise have had. As Stanton pointed out, if heat-transfer rates 
calculated by the Reynolds theory using an experimental velocity 
distribution should be found to agree with experimental heat- 
transfer rates, the Reynolds’ theory would gain considerable sup- 
port. It is of course possible to calculate a velocity distribution 
which would make heat-transfer measurements agree with the 
Reynolds’ theory, but that would be no proof that the theory is 
correct. 

Boelter, Martinelli, and Jonassen (16) calculated such a veloc- 
ity distribution, that is, one which would make heat-transfer 
Measurements agree with the Reynolds theory. They followed 
von Kiérmén in accepting Nikuradse’s equation (given as Equa- 
tion [43]) for the velocity distribution in the core where the flow is 
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assumed to be fully turbulent; then they assumed that the 
velocity distribution in the intermediate zone could be approxi- 
mated by a straight line on the plot of ¢ against logio 7, and that 
Hm is equal to k,,/C,, and determined what straight line would 
give the best agreement with heat-transfer data on the basis of 
these assumptions. 

The heat-transfer data used by Boelter, Martinelli, and Jonas- 
sen were obtained from experiments in which very little of the 
heat transferred from the wall to the fluid reached the center 
of the pipe, so that most of the resistance to heat flow was at- 
tributed to the laminar film and the intermediate zone, and only a 
minor part to the turbulent core. For this reason the assump- 
tion that in the core the velocity distribution is given by Equa- 
tion [43], is relatively unimportant, and a quite different as- 
sumption would not have changed their finding materially. 

This finding was that von Kaérman’s line, given by Equation 
[44], gave the best agreement with the heat-transfer data they 
used. This is a remarkable finding, as will be apparent on look- 
ing again at Fig. 2. The figure shows that the points lie above 
von Kaérman’s line, and the ordinary investigator would proba- 
bly have drawn the line so as to intersect the curve for ¢ equal 
to 7 at a value of @ greater than 8, and such a line would not 
have been confirmed ‘by the heat-transfer measurementss 

Martinelli (18) calls attention to the coincidence between the 
finding of Boelter, Martinelli, and Jonassen based upon heat- 
transfer data and von Kaérman’s representation of Nikuradse’s 
pseudo-observations, but points out that the Reynolds theory 
has been modified by later investigators who assume that z,, 
is proportional to k,,/C,,, with the proportionality constant lying 
between 1 and 2, and that if the proportionality constant is 
taken as greater than 1, the thickness of the laminar film and of 
the intermediate zone calculated from heat-transfer data would 
no longer correspond to those which von Kaérm4n obtained from 
Nikuradse’s ‘“‘measurements.”’ 

It has been suggested that the existence of the laminar film, 
its thickness, and the velocity distribution just outside have been 
established by measurements reported by Reichardt (21). The 
publication did not describe completely how the measurements 
were made, but what was published suggests caution in accepting 
the results. In the first place, the flow was not in a round tube, 
but at the end of a rectangular channel 25 cm high and 100 cm 
wide. It is still to be proved that the velocity near a curved 
wall follows the same law as the velocity near a flat wall, and 
in the last analysis, measurements near a curved wall are needed 
to test the hypothesis. Then the velocities were measured with 
hot wires, which had been calibrated in a rectangular channel 3 
em high and 30 cm wide through which air was passing in laminar 
flow, the distances from the wall in the calibration tests being 
chosen so as to get the same value of resistance to flow as would 
exist in the turbulent stream of the large channel. The as- 
sumption implied in this method of calibration is still to be 
proved. Finally, the measured pressure drop was higher than 
that calculated on the basis of measurements of other authors, 
and therefore the value of ro used in the calculations was not the 
measured value, but one estimated on the basis of Nikuradse’s 
report. 

It seems that the presence of the viscous film on the wall of a 
pipe through which fluid is flowing turbulentiy is still to be 
demonstrated by actual velocity measurements. The difficulty 
of making such measurements is not to be minimized. 

The basic hypothesis is not without difficulties on the theo- 
retical side. For one, the meaning of “thickness of the laminar 
film” requires further discussion. It is not reasonable, as Prandtl 
pointed out, to imagine a sharp boundary between laminar and 
turbulent regions. Even if we consider that the eddies gradually 
become smaller as the wall of the pipe is approached, it cannot be 
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that there is a definite boundary which the eddies can never pene- _ tions the possibility of improvement by using an expression for Me 
trate. Instead, the thickness of the laminar film must be a __ the velocity distribution developed by the present author. re 
statistical thing, a kind of average of values which differ from Another difficulty with the basic hypothesis appears when we x 
place to place over the surface of the pipe, and from instant to consider heat transfer between a tube and a gas flowing through Wh 
instant at each place, these values ranging from zero upward. it at low pressure and high velocity. Let us take as an example'a vol. 
If the thickness of the laminar film varies with time and place, tube 1 cm in diameter through which is flowing at a velocity of I 
the effective value of film thickness for momentum transfer need 27,000 cm per sec a gas whose viscosity is 1.5 X 10~‘ poise and so 
not be the same as the effective value for heat transfer. If the whose density is 8.8  10~* g per cu cm, the pressure being 50,000 174 
thermal conductivity were zero, for example, no heat would be dynes per sq cm and the temperature 200 deg K. L. 
transferred at all through a finite laminar film. On the other The Reynolds number of the flow, D V p/u, is (1 X 2.7 X cee 
hand, if the film thickness were sometimes zero, heat could be 104 X 8.8 X 107*)/(1.5 X 107‘), or 1.6 X 104, so that the flow is _ 
transferred even if k were zero. Therefore it is suggested that turbulent. At a Reynolds number of 1.6 X 10‘ the ratio of V to von 
the effective laminar-layer thickness for heat transfer may be  (r/p)'/*? is 17, whence (7o/p)'/? is 27,000/17, or 1600. Multi- neer 
greater or less than it is for momentum transfer, depending upon __ plying by p, which is 8.8 X 107-5, (ro p)'/? is found to be 0.14. ut 


Np,; when Np, is high, the ratio of heat-transfer thickness to Then the value of u/(ro p)'/? is 1.5 X 1074/0.14, which is 1.1 X 
momentum-transfer thickness is low, and vice versa. This is 107%, andnisy/(1.1 X 1073). 


particularly important in the case of fluids of high Np,, since the Accepting for this example the finding of Boelter, Martinelli, 
thermal resistance of the film is most important with poorly and Jonassen (16) that the laminar-film boundary is at 7 equal to 
conducting fluids. 5, we have that b, the value of y at the laminar-film boundary, is 


The idea that the effective film thickness for heat transfer 5.5 X 10~% cm, or the thickness of the laminar film is 5.5 X 107! 
decreases as N p, increases comes primarily from a consideration cm. 
of empirical formulas for heat transfer, such as Colburn’s, given According to kinetic theory, the mean free path of the mole- 
as Equation [42]. According to such forrhulas the entire ther- cules of a gas, denoted by A, is given approximately by 
mal resistance is proportional to the Prandtl number raised to a " y P 
power less than 1. Such empirical formulas represent test data [45] 
on poorly conducting fluids well enough to be used for design from which in this example \ is (1.5 X 1.5 X 1074)/(5 x 10 | 
purposes, and may be said to have a good basis in observations; y gg x 10-8)'/2, or 1.1 X 10-* em. 
the laminar-film hypothesis should be capable of accounting for It thus appears that the thickness of the laminar film is only 
such observations. about 50 times the mean free path of the gas molecules for the 

As pointed out previously, the thermal resistance of the laminar — ¢gnditions of this example. Whether the conduction of heat 
film is directly proportional to the Prandtl number. Suppose we through a gas for a distance approaching in magnitude the 
consider heat transfer to a large number of fluids having the same —_Jength of the mean free path of the molecules may be calculated 
heat capacity and viscosity, but varying in thermal conductivity. using the thermal conductivity measured in the usual way is 
According to the empirical formulas, the total thermal resistance —_ questionable. 
will increase with the resistivity of the fluid, but less rapidly, 
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the logarithmic expressions—Equations [43] and [44]—and men- Albert Eagle and R. M. Ferguson, Proceedings of The Institution of 


- 
: 
| 


Mechanical Engineers, England, vol. 2, 1930, pp. 985 1030; also 
Proceedings of the Royal Society of London, England, series A, vol. 
127, 1930, pp. 540-566. 

13 “Fluid Friction and Its Relation. to Heat Transfer,’ by C. M. 
White, Trans. Institution of Chemical Engineers, London, England, 
vol. 10, 1932, pp. 66-80. 

14 “A Method of Correlating Forced Convection Heat Transfer, 
Data and a Comparison With Fluid Friction,” by Allan P. Colburn, 
Trans. American Institute of Chemical Engineers, vol. 29, 1933, pp. 
174-209. 

15 ‘Aspects of Turbulence Problems,”’ by T. von K4rman, Pro- 
ceedings of the Fourth International Congress for Applied Mechan- 
ics, Cambridge, England, 1934. 

“Analogy Between Fluid Friction and Heat 
von Karman, Trans. ASME, vol. 61, 


neering, England, vol. 148, 1939, pp. 
16 


Transfer,” by T. 
1939, pp. 705-710; also Engi- 
210-213. 

“Remarks on the Analogy Between Heat Transfer and Mo- 


MILLER—THE LAMINAR-FILM HYPOTHESIS an 367 


mentum Transfer,’’ by L. M. K. Boelter, R. C. Martinelli, and Finn 
Jonassen, Trans. ASME, vol. 63, 1941, pp. 447-454. 

17 “Temperature Gradients in Turbulent Gas Streams,’ by W. H. 
Corcoran, B. Roudebush, and B. H. Sage, Trans. AIChE (Chemical 
Engineering Progress), vol. 43, 1947, pp. 135-142. 

18 ‘‘Heat Transfer to Molten Metals,’’ by R. C. Martinelli, 
Trans. ASME, vol. 69, 1947, pp. 947-956. 

19 “Heat Transmissjon,”” by W. H. McAdams, 
Book Company, Inc., New York, N. Y., 1942. 

20 “‘Gesetzmiissigkeiten der turbulenten Strémung in glatten 
Rohren,”’ by J. Nikuradse, Forschungs-Heft 356, Berlin, Germany, 
1932. 

21 “Die Wirmeiibertragung in turbulenten Reibungsschichten,” 
by H. Reichardt, moony: fiir angewandte Mathematik und Me- 
chanik, vol. 20, 1940, 297-328; translated in NACA Technical 
Memo No. 1047, 1943, so it is believed that the meaning of certain 
parts of the original may differ from the translation. 


af ass 


McGraw-Hill 


oh 


ows 
gu 


oF: 


( 
1 
Uni 
Wart 
Wil 


P 
visc 
unk 
seal 
flow 
lar, 
me! 
pos: 
A 


UA een of Three Tube Arrangements ; in 
_Unbaffled Tubular Heat Exchangers 


Pressure-drop and heat-transfer tests, using a medium- 
viscosity oil in viscous flow across vertical tubes in three 
unbaffled exchangers, are reported in the course of a re- 
search program on tubular exchangers. The three once- 
flow-through units have, respectively, equilateral triangu- 
lar, in-line square, and staggered square tube arran<ze- 
ments, but, in all other respects, are as nearly identical as 
possible. Heat-transfer data for three bulk-oil tempera- 
tures and a constant, but lower, tube-wall temperature, 
and both isothermal and nonisothermal pressure-drop 
data at three temperature levels are reported. The two 
staggered-tube arrangements provide greater heat transfer 
at a given pumping power loss than the in-line arrange- 
ment in the region of viscous flow, but this superiority de- 
creases at higher velocities and may disappear in turbu- 
lent flow as previous data have indicated. A correction is 
presented for the effect of viscosity gradient upon friction 
during heat transfer but this correction does not allow 
for free convection or nonuniform flow. 


The following nomenclature is used in the paper: 


By O. P. BERGELIN,' E. S. 


NOMENCLATURE 


A = outer surface area of tubes, sq ft 
b = longitudinal pitch, distance between center lines of 
adjoining transverse rows, ft 
heat capacity, Btu/(Ib)(deg F) 
4 X free volume _ 


equivalent diameter = 
e »xposed area of tubes’ 


pumping power loss per unit heat-transfer area, ({t)(Ib)/ 
(hr)(sq ft) 


friction factor defined by 


f Ge ApeD, 

2 46,3L 

mass velocity through minimum cross section, |b /(hr) 
(sq ft) 

= conversion factor, 4.18 10° (mass Ib)(ft)/(force lb) 
(hr)? 

surface coefficient of heat transfer based on outside 
surface area of tubes, Btu/(hr)(sq ft)(deg F) 


(= 


, dimensionless 


di- 


heat-transfer facter, j = 


mensionless 
thermal conductivity, Btu/(br)(sq ft)(deg F/ft) 
pressure, psf 
= length of flow, L = Nb, ft 
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N = number of rows of tubes in direction of flow © ; a 
Ner = Prandtl number, dimensionless 
Nre = Reynolds number, dimensionless 

n = a constant 
W = mass rate of flow, lb per hr 
u = absolute viscosity of fluid at average bulk temperature, 
Ib/(hr)(ft) 

u, = absolute viscosity at ante -surface temperature, 
(hr)(ft) 

p = density, lb per cu ft 


Although the arrangement of tubes with respect to the shell- 
side fluid, i.e., whether “staggered” or “in-line,” is important for 
heat transfer and fluid friction in heat exchangers, very little“ 
work has been done to compare the different arrangements. The 
chief available work on this subject is that of Pierson, et al (1),‘ 
which was carried out with air as the shell-side fluid, and covers 
only the region of turbulent flow. In the course of an intensive 
study of heat exchangers being carried out in these laboratories, 
it therefore seemed desirable to put the early stress on a com- 
parison of different arrangements for the region of viscous flow as 
exists with medium and high-viscosity oils, especially where 
small tubes are used. 

In a previous paper (2) data were reported for cooling a 
medium-viscosity oil in a once-flow-through unit, composed of 
’/s-in. tubes on an equilateral triangular tube arrangement with a 
pitch-to-diameter ratio of 1.25. The present paper compares 
these results with data on two additional units containing the 
same size tubes with the same pitch, but in one the tubes have an 
in-line square arrangement, and in the other they have a staggered 
Square arrangement. All three arrangements are shown in the 
tube-sheet layouts given in Fig. 1. Further tests will deal with 
different tube sizes and different pitches. 

The previous work included data under isothermal and non- 
isothermal conditions at one temperature level; the present 
study includes isothermal and nonisothermal (oil-cooling) data at 
three bulk-temperature levels and with essentially a constant 
tube-wall temperature. These results are part of a systematic 
study to develop a procedure to allow for nonconstant physical 
properties. The complete program calls for tests at other bulk 
temperatures and other surface temperatures, including cases of 
oil heating. 


INTRODUC 


APPARATUS, PROCEDURE, AND RESULTS 


The general apparatus was briefly described in the previous 
paper (2), which also included the original data on the equilateral- 
triangular tube arrangement at one temperature level. Further 
details on the apparatus and methods of calculation, and the 
original data on the two square arrangements, as well as data at 
other temperature levels on the triangular arrangement, are given 
in a forthcoming bulletin (3). 


4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


We: 
ae 
4 
Ge 
- 
E = 
4 
2 
h 
= 
k 
L 


370 TRANSAUTIONS 


Pertinent dimensions of the three units are given in Table 1. 


It will be seen from this table as well as from the tube layouts 


IN-LINE SQUARE 


. shown in Fig. 1 that, while the same number of tubes, i.e., 70, is 


used in each unit, the effective number of tubes as regards to ex- 
posed surface is 65, 60, and 63, for the triangular, in-line, and 
staggered square arrangements, respectively, because of the means 
used to minimize the wall effect. During tests the unit is 
mounted with the tubes vertical as shown in Fig. 2 which is a 
view of the in-line square unit. Tubes ?/; in. diam and 6 in. long, © 
spaced on a 1.25 pitch-to-diameter ratio, are used in all three 


units. 
TABLE 1 EXCHANGER DIMENSIONS 7. 
Dimensions Common TO ALL ExcHANGERS 
Ratio of pitch to outside tube diameter...................+.-- 1.25 oe 
0.1875 
ImpoRTANT DIMENSIONAL DIFFERENCES 


In-line, Staggered, 


Triangular square square 
Number of tube rows................. 10 10 14 
Equivalent exposed tubes............. 65 60 63 
Shell-side minimum flow area, sq in..... 3.66 3.37 5.07 
Shell-side equivalent diarfieter, in....... 0.270 0.371 0.371 — 
Shell-side heat-transfer area, sq in...... 460 424 446 
Shell-side friction area, sqin........... 496 447 485 7 s&s 
Length of tube bank, 12 Nb, in......... 4.06 4.69 4.65 bn we "4 


with a viscosity of 525 SUV at 100 F. Full data on the physical 

properties of the oil are given in the previous publication (2), as_ 
well as in the forthcoming bulletin (3). During cooling tests 

water is used inside the tubes at a high velocity, i.e., cores are 

used to obtain a water velocity of around 7 fps, with a resulting 
water-film coefficient of heat transfer of approximately 1500. A 
“standard” test run is made with each unit upon installation, and 

this is repeated as the final test for each model. In every case, 

the initial results have been duplicated by the check run, showing 

that no appreciable fouling of the unit occurred during the period 

of testing. 
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Only data obtained with a heat balance of better than +5 per 
cent were considered acceptable, except in cases of oil velocities 
less than 0.2 fps, where the temperature change of the water 
stream was too small to give reliable heat balances. For these 
cases the heat load was calculated from the oil stream, and all 
conditions were maintained as constant as possible so there is 
reason to believe that the data are of an accuracy comparable to 
those at higher oil velocities. 

Fluid Friction. The isothermal data at 150 F are shown in 
Fig. 3 as a simple plot of pressure drop versus the linear velocity 
of the oil through the minimum cross-sectional area for flow. The 
data for the in-line square arrangement fall along the lower line, 
while the upper line represents both of the staggered arrange- 
ments. Although the data from the staggered units can be 
represented by a single line, this agreement is believed to be only a 
coincidence because the triangular arrangement has a depth of 10 
rows of tubes compared to 14 for the staggered square, and the 
amount of surface exposed to the stream is different for the two 
arrangements. The curves in Fig. 3 have a slope of unity at low 
velocities, indicating viscous flow, but above a velocity of approx- 
imately 1 fps, the slopes begin to increase, showing an increasing 
amount of turbulence in the tube bank. This pressure drop ver- 
sus velocity plot is of value in showing the consistency and trend 
of the data but does not represent a satisfactory correlation be- 
cause separate lines are obtained for each tube arrangement and 
also for each temperature level. 

In Fig. 4 the isothermal data at three temperature levels are 
shown as friction factor versus the Reynolds number, according 
to the method of Chilton and Genereaux (4). This method of 
presentation evidently correlates the effect of the change in fluid 
properties with temperature but does not take care of variation in 
tube arrangement. The lines are straight and parallel in the 
viscous-flow region, but the variations in the rate of curvature in 
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Fie. 3. IsorHeRMAL Pressure Drop at 150 F ror Turee 
ARRANGEMENTS 


(Flow normal to */s-in-OD vertical tubes on %/,-in. pitch. 
range: 147-152 F. Gulferest ‘‘E”’ oil, 525 SUV at 100 F; 
and 28 cp at 150 F.) 


Oil-temperature 
98 cp at 100 F, 


the transition region indicate that it would be difficult to obtain a 
correlating function to cover the entire range of flow. 

While it has been shown that the more complicated method of 
Gunter and Shaw (5) is about as satisfactory as the foregoing 
method for representing data from this type of exchanger, the 
simpler method was chosen for use at this time because it repre- 
sents the data nearly as well and also because not all of the varia- 
bles in the Gunter and Shaw correlation have been studied. 
Later, when these factors have been treated experimentally, a 
critical comparison of the two methods can be made or a new 
correlation presented. 

Another variation of fluid properties occurs when heat 
transfer causes the physical properties of the fluid at the tube 
wall to differ from those within the body of the fluid. The effect 
of this variation is shown in Fig. 5 for the in-line square arrange- 
ment. The isothermal data at levels of 125, 150, and 175 F all 
fall along the solid line, but cooling data, taken with the tube wall 
at approximately 100 F, and the bulk-oil temperature at average 
values of 125, 150, and 175 F, are shown, respectively, by higher 
levels of the dashed lines. The degree of increase in pressure drop 
appears to be a function of the ratio of the bulk-oil viscosity to the 
viscosity at the tube wall, and also an inverse function of the 
Reynolds number. 

When the pressure-drop data in Fig. 5 are corrected by the 
addition of a term in the friction factor to compensate for 
the effect of the viscosity gradient between the tube wall and the 
body of the-oil stream, a single line is obtained for each tube arrange- 
ment as shown in Fig. 6. The correction term is the viscosity 
ratio (u/us) raised to the power n, where n is a function of the 
Reynolds number having the form n =0.56 —0.16 log Nre. Values 
for n are plotted versus the Reynolds number at the bottom of Fig. 
6. The function relating n to the Reynolds number is obtained by 
calculating the values of n required to bring the friction factors for 
cooling into agreement with the isothermal friction factors, plot- 
ting the calculated values versus the Reynolds number, and then 
drawing the best line through these values. The details of this 
operation are reported in the forthcoming research bulletin (3). 
It is apparent that an excellent correction for the effect of the 
Viscosity difference is obtained, but it should be emphasized that 
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(Flow normal to */s-in-OD vertical tubes, wher ine pitch. Average bulk-oil 

temperature for cooling runs, 125,150, and 175 F; « surface- -temperature 

range for cooling runs, 100- 109 F; pe Bonen bulk-oil temperature for iso- 

thermal runs, 125, 150, and 175 F. Gulferest ‘‘E” oil, 525 SUV at 100 F; 
98 cp at 100 F, 49 cp at 125 F, 28 ep at 150 F, and 17 ep at 175 F.) 


for the present the correction applies only to the current data for 
the in-line square arrangement. For the case of viscous flow in- 
side tubes, Sieder and Tate (6) found that the function 
1.1(u/us)*-*5 correlated friction data under nonisothermal condi- 
tions. This function does not correlate the current data satisfac- 
torily, because it is independent of the Reynolds number. It is 
possible that a part of the present deviation at low linear velocity 
may be due to nonuniformity of flow and free convection. The 
extent of these effects can be determined most satisfactorily by 
the use of more viscous oils and various tube spacings and will be 
investigated later in the program. It is believed that the present 
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Fic. 6 Correctep Friction Factor Versus ReyNotps NUMBER 
For IN-LINE SQuARE TUBE ARRANGEMENT 


(Flow normal to */s-in-OD vertical tubes, 1°/3:-in. pitch. Average bulk-oil 

temperature for cooling runs, 125, 150, and 175 F; surface-temperature 

range for cooling runs, 100-109 F; average bulk-oil mp for iso- 

thermal runs, 125, 150, amd 175 F. Gulfcrest ‘‘E"’ oil, 525 SUV at 100 F; 
98 cp at 100 F, 49 cp at 125 F, 28 cp at 150 F, and 17 cp at 175 F.) 


development represents as much as can be learned from one oil 
and one tube spacing. Similar correcting functions have been 
developed for the equilateral and staggered square arrangements, 
but the search for a single function which will be adequate for 
various arrangements as a part of a general correlation will be 
postponed until other units and oils have been studied. 

Heat Transfer. The experimental data on heat transfer are 
shown in Fig. 7 where the oil-film coefficient of heat transfer is 
plotted versus the velocity through the minimum area for flow 
between tubes. The data from the triangular and staggered 
square arrangements can be represented by a single line, while 
points for the in-line square arrangement fall about 40 per cent 
below the staggered-tube data at the lowest velocity, and about 
20 per cent below at the highest velocity. The increase in slope 
at velocities of about 1 fps is believed to be due to the start of 
turbulence. The data in Fig. 7 are for an average oil tempera- 
ture of 150 F. Data at other temperature levels give similar but 
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displaced lines, since this method of representation makes no 
correction for changes in the physical properties of the fluid. 
A more general correlation is given in Fig. 8 where the j factor 


is plotted versus the Reynolds number, D,Gm/u. The data for 
each arrangement fall along separate lines, and as yet no factor 
has been obtained which will correlate the data for all three units. 
An equivalent diameter, based upon the geometry of tube arrange- 
ment, shows some promise, but additional data are needed to de- 
velop the correlation. The data in Fig. 8 cover bulk-oil tempera- 
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Fic.8 Heat-TRANSFER Factor j FoR THREE TUBE ARRANGEMENTS 


(Flow normal tubes, /m-in. pitch. Average bulk-oil 

temperatures 150, and 175 F; surface-temperature range 100-109 F. 

Gulfcrest ‘““E” aD 525 SUV at {00 F; 98 cp at Sy F, 49 cp at 125 F, 28 ep at 
150 F, and 17 ep at 17 


tures of 125, 150, and 175 F, and a tube-wall temperature of 
approximately 100 F, which gives u,/u ratios of approximately 
1.9, 3.2, and 5.0, respectively. The data are correlated fairly 
well over the entire range of Reynolds numbers, by the single ex- 
ponent of 0.14 for u,/u, similar to the value found for flow inside 
tubes by Sieder and Tate (6). The single exponent is in striking 
contrast to the wide variation of exponent necessary for a satis- 
factory correlation of pressure drop. 

Fig. 8 does not necessarily present a true comparison of the 
effectiveness of heat transfer for the three tube arrangements, be- 
cause a different choice of terms in the Reynolds number will 
change the relative position of the lines. A better comparison is 
given in Fig. 9 where the heat-transfer coefficient is shown versus 
the power loss per unit heat-transfer area. On this basis the 
data for the two staggered arrangements fall together and well 
above those for the in-line square arrangement. It can be seen 
that in the viscous region the staggered arrangements give 
superior heat transfer for a given power loss, but the*superiority 
becomes less marked as the turbulent region is approached. 
Fig. 9 applies only to viscous flow, but it is interesting to note that 
for turbulent flow, using a similar method of comparison and the 
data of Pierson, et al. (1) for gases, in-line arrangements were 
shown by Colburn (7) to have a slight superiority over staggered 
arrangements. The apparent convergence of the data in the 
transition region, as shown in Fig. 9, may foretell this inversion, 
but data on the same tube banks in both viscous and turbulent 
flow are needed to clarify the point. 

From the tests on these three simple tube banks it appears that, 
in the region of viscous flow, for the same power loss per unit 
surface area, the heat-transfer coefficients for staggered tubes are 
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surface-temperature range 100-109 F. 

some 50 per cent higher than for in-line tubes, and, at the same 
heat-transfer coefficient, the pumping power for the in-line 
arrangement is around tenfold that for staggered arrangements. 
Caution must be used, however, in interpreting these results in 
terms of commercial shell and tube exchangers where baffle 
spacing, baffle cutoff, economic fluid velocity, and the diameter 
of the exchanger must be considered. For example, whereas the 
staggered square spacing gave about the same performance as 
triangular and might be preferred because of greater ease of 
cleaning, it should be noted that for the same velocity through 
minimewm area, a closer baffle spacing would be required. Quan- 
titative information concerning the effect of baffles is needed to 
be able to utilize the present results for the design of baffled heat 
exchangers. 


CoNCLUSIONS 


1 In the region of viscous flow and for a pitch-to-diameter 
ratio of 1.25, equilateral-triangular and staggered square-tube 


arrangements are approximately equal in effectiveness for heat 


transfer. The in-line square arrangement has a lower degree of 
effectiveness in viscous flow, but its performance approaches that 
of the staggered arrangements in the transition and early turbu- 
lent regions. 

2 Viscosity-ratio functions, derived from the experimental 
data, are effective in bringing the isothermal and nonisothermal 
fluid-friction data into agreement. The Sieder and Tate vis- 
cosity-ratio correction is adequate for the heat-transfer data. 

3 In correlating data in the region of viscous flow, the use of 
the equivalent diameter and the mass velocity through the mini- 
mum cross section is insufficient to eompensate for the effect of 
differences between tube patterns. yours. 
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V at 100 F; 98 cp at 100 F, 49 cp at 125 F, 28 ep at 150 F, and 17 ep at 175 F.) 


1,000 10000 100,000 


Bulk-oil temperature range 115-200 F; 
Gulfcrest ‘‘E’’ oil 525 
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C. H. Brooks.’ It is to be hoped that the authors will en- 
deavor to put their correlations in such form that the designer 
will have a minimum of trial-and-error calculation to make when 
designing an exchanger. In general, most of the equations which 
have been published are fine correlations of experimental data and 
are useful for determining whether test data approach theory 
closely or not, but difficult for the average engineer to use when 
designing a new piece of equipment. This is the case because so 
many of the variables in the published relations need to be as-. 
sumed and are dependent upon other design variables which may 
be affected by the heat-trarisfer coefficients resulting from the cal- 
culation. 


A. 8. Foust. The most significant point upon which the 
writer would like to request discussion by the authors is the dif- 
ference in the shapes of the friction-factor and j-factor plots 
at Reynolds numbers in the transition region. It appears diffi- 
cult to explain the reversals in the friction-factor plots which 
appear at Reynolds numbers somewhat over 100 in contrast to 
the uniform shape maintained by the j-factor plots to the maxi- 
mum Reynolds number studied. 

It will be highly illuminating to the profession, when this en- 
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tire program is an to verify the use of an equivalent 
diameter and maximum mass velocity in the Reynolds number. 
This question arises in the mind of the writer in view of the dif- 
ference in Reynolds numbers so computed at which the friction 
factors indicate the incipient breakdown of laminar flow. It is 
noted that the transition begins earliest in the ‘in line square”’ 
arrangement at a Reynolds number under 100, develops next in 
the staggered square arrangement at a Reynolds-number approxi- 
mately 200, and is barely perceptible in the equilateral-triangle 
arrangement at the maximum Reynolds number studied. 


ALFRED GERMAN.’ The experiments now in progress by the 
authors are excellent and constitute a step in the right direction. 
Operating conditions, however, as a rule do not permit a duplica- 
tion of results as obtained by such experiments. Oil-refinery 
conditions usually develop considerable fouling on the shell side 
where elevated temperatures are involved. In the experiments 
described, a clean medium is used to flow around the tubes placed 
in either triangular or square pitch layout in order to indicate the 
most desirable pattern. Actual practical experience has shown 
that, particularly in the case of the triangular-tube layout, foul- 
ing is in many cases so rapid that, if allowed to continue, the tube 
bundle would be completely filled in a very short time. We have 
known cases where the entire shell side of the unit has been com- 
pletely filled within 2 weeks. 

When changes were made to vertical laning in a horizontal 
unit, a decided improvement resulted. This tube bundle, under 
identical operating conditions, could continue in service several 
times longer than could the triangular-tube layout. 

Even though the vertical lanes with the help of up and down 
crossflow baffling keep the tube bundle cleaner for a longer time 
of operation, there is still further room for improvement. Using 
this vertical laning in the large-diameter tube bundle with the 
spaces between the tubes only */,. or '/, in. there is still considera- 
ble accumulation of solids between the tubes. 

This accumulation can be diminished by increasing the tube 
pitch. However, this expedient will result in a reduction in sur- 
face due to the smaller number of tubes which can be instalied in 
a shell of a given diameter. The writer believes that the initial 
heat-transfer loss due to the smaller area will be more than com- 
pensated for by the relative freedom from fouling, thus resulting 
in a better average over-all heat transfer over a period of time. 

It would be interesting to repeat these experiments, using a 
medium calculated to simulate actual fouling conditions nor- 
mally encountered in extremely severe service. For example, 
instead of a clean medium, it is suggested that a viscous liquid 
containing fine particles, heavier than the liquid, which will tend 
to deposit on the tubes, may duplicate to some extent the fouling 
under consideration. 

In this way information might be obtained which would indi- 
cate not only the relatiye desirability of various tube layouts but 
also, in some degree, the minimum spacing for various types of 
media and for various bundle diameters. 


. E. N. Sreper.® 


7 Technical Service Engineer, Heat Exchanger Tubes, Scovill 
Manufacturing Company, Inc., New York, N. Y. 

8 District Sales Manager, Alco Products Division, American Loco- 
motive Company, New York, N. Y. 


The authors have presented interesting and 
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valuable data which the heat-exchanger industry has been await- 
ing for a long time. We hope that the data for turbulent flow, 
which we understand are being obtained on the tube bundles de- 
scribed, when correlated, will clear up once and for all the im- 
portant question, “‘which gives the best heat transfer for a given 
pressure drop-tubes on a staggered square pitch or tubes on an 
in-line square pitch?” 

The authors have shown that for viscous flow the staggered- 
tube arrangement is apparently the best. They point out that 
this condition may not hold true in the turbulent region. 

A correlation of heat-transfer data in turbulent flow, which was 
prepared by Gunter and Shaw but which was never published, 
indicates that the square in-line tube arrangement is superior to 
the square staggered arrangement in so far as heat-transfer rates 
for a given pressure drop are concerned. Their data show that, 
for a given baffle pitch, the heat-transfer rate obtainable with 
square in-line pitch is 43 per cent better than the rate obtained 
with staggered pitch, while the pressure drop obtained is 2.9 times 
as great. When the baffle pitch is adjusted to give equal pres- 
sure drops, the heat-transfer rate for the square in-line 
arrangement is 13 per cent better than for the staggered square 
pattern. 

Moreover, to obtain the same pressure drop with a square stag- 
gered pitch, 45 per cent more baffles have to be used in a given 
exchanger than are required for a square in-line pitch. 

These figures are quoted to show that the question is far from 
being solved, and that we may never be able to show a clear-cut 


advantage for either case. 
AuTuors’ CLOSURE 


Dr. Brooks’s suggestion that correlations be presented in a form 
suitable for use in design is in accord with present plans. It is 
felt, however, that such correlation can be made more satis- 
factorily at a later date when data covering a wider range of 
variables are available. For design purposes, furthermore, con- 
sideration must be given to the practical problems of baffle and 
tube spacings, leakage, etc. 

With regard to the points raised by Professor Foust, it is 
difficult to determine the exact point where the change from 
viscous to turbulent flow occurs because the change is gradual 
and covers a range of Reynolds numbers. The question of what 
equivalent diameter and velocity to use should be clarified when 
data have been obtained with other arrangements and with oils 
having other viscosities. 

The deviations caused by fouling are of primary importance 
in the practical use of these data but a study of fouling is not a 
part of the immediate program. It is hoped that the data on 
nonfouling fluids may serve as the basis for later studies under 
fouling conditions. The approach suggested by Mr. German 
seems sound and might be used with the present models and 
auxiliary equipment at a later date. 

An extension of the present tests into the region of turbulent 
flow with both in-line and staggered square arrangements is & 
part of the present plans. It is hoped that some of the points 
raised by Mr. Sieder may be clarified by this study, although 
again the complications in a baffled heat exchanger make general 
conclusions difficult to draw from data on unbaffled units. 
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-Inves of of Point Unit 
Heat-Transfer Coefficient Around a con 


Cylinder Normal to an Air 


By W. H. GIEDT,' BERKELEY, CALIF. 


Most previous analytical and experimental work con- R = electrical resistance of nichrome ribbon at 70 F, 
cerned with the variation of the rate of heat transfer ohms per ft of length 
around a cylinder normal to an air stream has been con- t = temperature of nichrome ribbon at any point around 


fined to one with an isothermal surface. It was therefore the cylinder, deg F 

the purpose of the investigation described in this paper to tmin = minimum temperature of nichrome ribbon for a 
obtain information on the variation of the rate of heat given power input and free air-stream velocity, 
transfer around a cylinder with a nonisothermal surface. deg F 

The -method was suggested by a technique used in flight tmax = Maximum temperature of nichrome ribbon for a 


tests for determining point unit heat-transfer coefficients 
around airfoils. 


given power input and free air-stream velocity, 
A thin nichrome ribbon wound helically deg F 

around a cylinder was electrically heated. Point unit t) = free air-stream temperature, deg F 

heat-transfer coefficients were determined from the tem- 


tn ax — tn in 


perature variation along, and electrical input to the ribbon. ae hae oe mea. average temperature at which 
indicated the also for properties of air were evaluated, deg F 
similar measurements around other streamlined shapes. T = absolute temperature, deg R 


The experimental data include point unit heat-transfer 
coefficient and static-pressure distributions around a cylin- 
der circumference throughout a range of Reynolds modu- 
lus from 70,800 to 219,000. Comparison of these results 
with the skin-friction distributions around the cylinder 
indicated by the pressure distributions showed a definite 
correlation between the two. Results are also compared 
with those obtained by other investigators using an iso- 
thermal cylinder surface. 


uo = free-stream velocity, fps 
x = distance around cylinder circumference measured 
from stagnation point, ft 
y = distance from nichrome ribbon measured perpen- 
dicular to cylinder surface, ft ae 
= total hemispherical emissivity 
absolute viscosity of air, lb-sec/ft? 4 7 
angle at center of cylinder measured from the for- | 
ward stagnation point, deg 


po = mass density of air in free stream, Ib-sec?/ft* 
=—=4 ¢ = Stefan-Boltzmann constant, 0.1782 Btu/hr (deg R/ 


ti 


NOMENCLATURE 


The following nomenclature is used in this paper: en 100) “ft2 
A =. area of heat-transfer surface, sq ft 7o = shear stress at wall of cylinder, psf aes 
D = outside diameter of cylinder with nichrome ribbon 7o/po%o* = intensity of skin friction at cylinder wall a 7 
around it, ft heD 
h = unit surface heat-transfer coefficient, Btu/hr ft? 
deg F D wo po ; a 
he = unit heat-transfer coefficient at cylinder surface at Nre = ——— = Reynolds modulus based on cylinder di- 
angle 6, Btu ‘hr ft? deg F “ 
ameter 


current flowing through nichrome ribbon, amp 

thermal conductivity of air, Btu/hr ft? (deg F/ft) 

thermal conductivity of nichrome ribbon, Btu /hr ft? 

(deg F /ft) 

_ p = static pressure at any point on the cylinder surface, 
psf 

po = free-stream static pressure, psf 

_ q = rate of heat transfer by convection from cylinder 

surface at agy point defined by the angle 8, 


INTRODUCTION 


It has long been recognized that a knowledge of the peripheral 
variation of the rate of heat transfer from the surface of stream- ic 
lined shapes to a fluid flowing transversely is necessary for the 
successful design of heat-transfer equipment. Basic to this prob- 
lem is the heat transfer from a right circular cylinder, and con- 
siderable interest hag been exhibited in it since an early date. Ex- 

perimental investigations have led to the development of expres- 

Btu per hr 
. . sions describing the variation of the average heat-transfer coef- 
Gena = Fate of heat loss from nichrome ribbon through ficient (1)? and the variation of the local heat-transfer coeffici- 
.. cylinder wall, Btu per hr ent from the stagnation point back to approximately the 80- 
‘Instructor, Division of Mechanical Engineering, University of deg point (2, 3). However, because of the complexity of the 


California. 


Contributed by the Heat Transfer Division and presented at the 
Heat Transfer and Fluid Mechanics Institute, Los Angeles, Calif., 
June 21, 1948, of Tue AMERICAN Society or MEcHANICAL ENGI- 
NEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


problem up to the present time, no satisfactory complete analyti- 
cal solution has been found. 

Experimental investigations of the rate of heat transfer from 
a cylinder have not been as extensive as might be desired, and 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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have, in general, been restricted to cylinders with an isothermal 
surface. It is realized, however, that most heat transfer actually 
takes place from a nonisothermal cylinder surface. In view of 
this and the fact that practically no experimental data are availa- 
ble for this case, it was the purpose of the experiment described 
in this paper to investigate the variation of the point heat-trans- 
fer coefficient around a cylinder with a nonisothermal surface. 
The method used was to wrap a thin metal ribbon around a 
cylinder parallel to the air stream. An electric current passed 
through the ribbon generated equal amounts of energy in each 
differential element of the ribbon. If these equal amounts of 
heat are transferred to the air stream according to the relation, 
where At = the difference between the ribbon temperature and 
the free-air temperature, it is seen that a variation in he will cause 
a variation in At. Since (q¢/A) ~ 7?R, he could be calculated from 
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Lucite Test CyLinpER WitH NicHROME-R1iBBON HEATING ELEMENT AND PRESSURE 


Fig. View or Test CytinpeR Mountep UNIVERSITY 3-Ft TUNNEL 
With Test Pane, anv Instruments Usep ror TaKinG Data 


EXPERIMENTAL EQUIPMENT 


MAY, 1949 


The test cylinder is shown in Fig. 1. It was mounted for testing 
in the University of California 3-ft wind tunnel as shown in 
Fig. 2. 

The cylinder itself was made in three sections from 4-in-OD 
lucite stock. A length of 40-in. gave it a span greater than the 
wind-tunnel air stream, thereby providing two-dimensional flow 
A nichrome ribbon 1 in. X 0.002 in. in cross section, wound heli- 
cally around the center section of the cylinder, formed the heating 
element. A length of 65 in. provided for five full turns of the 
ribbon, the center being the test strip, and the two on either side 
acting as guard heating strips. Both ends of the ribbon were led 
through the cylinder wall where they were connected to power 
leads brought in through one end of the cylinder. The power sup- 
ply to the ribbon was controlled through a constant-voltage 
transformer which held voltage variation with time to withip | 
per cent. 

The temperature variation along the ribbon was measured by 
means of very fine thermocouples. Short lengths of B&s 
gage No. 40 iron and constantan wire were spot-welded to the 
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nichrome ribbon before it was placed around the cylinder. The 
thermocouples so formed were located so that they would be 
spaced about !/: in. apart for one half of the circumference on 
the center turn of the ribbon when wrapped around the cylin- 
der, as shown in Fig. 1. These short lengths of wire were 
led through the cylinder wall and soldered to leads brought in 
through one end of the cylinder. Before final assembly the 
center section of the cylinder was filled with glass wool to re- 
duce conduction losses. 

A static-pressure tap, located in the cylinder wall near the 
center section, Fig. 1, provided the means of determining cir- 
cumferential static-pressure variation by rotating the cylinder. 
Free air temperature was measured with a shielded thermocouple 
of B & S gage No. 30 iron and constantan wire. 


EXPERIMENTAL PROCEDURE 


The shielded thermocouple used for measuring the free-air- 
stream temperature was first calibrated. Then, because only 
temperature differences between the nichrome ribbon and the free 
air stream were involved in the calculation of the hg values, the 
ribbon thermocouples were calibrated against the free-air-stream 
thermocouple. The electrical resistance of the nichrome ribbon 
was determined from measurements made on a 10-ft length at 
70 F with a Wheatstone bridge, the accuracy of which was !/29 
percent. The value of 0.262 ohm per ft obtained was considered 
constant in the calculations in so far as the maximum variation 
of the resistance throughout the experimental testing was less 
than 0.5 per éent. 

The amount of heat lost by the nichrome ribbon through the 
cylinder wall was determined by wrapping a thick layer of glass- 
wool insulation around the section covered by the ribbon. 
Electrical power inputs necessary to maintain the nichrome rib- 
bon at different temperatures above the free air temperature 
and simultaneous temperature distributions in the glass wool 
were measured. Losses through the steel wool were calculated. 
Subtracting these from the ribbon inputs gave the heat loss 
through the cylinder walls as a function of ribbon temperature. 
These amounted to a maximum of 2 per cent of ribbon electrical 
input during the experimental runs. 

Nichrome-ribbon temperature-distribution and static-pressure- 
distribution data around the cylinder circumference were taken 
throughout a Reynolds modulus range of 70,000 to 219,000. In 
genera], measurements were limited to the top half of the cylinder 
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circumference; however, as a check on the symmetry, several — 
were made around the entire cylinder circumference, without any 
substantial differences between top and bottom being mani- © 
fested. 


CALCULATION OF Point Unitr HEAT-TRANSFER COEFFICIENTS 


Considering the differential length of nichrome ribbon shown 
in Fig. 3 under steady-state conditions yields the following heat — 
balance 


heat generated | (heat conducted ) ‘ee 
= 


by current i | | in left face 


heat conducted 
_ out right face 


heat convected 


} \ to air stream | 


( heat radiated lost by 


\to surroundings | through cylinder wall 


Or in symbolic form 

1 X 0.002 /dt 1x 0.002) 

—k, — — —k, > 


dz 
Te dx dx \dz 
1 Qrad 1 1 
he — dz (t—t 2 : 


Substituting *, = 7.86 Btu/hr ft? (deg F/ft), R = 0.262 ohm per 
ft, expressing the distance around the cylinder in terms of 6, and 
solving for he gives 


‘ d*t Qrad qeond 
10.73: + 154 ( 


(t — ty) 


Values of t were measured. 
was calculated from 


The radiation loss from each point. 


A“ {\100 100 
q 


using a value of 0.2 for ¢ (ref. 8); = for each point was de- 


termined as described in the previous section. Since the tem- 
perature variation around the cylinder did not follow any known 7 
law, it was necessary to evaluate the (d%t)/(dé?) term at each 
point graphically. For each experimental run the temperature 
potential of the nichrome ribbon above the free air stream was 
plotted versus @ (Fig. 4 is a representative curve). Curves of | 
(dt)/(dé) versus @ (see Fig. 5), were then plotted from values — 
of (dt/dé), determined graphically from the temperature-poten-— 
tial curves. Values of (d*t/dé?) were then determined from > 
these curves. These he values multiplied by the cylinder diame- 
ter and divided by k,, evaluated at an average film tempera- 
ture, gave the Nusselt modulus at each point. 

It may be of interest to note that the (d*)/(dé@?) term represents _ 
the effect of heat conduction along the ribbon. Its effect on he, 
in general, amounted té6 only a few per cent except near the | 
maximum and minimum points, where it was as much as 15 per — 
cent. 


HeAt-TRANSFER AND PRESSURE DISTRIBUTIONS 


It has been found that the point unit heat-transfer coefficient, _ 7S 
he, for a cylinder losing heat to a normal air stream depends a 
the Reynolds modulus, Ne, of the flow and on the location along 

the cylinder circumference. Introducing the point unit heat- 
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the following relation can be written 3 _ the 


where @ characterizes the location of he around the cylinder cil If F; 
cumference in terms of the angle measured from the forward gle 
stagnation point. 
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Fig. 6 Rate or HEAT-TRANSFER DISTRIBUTION AROUND CYLINDER 
CrRCUMFERENCE FOR DIFFERENT VALUES OF REYNOLDS MopDULUS; 
he = 0.044 (Nwude 


he fol 


The values of (Nwu)e calculated from the experimental data 
transfer coefficient in nondimensional form as the Nusselt modu- 5, plotted against @ in Fig. 6 for the different values of Rey nolds @ %n wa 
modulus. The pressure-distribution measurements are similarly Fessur 

hs D plotted in Fig. 7. The following points can be observed in these *vels 
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1 Maximum values of he occur approximately 10 deg further 
back along the cylinder circumference than the minimum static- 
presssure values. 

2 Both minimum he values and pressures move back along 
the cylinder cireumferenge with increasing values of Nre. 

3 For values of Nre up to around 100,000 maximum hg values 
occur at the 0-deg and 180-deg points. 

4 At values of Nre = 140,000 and up he at the rear stagnation 
= is greater than at the forward stagnation point. 

*At values of VR, from 140,000 to 219,000 distinct maximum 
he alin occur between 110 deg and 115 deg. 

6 For this same range of Vp, two distinct minimum he values 
occur. The lower of the two is between 80 and 93 deg on the 
front half of the cylinder. The second is between 140 and 150 
deg on the back half. 

7 Also, for this same range of Nre, inflection points occur in 
the pressure distribution curves at the same locations as the 
minimum he values just noted. 


Correlation of these results with the results of investigations of 
the air flow in the boundary layer around a circular cylinder made 
by Fage and Falkner (4, 5) brings out some interesting parallels. 
In brief, their static-pressure and skin-friction distribution 
measurements indicated the following: 

For flow in the critical range of Ne, i.e., the range where large 
hanges in the cylinder drag coefficient occur, there was a critical 
point on the cylinder, just beyond the region of maximum nega- 
ive pressure, where a transition from laminar to turbulent flow 
1 the boundary layer began. The position of this point on the 
ylinder circumference was marked by a pronounced inflection 
in the static-pressure curve. The skin-friction measurements 
showed two types of distributions around a cylinder circumfer- 
ence. The first type, which occurred at relatively low values of 
Ve, rose gradually from zero at the stagnation point to a maxi- 
mum around @ = 55 deg, and then fell rapidly to zero. Thesecond 
type, which occurred in the critical region of Nre, after reaching 
&maximum around @ = 55 deg fell less rapidly to a minimum 
value around @ = 80 deg and then rose to a second maximum be- 
fore dropping to zero around 130 deg. 

They concluded that the point where the frictional intensity 
falls to its zero value indicates the position on the cylinder where 
separation of the boundary layer from the surface is completed. 
For values of Nre below the critical range, this apparently oc- 
curred before the 90-deg point. For values of Ne in the critical 
range, the minimum frictional intensity around 90 deg was con- 
‘dered to indicate the position along the surface where flow in the 
boundary layer changed from laminar to turbulent; separation 
if the boundary layer was considefed to occur at the point on the 
tack half of the cylinder where the frictional intensity reached 
is zero value. At the lower values of Nr. the pressure distribu- 
tion was noted to level off to a constant value where the fric- 
tional intensity reached zero. In the critical range a pronounced 
inflection in the pressure distribution occurred at the point where 

ite frictional intensity reached a minimum; the point where the 
tietional intensity dropped to zero was indicated by a leveling-off 
ifthe pressure curve. These investigators also found that in- 
teasing the turbulence in the free air stream caused static- 
itessure and frictional-intensity distributions characteristic of the 
ttitical range to occur at values of Ne below that range. 

If Figs. 6 and 7 are now interpreted in light of this information, 
he following can be noted: 


1 For the run with Nre = 70,800, the skin-friction distribu- 
‘on was probably of the first type jyst described, in so far as the 
kessure-distribution curve, after passing through a minimum, 
tvels off at a constant value around 78 deg. This point then 
tarks the location at which the skin friction dropped to zero and 
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at which the flow separated from the surface of the cylinder. 
The rate of heat transfer would be expected to be low at this 
point, which is verified by the fact that the location of the mini- 
mum he coincides with it. 7 

2 For the run with Nre = 101,300 the minimum hg occurs at 7 
the location where the pressure distribution levels off to a con- 
stant value for a distance corresponding to about 10 deg. The 
pressure rises slightly after this and becomes constant again 
around 130 deg. It is felt this indicates that the type of skin- 
friction distribution associated with the critical range was be- 
ginning to develop. 

3 For the runs with Nre = 140,000, 170,000, and 219,000, 
the pressure-distribution curves indicate that the second type of 
skin-friction distribution was present. 


An example of this second type of skin-friction distribution 
(from ref. 5) for Nre = 168,000 but with a turbulence grid in the 


flow before the test cylinder is plotted in Fig. 8. The experimen- : 
tally determined distributions of (Nwu)@ and (p — po)/[(*/2)pouo?] 
at Nre = 170,000 are also plotted for comparative purposes. _ 
Although no turbulence grid was used in this investigation, the - 


relatively high level of turbulence in the wind tunnel used (turbu- 
lence factor = 2.25) in some measure justifies the comparison of 
Fig. 8. 
Assuming that the skin-friction intensity curve in Fig. 8 can 
be used as an indication of the skin-friction distribution which was 
present around the test cylinder during the runs with Nr. = 
170,000, some interesting correlations can be noted. First of all, 
the location of the first minimum of the (NVwu)e, or essentially hg, > 
curve occurs near the minimum of the skin-friction curve. Then 
*the location of the maximum of (Nyu)e or he is approximately 
the same as the maximum of the skin friction. Finally, the loca- 
tiqn of the second minimum hg coincides approximately with the 
point where the skin friction drops to zero. 
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The correlation between the rate of heat-transfer and skin- ==> 350 
friction distributions shown in Fig. 8 could be expected to be <a es 
only approximate. However, an examination of the pressure- = = 


distribution curves for the runs with Nre = 140,000, 170,000, 

and 219,000 indicates that, if simultaneous skin-friction measure- 

ments could have been made, the correlation would have been 
very close. In Fig. 7 the first minimum of the (Nwu)e curves © 
are noted to coincide in location with the first inflection points — ar 250 \ 
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of the corresponding pressure curves. These inflection points, 
according to Fage and Falkner, mark the location of the mini- = 
mum of the skin friction. The fact that the point unit heat- _ \ 

transfer coefficients drop to a minimum and then abruptly rise 200 \ ms BY 


near these inflection points also substantiates their conclusion (Na) 
that the transition from laminar to turbulent flow in the bound- — a Nu! 


ary layer occurred at this same location. 


a) 

Also to be noted in Fig. 7 is that the second inflection points, Be < \y 
¢ 


which occur between 140 and 150 deg in the pressure-distribution 
curves for these same values of Ne, coincide with the locations of : q 
the second minimum hg values. On the basis of Fage and Falkner’s 100}-—o— *R INPUT TO RIBBON=67 Stu 
findings, these second inflection points would also indicate the = 


2 
locations of second minimums or zero values of the skin friction. =F R INPUT TO RIBBON (Ny 
Finally, since both the point unit heat-transfer coefficients and a 
skin-friction intensities rise from coincident minimums on the 
front half of the cylinder and drop to coincident minimums on 
the back half, it is quite reasonable to assume the maximum > 
values in between occur near the same point. fy. 
0 40 80 120 160 
Errect oF DIFFERENT TEMPERATURE GRADIENTS ALONG THE Ade @- DEG FROM STAGNATION POINT 
NICHROME RIBBON 
Fic. 9 Comparison oF Rate oF Heat-TRANSFER DistTRIBUTION Fic 
Although it would have been desirable, it was not possible to» Arounp CyLinpER aT ReYNoLps Mopvu.vus = 101,300 WitH Two a 
obtain heat-transfer data from an isothermal cylinder surface DIFFERENT TEMPERATURE DISTRIBUTIONS 


with the equipment used. It was possible, however, to cause a 


gradients around the cylinder circumference for any air-stream ane ai ent. 
velocity by varying the power input to the ribbon. pA AR VRe 


The results of such a test are shown in Fig. 9. Increasing the wee 700 ect n 
power input by a factor of 4 caused the temperature gradients — | 
along the ribbon to increase from 4 to 8 times in value. The vari- _ ed 
ation in the rate of heat-transfer distributions can be noted tobe f\ B® proba 
less than 5 per cent except at the minimum point, where it is + 600 ) t 
about 8 per cent. Since experimental errors and air-flow fluctua-_— a | | 
tions could have caused this much deviation, it appears that oo | 
effect of the temperature variation along the ribbon on the point \ iA 
unit heat-transfer coefficients was practically negligible. This 500 


point, however, is far from established by this meager amount of _ 
data, and it is felt further investigation should be conducted. NEA / Paste?! 
| | 
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CoMPARISON OF Resu.tts WitH OTHER DaTA 


A survey of the measurements of the rate of heat-transfer ~ 
tribution around a cylinder in an cir stream made by other ob- 
servers indicates that-the data obtained by Schmidt and Wenner 
(6) were the most reliable as well as the most extensive. There- 
fore two experimental runs were made at values of Nre (101,300 — 
and 170,000) at which these investigators had also obtained data, 
so that the results could be easily compared. In Fig. 10, fae be 
shows the comparison, it can be seen that the general shape of the 
curves determined in this experiment is the same, but that quan- — 
titatively there is considerable deviation, particularly on the back | 
half of the cylinder. The nonisothermal surface anode Pe 
contributed to part of this, but it is felt that the widely different — it . 
flow characteristics and widths of the free air streams in which the paul, 
tests were conducted were also major factors. Schmidt and Wen- je 
ner’s data were taken in a relatively narrow jet of air with a Bi igi h 120 160 
nearly uniform velocity distribution and a minimum of turbu- - @ -DEG FROM STAGNATION POINT 
lence, which is in direct contrast to the wind-tunnel air stream yg, 19 Comparison or Test Data Wits Txose or ScHMIDT AND 
used in the present experiment. WENNER 
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7 ha GIEDT—VARIATION OF POINT UNIT HEAT-TRANSFER COEFFICIENT 
i" 


Fig. 11 shows the experimentally measured values of the 1000 
point unit heat-transfer coefficients at the forward stagnation point 800 . 
compared with the-curve theoretically computed by Squire.® 4 
Agreement at the lower values of Nre is exceptionally good; at 600 va 
the higher values the experimental points are about 10 per cent st}. 
above the curve. 
Average values of Nyu, obtained from Fig. 6, are compared in 400 6 
Fig. 12 with Hilpert’s experimentally determined average unit 
heat-transfer-coefficient curve for a cylinder with a constant sur- (N Nu) avg a 
face temperature. Although these average values theoretically % 
would have no significance because the cylinder surface tempera- 200 ry \ 
HHILPERT 
100 
e 4 6 8 10° 2 4 6 8 10 
600 


“1G. 12 Comparison oF AVERAGE HEAT-TRANSFER COEFFICIENT 
FoR TotTaL CYLINDER CIRCUMFERENCE WITH HILPERT’s EXxPERI- 


400 
DETERMINED CuRVE (7) 
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200 1 pon Developments in Fluid Mechanics,” by the Fluid © = 
Motion Panel of the Aeronautical Research Committee, edited by 
S. Goldstein, Oxford University Press, London, England, 1938. 
2 “An Investigation of Aircraft Heaters—NACA ARRUIII— | 
100 A Simplified Method for the Calculation of the Unit Thermal Con- 
4 6 8 10° 2 4 6 8 10° ductance Over Wings,”’ by R. C. Martinelli, A. C. Guibert, E. H. 
Morrin, and L. M. K. Boelter, NACA Wartime Report W-14, 1943. 
. e 3 “Die Berechnung des Wirmeiibergangs in der Laminaren 
Fic. 11 Unir Heat-TRANSFER COEFFICIENT AT FoRWARD StaGna-  Grenzschicht Umstrémter Kérper,’’ by E. Eckert, Forschungsheft 
T10N Point or CYLINDER, CoMPARED WiTH Squire's THEORETICAL 416, VDI Verlag, Berlin, Germany, October, 1942, 26 pp. a 
SOLUTION 4 ‘Further Experiments on the Flow Around a Cylinder,’’ by 7 : 
A. Fage and V. M. Falkner, R and M No. 1369, Great Britain Aero- i 
ture was not constant, the agreement in Fig. 12 is within 12 per 2 autical Research Committee, 1931. i” 
5 ‘The Airflow Around a Circular Cylinder in the Region Where _ 
the Boundary Layer Separates From the Surface,’”’ by A. Fage and 
Vre are high, which is due at least partly to the turbulence ef- y_ M. Falkner, R and M No. 1179, Great Britain Aeronautical Re-- 
fect mentioned before. An important point to be noted from Fig. search Committee, 1928. 
12 is that the average heat-transfer coefficient around a stream- 6 “Heat Transfer Over the Circumference of a Heated hell 
in Transverse Flow,’ by E. Schmidt and K. Wenner, NACA TM 
1050, October, 1943. 


cent. Again, the experimental points for the higher values of 


lined object with an assumed constant surface temperature 


probably could be determined experimentally within 10 to 15 per 7 “Experimental Study of Heat Dissipation of Heated Wire a 

cent accuracy from measurements of the point heat-transfer coef- Pipe in an Air Current,”’ by R. Hilpert, Forschung auf dem Gebiete des 
ficient made in a manner similar to that used in this experiment. Ingenieurwesens, vol. 4, 1933, pp. 215-224. : : , - 
8 ‘Heat Transmission,” by W. M. McAdams, McGraw-Hill 
‘Bibliography (3), p.631. Book Company, Inc., New York, N. Y., 1942. : 
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Heat-Transfer Solutions of the Laminar 
Boundary Layer of a Flat Plate 


A review is made of existing literature concerned with 
the analytical investigation of the velocity and tempera- 
ture distributions in the boundary layers of a heated(or 
cooled) flat plate. The plate is postulated infinitely thin 
and is parallel to a uniform fluid stream. The more re- 
cent solutions include the combined effects of frictional 
dissipation and variable fluid properties. Only the results 
pertaining to the transfer phenomena occurring at the 
plate surface are included, i.e., skin drag and over- all 
heat transfer; 
distributions leading to these results are omitted. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A = plate unit surface area for heat transfer, sq ft 


od 
Cp, = local drag coefficient = ——, dimensionless 
puo 


specific heat of fluid at constant pressure, Btu/lb deg F 
gq = gravitational force per unit of mass, 32.2 ft per sec? 
h, = local unit thermal conductance. (heat-transfer co- 
efficient), Btu/hr ft? deg F 
J = mechanical equivalent of heat, 778 ft-lb/Btu 
thermal conductivity of fluid, Btu/hr ft? (deg F/ft) 
n = exponent for thermal conductivity and viscosity 
variation with absolute temperature, i.e., 


— (=) , dimensionless 


q = heat-transfer rate, Btu per hr 
recovery factor, dimensionless 
T’ = recommended fluid reference temperature, deg F abs 
Taw = adiabatic surface temperature, deg F abs 

T, = plate surface temperature, deg F abs 
free-stream fluid temperature, deg F abs 

uo = free-stream fluid velocity, fps 

x = distance along plate from leading edge, ft 

y = distance from plate surface normal to plate, ft 
M = Mach number, dimensionless 


Np, = Prandtl medulus, ? dimensionless 


Nr, = Reynolds.modulus = ——, dimensionless 


gu 


1 Aeronautical Research Scientist, National Advisory Committee 
for Aeronautics, Ames Laboratory, Moffett Field, Calif. 

2 Associate Professor, Mechanical Engineering, University of 
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= massdensity of fluid, lb-sec/ft‘ 
, = local drag force per unit area, psf 
uw = absolute viscosity of fluid, lb-sec/ft? 
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INTRODUCTION 


Frictional dissipation in the boundary layers of bodies in high- 
speed fluid streams produces such large temperature ranges that 
the effect of the variation of fluid properties must be considered 
in analysis of skin drag and heat tran$fer. Existing experimental 
data of the characteristics of the laminar and turbulent boundary 
layers are of insufficient scope to shed any light on these phe- 
nomena. Only the laminar boundary layer has been approached 
analytically, to varying degrees of approximation, by authors in 
the past. A review of knowledge concerning the laminar bound- 
ary layer of a flat plate resulting from these existing analytical 
solutions constitutes a major portion of this paper. The re- 
mainder of the paper is devoted to analyzing these results in 
order to determine an inherent basis for their behavior. The 
results applicable to air flow are stressed. 

Before presenting the particular limitations of each of the ex- 
isting solutions, a formal presentation of the problem is necessary. 
Rigorously, the problem is as follows. The characteristics of the 
laminar boundary layers of temperature and velocity for an infi- 
nitely thin flat plate placed parallel to the fluid stream are found 
by the simultaneous solution of the following conservation of 
mass, momentum, and energy equations 


re) ra) 
(pu) + (pv) [1] 
Ox oy 
ou 4 ou ra) ou 
or pu oy dy oy [ ] 


(or du \? 
pu = (c,T) + pv (c,T) = by (: +u 


oT 
y=0 u=0,v=0 T=T, or —=0 
u = Uo T=T) 
u=0,0=0 Te=T, 
oy 


(i.e., assumption of infinitely thick boundary layers at z — ©). 
It will be noticed from the manner in which the equations are 
written that p, u, k, and ¢, may vary throughout the region of 
integration, thus making the equations perfectly general for the 
case of zero pressure drop along the plate. The second term of 
the right member of Equation [3] is that which accounts for the 
dissipation of mechanical energy into thermal energy by the vis- 
cous forces prevailing in the mace. wae. 
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From the boundary conditions, it may be observed that a cer- 
tain consistency exists with respect to a variable made up of 
terms such as y/z”, where m is some positive constant. When 
this variable approaches infinity through y approaching infinity or 

xy approaching zero, the same conditions prevail for u and T. 
When the variable approaches zero through a variation of x and y, 
it is found that the boundary conditions are again the same. 
This particular point is the crux of the problem in that it enables 
the partial differential equations to be reduced to total differ- 
ential equations which can then be integrated. A most excel- 
lent review of the mathematics of the following solutions may be 
found in a report by J. A. Lewis (1).° 

The first solution employing this method for changing the 
partial differential equations to total differential equations was 
that of Blasius (2) in 1908. He determined the boundary-layer 
velocity distribution, and resulting drag, by integrating numeri- 
cally the total differential equation resulting from thé trans- 

formation of Equations [1] and [2] to a single independent vari- 
able, y/+~/a. By neglecting Equation [3] he, in effect, postu- 
lated a constant temperature throughout the flow boundary 
laver, therefore justifying his use of constant viscosity and density 
‘in Equations [1] and [2]. 

In 1921 Pohlhausen (3) reduced Equation [3] to a total 
differential equation by employing the independent variable used 
by Blasius. He integrated this equation employing the Blasius 
velocity distributions for two particular cases. First, he solved 
Equation [3] for the temperature distribution, neglecting fric- 
tional heating, that is, the second term of the right member, 
with the boundary condition that the plate has any temperature. 
Then he solved the case including frictional heating for the condi- 
tions where the plate is considered insulated and nonradiating. 
In both of the foregoing solutions, by use of the Blasius velocity 
distribution, Pohlhausen, of necessity, considered the fluid prop- 
erties constant throughout the flow and thermal boundary layers. 
The more general case, that with frictional dissipation occurring 
simultaneously with heat transfer but still based on the Blasius 
velocity distribution, was solved analytically by Eckert and 
Drewitz (4) in 1940. 

The neglect of the variation of fluid properties in the boundary 
layers by the foregoing solutions.leaves doubt of their applica- 
bility to high-velocity tases because of the large temperature 
ranges which prevail whenever frictional dissipation is important. 
The solutions which will be outlined attempt to rectify this mat- 
ter. It should be noted that in every case the method of con- 
verting the partial to total differential equations is similar to that 
used by Blasius. 

In 1935 Busemann (5) set forth the procedure for integrating 
Equations [1] to [3] for the conditions that Np, = 1 and that the 
viscosity and thermal conductivity vary with the square root of 
the absolute temperature as predicied from kinetic theory. The 
specific heat is considered invariant. Only one particular case is 
integrated, however, this being that of an insulated plate and gas 
flow at M = 8.8. 

An analysis was performed in 1939 by von Kérmén and 
Tsien (6) of Equations [1] to [3] for the conditions that the vis- 
cosity and thermal conductivity vary with the 0.765 power of the 
absolute temperature (experimentally valid for diatomic gases) 
and Np, = 1, that is, the specific heat is constant. The follow- 
ing boundary conditions were investigated: 

1 No heat transferred to or from the wall. 

2 Wall temperature equal to '/, free-stream temperature. 

Solutions of temperature and velocity distribution are included 
for a Mach number range of 0 to 10. 


3 Numbers in parentheses refer to the Bibliography at the end of the 
paper. ; 
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The analyses of Busemann and of von Karman and Tsien are 
severely restricted in that Np, was maintained equal to 1. 
Since the Np, of air is approximately 0.76, there was some ques- 
tion as to the validity of applying the results of these analyses to 
air flow. Cognizance of this limitation led various authors to 
attempt to remedy it by performing analyses where the Prandtl 
modulus was made approximately equal to that of air. These 
attempts were entirely independent, but it was found, curiously 
enough, that the earliest analysis was the most straightforward 
and complete. 

The analysis last mentioned was performed by Crocco (7) in 
1941. Aid in the numerical integration of his reduced equations 
was provided by Conforto (8). The analysis included simul- 
taneous solution of the boundary-layer equations for the following 
conditions: 


(a) Np, = 0.725 
(6) Exponent for variation of viscosity and thermal conduc- 
tivity, n = 1.25; 1.00; 0.75; 0.5 


The range of Mach numbers analyzed is from 0 to 5, and the 
surface-temperature range considered is from 0.25 to about 
twice the free-stream temperature. It should be noted that the 
ranges of the variables were not extended because the authors 
felt that the postulate of a constant exponent for the viscosity 
and thermal-conductivity variation with temperature would not 
hold throughout the entire boundary layer at higher values of the 
variables, M and T,,/7' 

In 1942 Hantzsche and Wendt (9) summarized their work with 
the variable-fluid-property laminar boundary layer. To facilitate 
integration of their reduced equations (same as used by Crocco), 
they limited most of their solutions to the cases where Np, = 1 
and the viscosity exponent was 0.5 and 0.8, or where the viscosity 
exponent was 1.0 and Np, was variable. Only one case, where 
Np, = 0.7 and n = 0.8, was integrated numerically for the condi- 
tions of an insulated plate at an air flow of M = 5.4. The latter 
analysis seemed to indicate that the velocity and temperature 
distributions were well satisfied for this one case by the more 
easily integrated case of Np, = 1. An important point to note 
was that the heat-transfer and drag coefficients were independent 
of the temperature ratio 7',/7', for conditions where n = 1.0 and 
Np, had any value. Thus the effects of the wall temperature 
and Mach number, believed to be important, are masked by the 
case where n = 1 

Probably the most elegant of existing solutions, unfortunately 
restricted to an insulated plate, is that of Brainerd and Emmons 
(10) in 1942. These authors employed a differential analyzer to 
integrate their reduced boundary-layer equations and conse- 
quently, may have more accurate answers than those of the 
analyses presented previously. Their most applicable results for 
air are for Vp, = 0.733 and viscosity exponent, n equal to 0.768. 
The range of M for their computations are from 0 to 3.16. 


Discussion oF RESULTS 
This discussion of the results of the analyses presented in the 
foregoing will be limited to those cases which approximate aif 
flow. Tosystematize the discussion, it is divided into the follow- 
ing main categories: 


1 General results common to most of the analyses. 

2 Results pertinent to an insulated flat plate, i.e., reco 
factor and coefficient of drag. 

3 Results pertinent to a flat plate with heat transfer through 
its surface, i.e., the relationship between the Nusselt modulus and 
the coefficient of drag, and the influence of the various parameters 
of the solution on the latter. 

4 Reference temperature for evaluating the fluid properties 5° 
that the effect of the various parameters is eliminated. 
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General. A most important characteristic common to the fore- 
going analyses which treat with heat transfer is that the effect of 
the frictional heating is to modify the temperature potential in 
the Newton equation 


while leaving the heat-transfer coefficient at a value approxi- 
mately that of low-speed fluid flow. This was shown analytically 
in algebraic form by Eckert and Drewitz, and was substantiated 
numerically by the other heat-transfer analyses. 

The temperature potential is modified to the extent that the 
free-stream temperature (7'9).is replaced by the temperature that 
the surface would attain due to frictional heating while insulated 
from its surroundings. This latter temperature is henceforth 
called the adiabatic surface temperature or the effective ambient- 
air temperature. 

Insulated Plate. The adiabatic surface temperature, defined 
previously, can be expressed conveniently by the equation 


where r is the recovery factor. An important point, character- 
istic of all the solutions, is that the recovery factor is independent 
of the Mach and the Reynolds modulus, depending solely on the 
Prandtl modulus. Pohlhausen and Eckert and Drewitz found 
that the recovery factor could be approximated by (Np,)'? for 
values of Np, between 0.5 and 1.2. The work of Busemann and 
von Karman and Tsien could not contribute in the determination 
of the exponent for the modulus as Vp, was maintained equal to 1 
in their analyses. For a linear variation of viscosity and thermal 
conductivity (n = 1), Hantzsche and Wendt also indicated that 
(Np,)'/? sufficed as a recovery factor. The numerical solution of 
Crocco-Conforto showed for Np, = 0.725 that the recovery fac- 
tor was 0.85 which is approximately equal to Vp,'/? (to 0.1 per 
cent). The Brainerd and Emmons solution, however, resulted in 
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INSULATED PLATE 


a value of recovery factor about 1.2 per cent less than N>p,'/? 
One must not have too much credence in the latter result, how- 
ever, because the value obtained for Vp, = 1 was also low by 0.7 
per cent. 

The quantity Cp, V/ Np. for the various solutions is plotted as 
a function of Mach number in Fig. 1. This quantity is used be- 
cause it is constant and equal to 0.664 (Blasius) for constant-prop- 
erty fluid flow, and therefore provides a means for representing 
the variations due to variable properties. A comparison of the 
von Karman and Tsien, and the Brainerd and Emmons solutions 
indicates that the effect of the variation of the Prandtl modulus 
from 0.733 to 1 is negligible. The effect of n, the exponent of 
temperature in the viscosity and thermal-conductivity relation- 
ships, is much gfeater, as indicated by comparison of the 
Hantzsche and Wendt, and Busemann solutions with that of von 
KArmdn and Tsien. In fact, Hantzsche and Wendt indicated 
that when n = 1 the result obtained is identical to that of the con- 
stant-property case. The results of Crocco and Conforto are uni- 
formly lower than those of von K4rmd4n and Tsien; however, this 
is not ascribed to the small differences in the values of the pa- 
rameters as they have no effect at the M = 0 point which is also 
low. In general, the quantity Cp, / Np decreases with in- 
creasing Mach number, the variation from the Blasius solution 
being about —14.5 per cent at Mach = 5 and —24.7 per cent at 
Mach = 10. It should be noted that the temperature at which 
the properties of the coefficient of drag and the Reynolds modulus 
are evaluated is the free-stream temperature. Later a discussion 
of a more fundamental temperature at which these properties 
may be evaluated will be made 

Plate With Heat Transfer. The relationship between the heat- 
transfer coefficient and the drag coefficient for a plate from which 


heat is being transferred is derived in the Appendix. The ex- 
pression is 
’ | 
h,x Being. Sean 
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The simplicity of this expression results from defining the co- 
efficient of drag so that it is based upon a gas density evaluated 
at the same temperature as the rest of the fluid properties not 
necessarily the free-stream temperature as in the usual definition. 
Thus, once Cp, VW Np. is known, the heat-transfer coefficient 
also can be evaluated. The heat-transfer coefficient determined 
from this expression must be used with the modified temperature 
potential explained in the previous section. Since the fluid 
properties of the terms in the various parameters of Equation [6] 
are evaluated at the same reference temperature, when Fig. 2 is 
used this temperature must be that of the free stream. The lat- 
ter is arbitrary for the Prandtl modulus because no definite refer- 
ence temperature for this modulus can be deduced from the solu- 
tions as they all postulate Np, constant throughout the thermal 
boupdary layer. , 

Curves of the relationship Cp, Na. based on the free- 
stream temperature versus Mach number, are presented in Fig. 2 
for a plate from which heat is being transferred. The parameter 
of each curve is the ratio of wall teniperature to free-stream tem- 
perature. The results indicated are chiciiy those of Crocco and 
Conforto for the conditions that Np, = 0.725 and n = 0.75. 
One curve that was computed by von Kdérman and Tsien for 
Np, = land n = 0.765 at T,,/To = '/,is also included for com- 
parison. A comparison of the two solutions indicates that the 
effect on Cp, V/Nr of the variation of the Prandtl modulus and 
the small difference of n is negligible. Again, the results of 
Crocco-Conforto are uniformly low as indicated by the divergence 
of their solution at M = O and 7,,/7) = 1 from the Blasius solu- 
tion. In general, the quantity Cp, V/ R decreases with increas- 
ing Mach number and also with increasing surface temperature. 
It should be noted again from Hantzsche and Wendt that if n = 1, 
Co; Np. = 0.664 and is independent of Mach number or the 
surface temperature. 

Reference Temperature for Fluid Properties. Since the defini- 
tions of drag coefficient and Reynolds modulus are arbitrary in 
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terms of the temperature at which to evaluate the fluid proper- 
ties, there may be some temperature in the boundary layer at 
which these properties can be evaluated so as to eliminate the 
effect of small variations of the variables Np, and n and also 


make Cp, Np, independent of Mach number and surface tem- | 
perature. The advantage of this is that drag and heat transfer 
could be expressed mathematically in such form as to eliminate 
the need of using curves necessary for accounting for variations in 
Np,, Which has little influence, and n, M, and 7',, which have 
large influence. 

A temperature expression which satisfied the foregoing require- 
ments was found from the results of Crocco-Conforto indicated in 
Fig. 2. This was performed by solving graphically for the tem- 
perature required to eliminate the effects of the parameters and 
then expressing the mean values of the solutions by a mathe- 
matical expression, namely 

) 
Ty 


= 1 + + 0.8 


0 


As the insulated plate is just a special case of the plate with gen- 
eral surface temperature, Equation [7] should apply for the insu- 
lated plate when 7,/To is replaced by 7,,/7' (see Equation 


[5}). When this is done, Equation [7] reduces to an expression 
equal to 


Equation [8], surprisingly, is the same as that obtained when the 
surface temperature is weighted twice in determining an arith- 
metic average of the wall temperature and the free-stream tem- 
perature. 

It can be shown that the expression for drag coefficient and 
Reynolds modulus based upon a temperature 7” can be evaluated 
from that based upon the free-stream temperature through use o! 
the expression 
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per- = = a tained approximately for both the insulated and heated. (or 
r at = (T"/T») Coz cooled) plate. The deviations from the constant-property case 
pe By employing the relations, Equations [7], [8], [9], Figs. 1 and by some of the solutions can be explained in that the relations, 


2 are replotted in Figs. 3 and 4. It is observed that the desired 


Equation [7} and [8] were derived only from the Crocco-Conforto 
result, of eliminating the effect of the various parameters is at- 


solutions and arbitrarily applied to the others. In general, it can 
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~ be concluded that Equations [7] and [8] satisfy the conditions and soe 


desired exactly toM = 5and approximately toM = 10. au 
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This paper describes the large torsional viscous-friction or 
“Lanchester” dampers manufactured by the author’s 
company for use on Diesel engines. Some properties of 
the new silicone fluids, that are necessary for damper de- 
sign, are given. The theory of the torsional viscous-fric- 
tion damper as applied to multimass systems is developed. 
Constructional details of the damper and methods of 
manufacture are discussed. Some test results are given 
and compared with calculations. 
INTRODUCTION 


INCE Lanchester’s patent (1)? on viscous-friction dampers, 
there have been innumerable variations of his patent for 
both viscous- and dry-friction dampers. Owing to the fact 

that in the early days there was no suitable viscous fluid, most 
dampers were of the spring-loaded dry-friction type. Most of 
these devices suffer from the defect that their usefulness is depend- 
ent upon close adjustment of springs, which adjustment rarely 
isat the optimum point after a period of operation. 

Around 1930 Dashefsky (2) developed a_ viscous-friction 
damper similar in construction to the damper described in this 
paper. For his viscous medium he used a furniture glue. This 
damper was quite successful for the use for which it was intended. 

With the wartime development of the silicone oils (3, 4, 5), 
there became available a new fluid with desirable properties ne c- 
essary for the successful operation of a viscous-friction damper. 
These properties and characteristics will be discussed in the next 
section. 


SILICONE 


The desirable properties for the fluid for a viscous-friction 
damper are that the fluid should be stable and noncorrosive at 
fairly high temperature and should have a relatively flat viscosity- 
temperature curve over a wide range and, further, the viscosity 
should not change appreciably with high rates of shear. 

Fig. 1 shows the viscosity - temperature curve for silicone fluids 
produced by General Electrie and Dow Corning Corporation. 
Fig. 2 shows the variations of viscosity with shear rate for Gen- 
eral Electric and Dow Corning fluid. Table 1 is a tabulation of 
the properties of the Dow Corning 200-30,000 and General Elec- 
tric 9996-26,000 silicone oil necessary for damper design. 

TABLE 1 PROPERTIES OF SILICONE OIL 
Dow Corning 


0.974 
0.96 X 10-* deg C 


General Electric 
0.969 


0.91 XK deg C 


Specific gravity........... 
Coefficient of volume 
expansion 


An undesirable property of silicone oil is its lack of oiliness un- 
der thin-film conditions with certain combinations of materials. 
Reference (4) gives lists of good, indifferent, and poor combina- 


‘Torsional Analyst, Nordberg Manufacturing Company. Jun. 
ASME. 

* Numbers in parentheses refer to the Bibliography at the end of the 
paper. 


Contributed by the Oil and Gas Power Division and presented at 
the Annual Meeting, New York, N. Y., November 29—December 3, 
1948, of Toe AMERICAN SocreTy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of 


the Society. Paper No. 48—A-67. 


By C. GEORGIAN,! ! 


tions of metals using silicone oil as a lubricant. Especially poor is 
the combination of steel on steel or steel on cast iron. This will 
be discussed more in detail under manufacture of the damper. 


DESCRIPTION OF DAMPER 


From Figs. 3, 4, and 9, it may be seen that the torsional viscous- 
friction damper consists of a flywheel hermetically sealed within 
a housing with clearances between the flywheel and the housing. 
This clearance space between the flywheel and housing is filled 
with the silicone oil. During normal operation, the flywheel is 
dragged along at the same revolutions per minute as the engine. 
At a critical speed, however, the crankshaft vibrates and ‘as the 
housing is securely attached to the crankshaft, it takes up the vi- 
bratory motion of the crankshaft’, and as the flywheel tends to 
rotate uniformly, there is a relative motion between the flywheel 
and housing setting up opposing shear forces in the silicone fluid 
which tend to damp the vibration. As can be seen, the damp- 
er is the utmost in simplicity and reliability, it requires no main- 
tenance, and is foolproof for the life of the engine. 


DESIGNING THE DAMPER — 

The damper size depends on the size of the engine, and the size 
of the “‘critical” that must be damped out. The following equa- 
tion has been developed in the Appendix 


Tdamp = 


Tdamp = damped vibratory stress in crankshaft 
Tmax = ,Vibratory stress in crankshaft with engine damping only 
polar moment of inertia of damper mass 
Effective moment of inertia of system referred to free 
end of crankshaft. This is the arithmetic sum of the 
product of the individual masses and the square of 
r its amplitude from the normal elastic curve or Holzer 
tabulation. (This includes the damper housing plus 
one half of the damper mass. ) 


t4 

™ 

i ll 


Equation [25] gives the stress in the crankshaft with the dam- 
per operating, in terms of the stress in the crankshaft without 
the damper, and the ratio of the damper inertia to the equivalent 
inertia of the system. The required damper inertia must be se- 
lected so as to reduce the maximum stresses in a given system to 
some allowable value. The damper inertia usually will be between 
10 and 25 per cent of the equivalent inertia of the system, depend- 
ing upon the severity of the ‘‘critical’’ to be damped. The value 
of raamp Should not exceed 4000 psi as the upper limit. 

The use of Equation [25] will be illustrated by an example: 
A 7-cylinder four-cycle supercharged 16!/2-in. X 24'/2-in. Diesel 
engine driving a pipe-line pump has a severe 7th-order two-node 
vibration within the operating range, that we wish to damp out 
with a viscous-friction damper. The calculated maximum stress 
Tmax = 8290 psi, and the effective moment of inertia is =/@? = 
2956 Ib-in-sec*. As the 7th-order critical in a 7-cylinder engine is 
a severe major critical, we shall select 7, to be approximately 25 
per cent of 2/6, or], = 750 lb-in-sec*. Substituting these values 
in Equation [25] we obtain 
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Tmax 8290 , From Fig. 1 for 135 F, the usual operating temperature of the 
125,000 J, 125,000 x 750 ubricating oil in a Diesel engine, the kinematic viscosity of sili- 
1 Tmax 216® “8290 X 2956. cone oil is around 20,000 centistokes. So the foregoing value of 


As this stress is well below allowable limits, the damper inertia se- 
lected will be adequate for this engine. 

After the selection of the size of the damper inertia, it is nec- 
essary to determine its proportions. The proportions may be de- 
termined from E quation [36] dev ictal in the Appendix 


| 


un = absolute viscosity 

h = oil-film thickness 
w. = natural circular frequency of vibratory system 
g = acceleration of gravity 
R, = outer radius of damper mass 
R,; = inner radius of damper mass 

b = width of damper mass 

y = density of damper mass 


The equation gives a relation between the viscosity of the fluid, 
the thickness of the fluid, and the dimensions of the damper mass. 
It will be noted that in order to obtain the maximum thickness of 
the fluid, it is necessary for the damper to be as narrow as pos- 
sible, i.e., for a given inertia, the damper mass should have a large 
diameter with small width. However, this usually will have to be 
a compromise, as a large-diameter damper at the forward end of 
an engine may interfere with piping, etc. With the fluids pres- 
ently available, the thickness A for the fluid thickness will be of 
the order of 0.010 in. The working viscosity of the fluid in the 
damper should be of the order of 10,000 centistokes. This value 
of viscosity will be required for the usual working temperatures 
and shear rates in the normal damper. 

Continuing with the foregoing example, we shall assume an 
oil-film thickness of 0.010 in., and after some estimating, damper- 
mass dimensions were selected as follows: Outer diameter 41/2 
in., inner diameter 28'/. in., and width 4!/2 in. With these di- 
mensions, the polar moment of inertia of the damper mass calcu- 
lates to be 748 lb-in-sec?, which is close enough to 750 for practical 
purposes. The circular natural frequency of the system with the 
damper attached was calculated to be 163 radians per sec. Sub- 
stituting these values in Equation [36], we have 


. 0.283 X 0.010 K 163 X 20.75 
4 X 386 


+ 
20.75) 20.75 


‘2K 45 
20.75 


= 0.0015 reyns 


or converting to centipoises, by using the conversion factor of 1 
reyn = 6.9 X 10° centipoises, we have 0.0015 X 6.9 K 106 = 
10,350 centipoises, and, dividing by the specific gravity, we get 
the kinematic viscosity of 


= 10,660 centistokes 


10,660 centistokes is on the safe side. 

The shear rate (Equation [38] in the Appendix) of the fluid in 

this damper when operating at the 7th-order critical is 

wh R, 163 0.268 X 20.75 

Shear rate = = 1120 sec" 

4/2 X 57.3 X 0.010 

Where 6; = 0.268 deg is the vibratory amplitude at the damper 
housing, determined from the ratio of taamp = 1720 psi to 7; 
where r is the stress in the crankshaft in pounds per square inch 
per degree amplitude of the damper housing, and is calculated 
from the Holzer tabulation. 

Entering Fig. 2 with this value of sheer rate, we find the kine- 
matic viscosity of the silicone oil is about 13,000 centistokes, so 
the design is still on the safe side. 

Fig. 4 is the assembly drawing of the damper example just 


given. 


MANUFACTURE OF THE DAMPER 


In order for the torsional viscous-friction damper to operate 
_ with the closely required clearances, it is necessary that the di- 
mensions of the parts be controlled accurately, and the housing 
be of rigid construction. From Fig. 3 it can be seen that the 
damper is a welded construction of forgings and steel plates. 
The outer rim of the housing is seam-welded to form the outer 
ring. The back plate is then welded to this ring and the forged 
hub to form the housing. This welding is done on an automatic 
welding machine. The welded housing is annealed and finish- 
machined, and the inner surface polished. 

The inertia flywheel, Fig. 5, is a mild-steel forging finish- 
machined and polished to close tolerances. For ‘‘criticals’’ of 
small magnitude, the shear rate will be relatively low so steel on 
steel using silicone oil as a lubricant will operate satisfactorily. 
On the other hand, for criticals of large magnitude, the shear 
rate is relatively high, and with the poor lubricating qualities of 
silicone oil as mentioned previously, the outer rubbing surfaces of 
the damper may gall, and eventually the damper mass will weld 
itself to the housing: Reference (4) lists only nickel and cadmium 
as satisfactory materials to act with steel when silicone is used as 
the lubricant. Accordingly, it has been necessary to cadmium- 
plate the damper flywheel in order to obtain a damper which 
must operate for long periods of time at a severe critical. 

To assemble the damper, a coating of silicone oil is painted on 
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the inside surfaces of the housing, and the inertia mass is carefully 
lowered into place. The cover plate is fitted to the housing and 
hermetically sealed by welding, except for two filling holes. 

After welding, it becomes necessary to get the silicone fluid in- 
side the housing. This is accomplished by first forcing the silicone 
oil by air pressure into the housing through one of the filling holes 
shown as the two holes at the inner radius in Fig. 4. The silicon 
oil is placed in the filling bow], and shop air is applied as shown i1 
Fig. 6. The oil is forced in until it starts oozing out of the opp 
site filling hole. The filling equipment is then removed, the filling 
hole is plugged, and the damper assembly is spun at high spee¢ 
Fig. 7, forcing the silicone oit to the outer periphery of the dampe: 
The filling and spinning procedure described is repeated until the 
damper is completely filled with the oil. As the silicone oil has 
low surface tension, it tends to leak through very small openings; 
hence it is necessary to seal the plugged filling holes with solder, 
otherwise the silicone oil will ooze out around the edges of th 
pipe plug 
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Fig. 8 shows a 32-in-diam damper mounted on the crankshaft of 
a 6-cylinder 16-in. X 22-in. supercharged four-cycle engine. 
This damper was manufactured by the Houde Engineering Divi- 
sion of Houdaille-Hershey Corporation. : 


Fic. 8 32-In-D1am Damper ON \NKSHAF 
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In Table 2 are listed the sizes of engines with the calculated and 


TABLE2 CALCULATED AND TEST AMPLITUDES FOR ENGINE 
WITH DAMPERS 
Calculated Test 
Critical amplitude, amplitude, 

Engine type order no. deg deg 
6-Cylinder, 16 X 22, 4-cyele, 

supercharged, 1200 bhp 9 +0. +0.17 
7-Cylinder, 16 X 22, 4-cycle, 

supercharged, 1400 bhp 
8-Cylinder, 16 22, 

supercharged, 1600 bhp 
7-Cylinder, 161/2 K 241'/2, 4-cycle, 

supercharged, 1575 bhp Sat, 80.5 43 
5-Cylinder, 21'/2 

1875 bhp...... 
5-Cylinder, 29 X 40 wae 

bhp +0. 


10-Cylinder, 29 X 40, 2-cycle, 
7100 bhp 


on 0.44 
AT} 


4-cycle, 


-98 


test amplitude in degrees at the fyee end of the crankshaft for en- 
gines which have had dampers attached to them. The close 
agreement between the test and calculated results will be noted. 
Fig. 12 shows stress curves of a 29-in. X 40-in. marine engine 
with and without viscous damper. 
CONCLUSIONS 

We have shown in this paper that the torsional viscous-fric- 
tion damper may be readily designed by use of simple formulas for 
a given engine to obtain reduced stresses in the crankshaft. These 
formulas for a given engine will furnish complete information for 
the physical dimensions of the damper mass by a simple cut-and- 
try method, and give the thickness and viscosity of the oil film. 
It is only necessary to exercise care in the manufacture of the 
damper, in order to obtain a damper which will last for the life of 
an engine with little or no attention or maintenance. 
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" THEORY OF TORSIONAL Viscous-FRICTION DAMPER AS APPLIED 


To SYsTEM 


NOMENCLATURE 


The following nomenclature is used in the Appendix Me aS 

Sle? = Effective moment of inertia of system referred to free 

end of crankshaft. This is the arithmetic sum of the 

the product of the individual masses and the square of 

7 its amplitude from the normal elastic curve or Holzer 

tabulation. (This includes the damper housing plus 
one half of the damper mass. ), lb-in-sec? 


moment of inertia of flywheel, lb-in-sec? 
moment of inertia of housing, |b-in-sec? 


c = damping coefficient, lb-in. per radian per sec 
6, = absolute amplitude of flywheel, radian ae 
6, = absolute amplitude of housing, radian r 
, = relative amplitude of flywheel, radian steht 
w = circular frequency, radian per sec dees ee 
W, = damping work of damper, in-lb per sec 
W, = input work of engine, in-lb per sec ysl fade moy 
W.. = damping work in engine, in-lb per sec 
T,, = nth order harmonic coefficient, psi ma Ye. 
A = area of piston, sq in. an pedi 
R = crank radius, in. | 
R, = outer radius of inertia flywheel, in. at ee 
R, = inner radius of inertia flywheel, in. 


= absolute viscosity, ib-sec per sq in. or reyn 


width of inertia flywheel, in. 

= density of flywheel material, lb per cu in. 
damped vibratory stress in crankshaft, psi 
vibratory stress in crankshaft with engine fdamping 
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Referring to Fig. 9, the differential equation of motion of the in- 
ertia flywheel is 


dé, dé, 
I, 


at 


INERTIA FLYWHEEL 


Fie. 9 or InertiA FLYWHEEL AND HovusinG 


If the relative motion 
ee 


= 8 


is substituted in Equation [1], we obtain the differential equation 


of motion in terms of the relative displacement of the inertia fly- 
wheel or damper mass 


dé, 


sin wt... 


The particular solution of this differential equation may be 
shown to be 


where 


Cc 


equation gives us the relative motion of the inertia flywheel! 
7 terms of the absolute motion of the housing, moment of 
ned ‘inertia of the inertia flywheel, circular frequency, and the damp- 
coefficient. 
tion [4] is the damping coefficient for a given size of inertia fly- 


The only quantity that can be varied in Equa- 


wheel. The optimum value of the damping coefficient must be 
such as to give maximum damping work from the damper. To 
find this optimum value the damping work is formulated from the 


= oil-film thickness, in. eae fact that the damping force is 90 deg out of phase with the 
force acting on oil film, Ib > aver Sadr _ displacement; therefore the work dissipated per damping cycle 
= area of oil film, sq in. ced aay ep (6, 7) is 
shearing force in oil film, psi 
velocity, ips 4 
angular velocity of flywheel, radian per sec ss Substituting Equation [4] in (5), the damping work in terms of the 
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Differentiating the damping work with respect to the damping 
coefficient c, and equating the differential to 0, the optimum value 
of c is found to be 


Substituting Equation [7] in Equation [6], the maximum damp- 
ing work is 


2 


All of the foregoing equations presuppose that the value of the 
natural circular frequency is known, though actually the value of 
w depends upon the value of the damping coefficient. 
it will now be shown that the natural frequency of the multimass 
system may be calculated by using an equivalent inertia of the 
flywheel at the housing. 

The differential equation of the motion of the housing is 


However, 


6; dé, dé, 
(62 i)+e (“ [9] 
where 
k = stiffness of shaft between housing and next mass, usually 


cylinder No. 1, in-lb per radian 


6. = amplitude of next mass, usually cylinder No. 1, radians 


Substituting Equation [1] in Equation [9], the differential equa- 
tion for the housing becomes 


dt? 


=0......... 
tan +H 


{10} 

The absolute acceleration of the inertia flywheel is equal to the 
sum of the absolute acceleration of the housing plus the relative 
acceleration of the inertia flywheel to the housing or 


(11] 
dt? dt? dt? 
The relative acceleration is cng 
sinfot—¢) 
dt? y dt? 
\ + Tw 


The average value of the relative acceleration for one cycle 
may be shown to be 


1 
dt? 
Substituting Equation [13] in Equation [11], and then Equa- 
tion [11] in Equation [10], the differential equation of motion be- 


6 


Using the equivalent inertia 


= — + k (6 —6) =0... [14] 


dt? 
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in Equation [14], the differential equation of the motion of the 
housing finally reduces to 

» 
cin 
Thus to calculate the natural frequency of a multimass system 
with a viscous damper at a free end, as a conventional multimass 
system, it is only necessary to reduce the damper to an equivalent 
inertia at the free end by Equation [15]. For optimum damping, 
the equivalent inertia of the damper mass is equal to one half the 
actual inertia of the inertia flywheel. 

It now becomes possible to calculate the amplitude at the free 
end of the engine with the damper attached. This is done by 
equating the input work done by the exciting forces in the engine 
to the damping work dissipated in the engine due to engine damp- 
ing, and the work dissipated in the damper. The work done (6, 7) 
by the exciting forces is 


\T,,| = nth order harmonic-torque component per cytinder, i.e., 


(T,:A+R). Excellent charts of the harmonic coef- 


ficients 7’, may be found in reference (8). - 


where 


= 


grams, for nth order critical speed 


The damping work lost in the engine may be calculated using 
several different methods. We shall use a method described by — 
W. K. Wilson,* which is an empirical formula based on the as- 
sumption that the over-all damping loss in an engine is propor- 
tional to the cube of the vibratory stress in the crankshaft. The 
damping work lost in the engine is 


Where ¢, is an equivalent engine-damping torque in inch-pounds 
per radian per second, and is found from the dynamic magnifier 
M, as follows‘ 


c, 6? 


or 
# ss of 
: wale? Tmax 


> 


a” « 


vector sum, from normal elastic curve and phase dia- 


Substituting Equation [19] in [18], we obtain 


2 Tmax“ 6,2 


The damping work of the damper is given by Equation [8]. _ 
the work done by the to the 


6,2 
T.|\20-6, = — 
r|T,|20°0 = 2 250,000 


Solving for 6; we have 
|T’,| 2@- 250,000 


w? 


feeds 


Reference (6), vol. II, p. 118. A 


4 Tbid., pp. 44 and 118. 
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For the inner surface of the damper we have 


is the amplitude at the forward end of the engine with engine : mr [33] v 


damping only. Substituting Equation [23] in [22] we obtain and for the outer surface 


>» 
ee “gh ad apo fea Referring to Fig. 11, the damping coefficient for the sides of the rs 


but 6:7 = Tdamp and @,r = Tmax, Where 7 is the crankshaft stress in damper is 
pounds per square inch per degree amplitude at the forward end Ro ioe 
of the crankshaft. Substituting these in Equation [24] we get ae 2eurtdr and st 


This equation was developed by using a given type of engine Substituting Equations [30], [31], and [32] in [29], the over-all ; mee 
damping; for other types of engine damping similar formulas = ee / aiaiies 
may be developed. All of these formulas will have the same char- 
acteristic that the damped vibratory stress will depend on the 4, er  . 
ratio of the moment of inertia of the damper mass to the effective eit 
momeiut of inertia of the vibratory system referred to the free P an 2 oit-sibine This e 
end of the crankshaft. To reduce a given critical vibratory stress dampe 
to some allowable value, it is only necessary to select such a size 
of the damper inertia that it will reduce the undamped vibratory : ( For 
stress to this allowable value by use of Equation [25]. Itistobe _— 
noted, however, that a damper inertia larger than 50 per cent of 
the equivalent inertia will be of little effect in reducing vibratory . a 
stress to still lower values, as any addition of the damper inertia will oF +g F ioe 7 
increases the equivalent inertia of the system, so all that is being rere me 


done is to increase the damper inertia to damp itself. eee 


DETERMINATION OF DAMPING COEFFICIENT c FOR VISCOUS- 
Friction DAMPER 


The damper works on the basis that the energy is destroyed 
by the viscous friction between the damper mass and its housing. 
Referring to Fig. 10, Newton’s law (9) for viscous friction is = 6, 


afl For a gi 
of known ¢ 
Fig. 11 or Sipes or DAMPER actual 
TORSIOGRAPH TEST OF 
MARINE. DIESEL ENGINE 
Fie. 10 Friction BLock ILLUSTRAT TING NEWTO 3100 B.HP AT 150 RPM. G. 
29"BORE, 40" STROKE subject 
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For the viscous-friction damper, the over-all damping coef- York Nay 

ficient is the sum of the elements of the damping coefficient for 2 Nore: 

each area of the damper, i.e. Alt bag Fis. 1: ESEL the service 
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R;*) + + R,8)]........ 


Substituting Equation [7], the optimum damping, in Equation 


[33] we have 


= — ((R,* — R,*) + 20(R,? — R?)]...... (34] 
29 


and substituting Equation [35] in [34], and, after some algebraic 


manipulations we obtain 


dad wil 1+ ( 


This equation gives the relation between the dimensions of the 
damper mass, the viscosity, and thickness of the oil film for the 
optimum damping coefficient c. 
For further discussion of the theory of the viscous-friction 
damper see references in the Bibliography.® 
As the silicone fluid used in the damper is actually a non-New- 
tonian fluid as the viscosity varies with shear rate as shown in 
Fig. 2, it is therefore necessary to know the value of the shear 
rate in the fluid for a given damper. The shear ate « on the outer 
surface is 


J 


but V = 6R,, and from Equation [4], for optimum damping, 


6, = 0, 0/2: 


substituting these in equation [37] we have 


Shear rate = — 


For a given design of damper all the factors in Equation [38] are 
known and therefore the shear rate can be determined, and the 
actual viscosity of the silicone oil also can be determined from Fig. 
2. This value of viscosity must be at least larger than the value 
determined from Equation [36] for a properly designed damper. 


G. J: Dasersky.* The author’s contribution to the timely 
subject of viscous-friction dampers should prove to be of great 
Practical value to designers who have to cope with the torsional- 
Vibration problem. Particularly, his data regarding charac- 
teristics ot silicone fluids used in these dampers and his detailed 
exposition of methods used for the filling of the dampers should 
prove to be of great interest. The information regarding lubri- 
tating qualities of the silicone oils and the necessity for coating 


* Reference (10); reference (6), vol. Il, pp. 481-503; 
ence (7), pp. 124, 129, and 253-258. 

‘Consultant Mechanical Engineer, 
York Naval Shipyard, Brooklyn, N. Y. Mem. ASME. 

Nore: The opinions expressed in this discussion are those of 
the discusser and not necessarily those of the Navy Department nor 
the service at large. 
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the steel casing and flywheel properly are vital hints. They paper 
refers to work on viscous-friction dampers accomplished at the 
New York Naval Shipyard back in 1930. It is desired to men- 
tion here that much credit for the concept of the viscous-friction 
damper designed at this Yard should go to Capt. H. M. Jensen, 
U.S.N., who was then the Yard’s Engineering Officer. At that 
time the materials available as a working fluid had poor tem- 
perature-viscosity characteristics, but, nevertheless, permitted 
operation of a tolerably useful device along the lines described in 
the author’s reference (2). 

In designing the early damper, consideration had to be given 
to the change of viscosity with rise in temperature resulting from 
the dissipation of vibrational energy by shearing ot the viscous 
medium during the damping process, and conduction of heat to 
the damper casing through the crankshaft. In the viscous- 
friction damper, as in others of the Lanchester type, the optimum 
energy dissipation is related to a definite ratio between the excit- 
ing torque of the engine and the friction torque of the damper. 
Since the friction torque of the viscous-friction damper depends 
on the viscosity coefficient of the damper fluid, it is apparent 
that the optimum damping for a given damper will depend upon 
temperature. Hence there is a critical temperature for each 
damper application, at which the energy dissipation will be a 
maximum. For this reason the damper was divided into two 
compartments as shown in the author’s reference (2), each having 
a distinct optimum temperature, both temperatures being so 
related by design so that the over-all damper characteristic was 
flattened out considerably with respect to temperature sensitiv- 
ity. With the advent of the silicone oils which have a more suita- 
ble temperature-viscosity characteristic, as shown in the paper, 
the necessity for bicompartmental construction becomes unneces- 
sary. 

The mathematical solution for this type of damper has been 
presented previously in several places. Carter’s exposition 
in reports of British Aeronautical Research Committee about 
1926 or 1927, cover essentially the same ground as that in the 
present paper and in Mr. O’Connor’s paper, reference (10) of the 
author. In the Appendix to the present paper the author pre- 
sents an analysis which includes consideration of engine damp- 
ing. In this discusser’s opinion this unnecessarily complicates 
the calculations without sufficient compensation in accuracy of 
the results. Hysteresis damping falls off rapidly with decreasing 
stress. It is believed that a design which considers the damping 
contributed by the damper only will give sufficiently close results. 

The viscous friction damper possesses several desirable char- 
acteristics. It is generally effective on several orders of vibra- 
tion simultaneously, it is simple in mechanical construction, and 
quite satisfactory with regard to its weight when compared with 
other dampers. 

The paper is a timely and important contribution which will be 
much appreciated by the engineer concerned with the torsional- 
vibration problem. 


B. E. O’Connor.? When the viscous torsional-vibration 
damper, employing silicone in shear as a viscous damping me- 
dium, was introduced to the internal-combustion-engine industry 
by the writer in 1945, an extensive survey of the industry dis- 
closed no use of viscous dampers on crankshafts. Since that 
time many manufacturers of gasoline and Diesel engines have 
adopted the Houdaille viscous damper for control of crankshaft 
torsional vibration. These developments are the subject of 
many patent applications by the writer. 

The solution offered by the author will lead to reasonably ac- 
curate results, if the inherent engine damping for the engine under 


7 Houdaille Hershey Corporation, Houde Engineering Division, 
Buffalo, N. Y. 
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consideration follows the particular law which the author chooses 
to incorporate in his expression [25], and if the damper inertia is 
small compared with the inertia of the crankshaft. This method 
of solution was proposed by the writer in reference (10) of the 
author’s Bibliography, and has been used satisfactorily with 
various inherent engine-damping expressions, in specifying 
dampers for many installations. 

Since the solution as stated is at best an approximation, even 
if the nature of the inherent engine damping is known, it would 
appear prudent to disclose the nature of the approximation. 

Equations [6], [7], and [8] as given by the author for the work 
per cycle, optimum damping, and maximum damping work, 
respectively, were derived by the writer in reference (10). It 
should be pginted out that the value of optimum damping de- 
rived in this manner does not take into account the effect of the 
damper on the frequency of the system and therefore does not 
represent optimum damping unless the damper mass is negligible 
in comparison with the other masses in the system. A somewhat 
lower value of damping will increase the frequency of maximum 
forced amplitude, thus increasing the work per cycle done by the 
damper. 

The use of an equivalent inertia equal to the value of the 
damper-housing inertia plus one half the inertia of the damper 
flywheel was also proposed in reference (10). It is necessary, 
however, to question the validity of the author’s derivation, since 
he uses J, as the optimum damping whereas it can be shown, as 
follows, that the equivalent inertia of J, + /,/2 which leads to 
the proper value of the frequency of maximum forced amplitude, 
requires a, value of optimum damping other than Jw, except for 
the degenerate case of J, = 0. 

Equations {1] and [9] are identical to Equations [2] and [1] 
of reference (10), with the exception of the terms K@: and Mo. 
These terms also are seen to be identical since they both represent 
static deflection if divided by k. 

The solution of this pair of equations, as given by Den Hartog 
in reference (7), for the frequency of maximum forced amplitude 
is, using the author’s notation 

* 


for optimum damping, and the value of ve damping is 


given as 
21, 


i, 


le. 
Equation [39] readily reduces to 
thus demonstrating rigorously that the frequency of maximum 
forced amplitude for the simple system under consideration is 
the same as though an inertia equal to one half the inertia of the 
damper flywheel had been added to the housing. It is to be 
recognized, however, that Equation [39] is based on the true value 
of optimum damping as expressed in Equation [40] and not on 
the value J jw. 
In terms of J Equation [40] reduces to 


[41] 


or expediently disregarding rigor ¥ 
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for a multimass system where /,’ = the effective inertia of the ff} inerti 
entire system, less the inertia of the damper flywheel, referred J} stress 
to the location of the damper housing. damp 
It is thus verified that the term J, is a correct value of opti- § vibrat 
mum damping only for the degenerate case of J, = 0, and the BF * pe 


accuracy of its use decreases as the size of the damper increases 
with respect to the inertia of the main system. 

Equation [41] herewith, which is the optimum damping for the 
system which the author uses in his development, will give a value 
of c considerably different from 7 since 7, is large relative to /,. 

Equation [42] tends to justify the use of Jy as a damping con- 
stant for crankshaft installations since usually 7, is small com- 
pared to J,’. 

Fortunately, the value of damping is not critical. This prop- 
erty of the viscous damper as well as what the writer believes 
to be a simple justification of the use of J, + 1,/2 as the equivalent 
inertia of the housing and flywheel in a Holzer table is given in 
reference (10). 

The writer cannot agree with the author’s statement, “‘a damper 
inertia larger than 50 per cent of the equivalent inertia will be of 
little effect in reducing vibratory stress to still lower values.” 
Theory and practice both indicate otherwise. 

Approximately true viscous damping presents many interesting 
possibilities other than the application to crankshafts. A self- 
damping acceleration-sensitive device, which responds to the 
same acceleration regardless of temperature, shimmy damper 
for castoring wheels, and many other applications are at present 
the subjects of development and pending patent application. 


AUTHOR’s CLOSURE 


The author wishes to thank Mr. Dashefsky for his contributior 
of the history of his viscous-friction damper, and the reason for the 
bicompartmental construction. As he points out, this construc 
tion has now become unnecessary with the advent of the silicone 
oil. 

The mathematical solution for this type of damper has beet 
presented in several places; see references (11, 12, 13) in the bibl 
ography at the end of this discussion. The euthor’s contributior 
is in design calculation details. 

Mr. Dashefsky objects to the use of engine damping in the 
author’s analysis as he claims that this unnecessarily complicate 
calculations. While our design, Equation [25] is not a compl: 
cated form, it must be admitted that neglecting the engine damp 
ing increases the calculated damping stress about 20 per cent. Ii 
is believed, however, that the engine damping should be cor 
sidered, as most of the test results in Table 2 of the paper shot 
crankshaft stresses less*than those determined from Equati 
[25]. 

The equations submitted by Mr. O’Connor, showing the natu 
of the author’s approximate solution, are a welcome addition tot 
paper. It must be remembered that the exact solutio1 
optimum damping for the usual size of dampers is of the ord 
10 to 12 per cent of the approximate solution which is within t 
range of the manufacturing tolerances of the damper. The! 
not much point in calculating a damper more closely than it 
be manufactured; alsc the approximate solution is on the s 
side. As mentioned previously, the mathematics for this typ 
damper has been presented elsewhere, and, therefore, 
O’Connor’s solution, as given in reference (10) of the paper, is 
new.$ 


8 Reference (6) of the paper, vol. 2, pp. 481-503. 
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Mr. O’Connor does not agree with the author’s statement, ‘a BIBLIOGRAPHY 
damper inertia larger than 50 per cent of the equivalent inertia will a eee ee ee 
by of little effect in reducing vibratory stress to still lower values. Julius Springer, Berlin, 1921. 
The author means by this statement that the addition of damper 12 “Verdrehungsschwingungen und ihre Dampfung,” by L. 
inertia beyond 50 per cent of the equivalent inertia will reduce Giimbel, Zietschrift des Vereines deutscher Ingenieure, vol. 66, 1922, 
stresses but not to an appreciable value,® e.g., doubling the pp. 252-256 and 281-283. 
damper inertia in the example in the paper reduc es the calculated 13 “Torsional Vibration in Engines: Effects of Fitting a Damper, 
vibratory stresses 25 per cent. ‘aka a Flywheel, or a Crankshaft Driven Supercharger,’ by B. C. Carter, 


Great Britain Aeronautical Research Committee, R & M _ 1053, 
9 ~ 9 Reference (6) of the paper, vol. 2, p. 484. wie ] om Technical Reports 1926-1927, pp. 731-767. 
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This paper sets forth the simple theory of two-species 
wooden beams incorporating high-strength heavy outer 
laminations or “flanges,” together with low-strength 
lighter cores into glued laminated members having high 
strength and high stiffness. Expressions for transformed 
section, rat’o of core depth to over-all depth, and shear at 
the neutral axis are derived. A few beams made of Doug- 
las-fir outer laminations, and No. 1 or No. 2 common east- 
ern-spruce cores were tested and their strength proper‘ ies 
determined. Their performance coincided quite well 
with that predicted by the theory. A “form factor’’ 
similar to that for wooden I-beams may be involved. 


GENERAL 


LUED laminated beams are customarily made of one spe- 
¢ cies only. Furthermore, it is common practice to make 
such beams of only one grade of one species, although 
two grades are sometimes used, and rules respecting the use 
of two different strength grades in the same laminated beam have 
been worked out. Consequently, high-strength material some- 
times is used on the outer edges of laminated beams and lower- 
strength material of the same species in the central portion or 
core. For example (1),? the material for the outer laminations of 
a beam may be selected so as to have knots not more than one 
half the size permitted in the grade to be used in the rest of the 
beam or core. When this selected material is placed on the 
outer edges of the beam it is up-graded to the next stress grade 
above that of the core, and the entire beam is considered to be 
designed on the basis of the up-graded outer laminations provided 
these are at least one tenth the thickness of the beam. 

It is much less common practice to use two or more species of 
timber in the same glued laminated beam. It is the purpose of 
this paper to make an analysis of the possibilities in two-species 
beams in which a small amount of heavy strong material is used 
at the edges with larger quantities of lower-grade and different 
species in the core. It will be shown that relatively small amounts 
of the high-grade heavy species can be combined with relatively 
large amounts of the lower-grade lightweight species to yield beams 
having high strength. Designers of laminated beams might very 
well consider the advantages of using two different species as well 
as two different strength grades in the same laminated beam. 

Relatively little has been done to analyze or test the possibili- 
ties and limitations of two-species versus one-species laminated 
beams. A. G. H. Dietz (2) published the results of a few tests of 
combined greenheart-spruce beams and made a brief analysis 
of the economics of such beams (3). H. MeKean (4) made a more 
extensive study of laminated two-species beams. He used com- 
binations of greenheart with redwood and white pine. In some 
instances his outer laminations or “flanges”? were equal thickness 
and in others the tension lamination was thinner. He found high- 
strength properties with relatively small amounts of greenheart. 

' Associate Professor, Department of Building Engineering & Con- 
struction, Massachusetts Institute of Technology. Mem. ASME. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Wood Industries Division and presented at a 
meeting of the Wood Industries Division, High Point, N. C., October 
14-15, 1948, of Tae AMERICAN Society oF MECHANICAL ENGINEERS. 
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‘T’wo-Species Laminated Beams 


By A. G. H. DIETZ,! CAMBRIDGE, MASS. 


f and a lower-grade material of allowable stress f,, with the high- 


aus 


N: Poletika and F. Wangaard (5) have reported upon laminated 
beams of one species in which heavy strong material was placed 
at the edges and lighter weaker material in the core. 
In this paper the simple theory of two-species beams is set 
forth and a few more test results are given. 


ANALYSIS OF ONE-SPECIES AND Two-Spectes BEAMS 


One-Species Beam. In Fig. 1 is shown a typical simply sup- 
ported beam carrying several loads which induce a bending mo- 
ment. Making the usual assumption in beam design that cross 
sections plane before bending remain plane after bending, the 
stress distribution across the depth of a beam such as this is as 
shown in Fig. 1(6). Since the material is assumed to be all of the 
same species and density even though it is glued laminated, the 
modulus of elasticity is the same throughout. Consequently 
the stress distribution across the depth of the beam is a straight 
line as shown in Fig. 1(6). If then the beam is composed of two _ - 
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different stress grades, a high-grade material of allowable stress Loe 
grade material used in the outer lamination and the lower-grade 


material throughout the depth of the core, the relationship of 
depth of core d, to total depth d and stress f and f, will be 
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Equation [3] shows the amount of lower-grade core material resulting transformed cross section is shown in Fig. 2(c). The 


which should be used if both the core and the outer lamination 
are to be stressed to their maximum allowable fiber stresses. For 
example, if the value f of the higher-grade material is 1800 psi, 
and the value f, of the lower-grade material in the core is 1200 psi, 
then two thirds of the entire beam will be the lower-grade mate- 
rial in the core, and one third will be the higher-grade in the 
edges, each of which is one sixth the total depth of the beam. 
Two-Species Beam. In a_ two-species beam the heavier 
stronger species is placed in the outer lamination and the weaker 
lighter species in the core. The arrangement is as shown in Fig. 
2(a). The outer laminations have a modulus of elasticity F; and 
the core has a modulus of elasticity Z.. If the usual assumption 
is made that cross sections plane before bending are plane after 
bending, the stress distribution across the depth of the beam is 
as shown in Fig. 2(b). The stress in the outermost fibers of 
the outer laminations is equal to f. At the interface between the 
outer lamination and the core, there is a break in the fiber stress 
distribution with a drop to f., as shown in Fig. 2(b). If, as be- 
fore, the allowable stress in the outer laminations is f and the 
allowable stress in the core is f, and if the ratio of moduli of elas- 


ticity and Bri is 


— E 
41 
then from Fig. 2(b) 
fe f/n [6] 
f nd/2 
d,/2 
— | 
E, 
or x. f [8] 


The moment of inertia may be computed by employing a trans- 
formed section, that is, by multiplying the width b of the outer 
laminations by n, the ratio of the moduli of elasticity, in a manner 


transformed moment of inertia is 


— 1)bd,3 
= [nd? — (n — 1)d,3]...(9] 


n bd’ 3 


12 12 
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Substituting Equation [8] in Equation [9] 


digen n —(n — 1) ry {10] 


For example, if as in the example of the one-species beam the 
allowable fiber stress f in the outer lamination is 1800 psi and the 
modulus of elasticity FE; is 1,600,000 psi, and if the allowable fiber 
stress f, of the core is 1200 psi and the modulus of elasticity 2 is 
1,400,000 psi, then d,, the depth of the core, is 76 per cent of the 
total depth. This means that three quarters of the beam can 
be the lower-grade material in the core and only one quarter need 
be required for the edges, with each edge one eighth the total 
depth. This compares with the values of two thirds for the core 
and one third for the edges of the one-species beam. Therefore, 
in theory at least, a larger proportion of the two-species beam 
can be the lower-grade core material and still achieve a beam of 
the same bending strength. This is shown by comparing Equa- 
tions [8] and [3]. 

The theoretical transformed moment of inertia given by Equa- 
tion [10] is larger than the moment of inertia of the rectangular 
cross section by the amount shown in the bracket. The stiffness 
factor or EJ value is based upon the modulus of elasticity of the 
core material. In the one-species beam the stiffness factor EJ is 
of course based upon the same modulus of elasticity throughout 
the beam unless the outer laminations are stiffer than the core. 
In such an event, the two-species theory would apply to the one- 
species beam. From Equation [10] it is seen that if a beam is 
made of the two materials indicated, that is to say, materials 
having moduli of elasticity 1,600,000 psi in the outer laminations 
and 1,400,000 psi in the core with the respective fiber stresses of 
1800 and 1200 psi, the transformed moment of inertia according 
to Equation [10] is 1.08 times as great as the moment of inertia 
of a plain rectangular beam of the same over-all dimensions. 
To obtain the stiffness factor, this transformed moment of inertia 
would be multiplied by the modulus of elasticity of the core, 
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psi on the other hand would have a higher ET value, even though 
the moment of inertia in that case would be merely that of the 
rectangular beam. 

The horizontal shearing-stress distribution across the depth of 
of the transformed section or two-species beam is somewhat 
similar to that of an I-beam. In a plain rectangular beam, the 
shear distribution follows the usual parabolic distribution with 
a maximum at the neutral axis equal to 1.5 times the average. 
In a two-species beam the distribution is somewhat flatter across 
the core as would be expected from the analysis of the transformed 
section. 

Horizontal shearing-stress intensity at any point is computed 
from the following expression 


From Equation [11] and the transformed section of Fig. 2(c), the 
horizontal shearing-stress intensity at the neutral axis of the 
two-species beam is found to be 


g m[m? — n(n — 1)] 
2 bd m?—nn—1) 


Using the same values of f, f., Zi, and E2 as before, Equation [13] 


becomes 
$Y 
0.98 xX bd 


that is, the,intensity of horizontal shearing stress at the neutral 
axis is slightly less than it would be in a plain beam of the same 
cross section. Depending upon the relative ratios of m and n, 
the reduction in shearing-stress intensity may range from a prac- 
tical maximum of about 10 per cent down to zero. In relatively 
short heavily loaded beams, therefore, in which horizontal shear 
at the neutral axis may be the controlling factor, there may be a 
small advantage in the two-species beam. ms 

The factor K in Equation [10] may be found from curves such 
as those in Fig. 4. Here, for example, for a value of m equal to 
2, and n equal to 1.5, K is found to be 1.28. 

Possible Limiting Factor in Two-Species Beams. The foregoing 
analysis assumes that the two-species beam will behave in bending 
in a similar manner to a single species. It has been pointed out, 
however, by J. A. Newlin and G. W. Trayer (6) and reported else- 
where as well (7, 8) that in a wooden I-beam or box beam, for 
example, this straightforward bending action does not occur. It 
is well known of course that the direct compressive strength of 
wood parallel to the grain is less than the computed modulus of 
rupture of the same material when placed in bending (6, 8, 9, 10), 
and that consequently form factors must be introduced in the 
design of I-beams which reduce the permissible bending stress. 
It may be that in a two-species beam there is enough action simi- 
lar to that of an I-beam to require a reduction in the alllowable 
bending stresses in the outer lamination. Whether this is true 
can be determined only by test. 


EXPERIMENTAL WORK 


To check the validity of the theoretical approach outlined, 
several sets of test beams were made incorporating eastern-spruce 
cores and Demerara-greenheart or Douglas-fir outer laminations. 
The spruce-greenheart combinations have already been reported 


(2) and the results will not be repeated here except to indicate 


J, = 5800 psi was assigned. The tests later showed that this — 


that this series of tests showed that with materials so widely 7 
different as eastern spruce (No. 1 common) and greenheart, the 
laminated beams were substantially as strong as the solid green- 
heart, even though the greenheart represented less than one third 
the total. In those beams some lower (tension) laminations were — 
the same thickness as the upper (compression) laminations, and 
in others the tension laminations were of the order of one half to 
two thirds the thickness of the compression laminations. In all 
instances the strength properties were substantially the same. 
In the much more extensive series of tests made later by McKean 
(4) with greenheart combined with either redwood or white pine, 
the same general results were obtained. : 

In a second series of tests Douglas fir carefully selected for 
straight grain, medium growth, and fairly high percentage of sum- 
mer wood (estimated at 25-30 per cent) was combined with No. 1 
and No. 2 common eastern spruce. 

Preliminary tests were made on small clear samples */; in. deep 
X 1'/: in. wide X 12 in. long of both Douglas fir and spruce, cut 
from the same pieces subsequently used in the laminated beams, 
to determine the moduli of elasticity and to determine the bend- 
ing strength of the Douglas fir. Results of these tests were as — 
follows: 


E; (Douglas fir) = 1,920,000 psi - 

E, (spruce) = 1,440,000 psi : 

f; (Douglas fir) = ~- 11,700 psi (modulus of rupture) 
= 8100 psi (proportional limit) 


Because the spruce was No. 1 and No. 2 common—not a st ruc- 


tural grade—and therefore was expected to be quite variable in — 
strength, an arbitrarily chosen maximum bending strength of 


estimate was probably quite close to the correct average value for 
the spruce. 

From the foregoing data, the ratio n of the moduli of casticty 
was found to be : 


Ey _ 1,920,000 4,0 
n=— = ——— =], 
and the ratio of bending stresses pi oe 


From these values, the proportions of the beams were chosen as 
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FIR 


Fie. 3 


shown in Fig. 3. With an over-all depth of 3 in., the depth of 
core was calculated 


The spruce core, therefore, was 2 in. deep and the outer Douglas- 
fir laminations each !/2 in. thick. Glue was casein. Moisture 
content of wood measured with an electrical meter was 12 per 
cent. 
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center. Three beams were 34 in. span and four were 42 in. All 
beams were loaded to failure, and deflection readings were taken 
at the centers of the 42-in. beams. Maximum outer fiber stresses 
were computed for each beam in accordance with the computed 
transformed moment of inertia 


EI values were first computed from the transformed sections and 
checked from the deflections of the 42-in. beams 


The are sum- 


‘ids vest 


TABLE 1 TEST RESULTS ‘= 


ff = 11,700 psi (minor test specimen) 
= 5800 psi 


= )"] = 4:32 ins 


where d = deflection at center of beam. 
marized in Table 1 


Maxi- 
Deflection at mum 
1000-lb load, 


EI 
Computed Measured, 
b-in.? Ib-in.? 


It will be seen that the average maximum bending stress in the 
first three beams is the same as the average modulus of rupture 
of Douglas fir determined on the minor test specimens. In the 
second four beams, the average maximum bending stress is 10,000 
psi or 86 per cent of that determined on the minor test specimens. 


4 bis 
In these four beams the measured average stiffness factor EI is 
almost exactly the same as the computed value. 

In beam | the first signs of failure were compression wrinkles in 
the spruce, and in beam 2 the compression wrinkles began simul- 
taneously in the spruce and the Douglas fir. In the balance of 
the beams the compression wrinkles all began in the fir but 
quickly spread into the spruce, or began at different points in the 
spruce soon after wrinkling began in the Douglas fir. These ob- 
served phenomena seemed to indicate that a close balance had 
been achieved between spruce and Douglas fir. 


CONCLUSIONS AND RECOMMENDATIONS 

These and the previously reported spruce-greenheart tests are 
too few in number to permit any hard and fast conclusions to be 
drawn. They seem to indicate that two-species beams can be 
made with relatively large amounts of low-grade material of one 
species, combined with relatively small amounts of another higher- 
grade species to achieve beams substantially as strong and stiff 
as solid beams of the higher-strength higher-grade species. The 
quantity of high-grade material required appears, on the basis of 
the simple theory, to be less when two species—or to be more pre- 
cise, two materials of different modulus of elasticity—are em- 
ployed than if the high and low grades are all of the same species, 
or, more precisely, the same modulus of elasticity. 

The test results bear out this theory in part. Stiffness seems to 
be as predicted by the theory, but the maximum bending stress 
in one set of beams is less than the minors, although in the other 
set the heams and the minors are the same. 
sort of form factor is required here. 

Much more testing will be required to establish the validity of 
the simple theory, but it is believed certain that high efficiency 
can be obtained with small quantities of high-grade species com- 
bined with large quantities of low-grade species. 

In view of the fact that every possible economy must be 
achieved (3) if laminated beams, in spite of their many advan- 
tages, are to compete successfully with solid beams or with other 
structural materials, the possibilities in two-species beams should 
be carefully investigated by engineers. Furthermore, such beams 
open up possibilities in wood utilization with mixed species and 
mixed grades which may be attractive. 


It may be that some 


1 
and 

Was! 
2 
Diet: 
1938, 
3 
Bean 
Bulle 

4 

Lami 
Kean 


Unite 
Bulle 
1935. 


In 
use oO 
seeme 
how ¢ 
whet] 


Ca 
elasti 
Ca: 
of val 
Cas 
nation 
Allow 


stress 


In 
1.2 fb 
nated 
outer 
cause 

In ¢ 
must | 
and 
(varia 
labor, 
cost 


F . 

GY 

6 
Advi: 
7 
Assoc 
Wash 

Mc 

¥ 

— 

EI = . [15] 

mum 

Sps stress, 

Beam in psi 

eS: 1 3: 11200 

2 34 3000 11800 

4 42 0.238 2250 6.22 X 6.50 10* 11000 
5 42 0.249 1800 6.22 X 10° 6.20 X 10* 8800 oa 
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In the final analysis, economic factors will usually dictate the 
use of one structural material in preference to another. It has 
seemed desirable, therefore, to attempt a cost analysis showing 
how costs of glued laminated beams might vary, depending upon 
whether they are composed of the following: 


Case 1 All high-grade stock of fiber stress f and modulus of 
elasticity 

Case 2 All one species (and modulus of elasticity E, but core 
of value f, = #/;f. Thend, = 2/;d. 

Case 3 Two species, modulus of elasticity of outer lami- 
nations £; is */; as great as modulus of elasticity EH. of the core. 
Allowable fiber stress in outer laminations is f; 
stress in core f, = 7/3; f. Then d, = °/, d. 


Appendix 


allowable fiber 


In each case it is assumed that the planing losses are such that 
1.2 fom of raw lumber will be needed to produce 1 fbm of lami- 
nated timber. Scarfing losses are assumed at 5 per cent in the 
outer laminations but only 3 per cent in the core laminations be- 
cause butt joints can be used near the neutral axis. 

In calculating the cost of the finished laminated beam, account 
must be taken not only of the cost of raw lumber, planing losses, 
and searfing losses but, in addition, cost of glue per board foot 
(variable, depending upon glue used and thickness of laminations) 
labor, overhead, and profit, These can - put in the form of a 
cost equation as follows 


S LAMINATED BEAMS 


& 


Ifz = 


For the 


Case 1 


= = 


Case 2 


x 


Case3 = 


Suppose all of beam to be made of high-grade stock. 
Planing losses such that 1.2 fbm/bd ft needed, b = c = _ 


405 


cost per board foot of overhead, assumed $60 per M 7 
profit per board foot, assumed 10 per cent i+ 


three cases listed, costs work out as follows: : 


0.6 


1.155 0.6 X $0.06 + $0.127 0.6 + 1.133 

0.6 X $0.06 + $0.125 x 0.6 
0.042 + 0.076 + 0.041 + 0.075 
= $234 per M 


2/3 d, and b 


= 0.4,c = 0.8 
= 1.155 K 0.4 X $0.06 + $0.127 XK 0.4 + 1.133 X 

0.8 X $0.03 + $0.125 X 0.8 
= 0.028 + 0.051 + 0.027 + 0.100 
= $206 per M 


4/3 = 2 then d, = d, and = 
1.2 = 0.133, c = 1.067 


> 
x 


= 1.155 X 0.133 X $0.06 + $0.127 X 0.133 + 
1.133 X 1.067 X $0.03 + $0.125 X 1.067 


= $195 per M 


These costs appear to be in line with present prices for lami- 


nated timber such as are envisaged in this example. 


that by mixing high grades and low grades of the same species 


the cost is 


reduced from $234 to $206 or about 12 per cent. By 


using mixed species, the cost is reduced still further to $195 or a 


total of about 17 per cent. 


Obviously, all of these figures depend 


upon the relative raw-material costs of edge and core stock and 
all the other factors listed. Laminating as practiced today, how- 
ever, is expensive in any event and advantage must be taken of 


every opportunity to reduce costs. 


Combining different grades, 


and combining different grades and species would seem to be one © 


way to reduce those costs. 


aw 


ap 


ar 


All same modulus of elasticity, but f, = ?/;f, thend. = © a 


; It is seen 


+n) 
[16] 
1.155by + 0.1276 + 1.133cz + 0.125c 
cost per board foot of laminated beam 
raw material cost per board foot of the edge material, __ 
assumed $60 per M * 
raw material cost per board foot of the core material, 
* assumed $30 per M 
scarfing loss in edge material, assumed 5 per cent - a 
scarfing loss in core material, assumed 3 per cent _ 7 
quantity of edge material per board foot = 1.2(d—d.) > 
quantity of core material per board foot = 1.2 d, = 4 
cost per board foot of glue, assumed $10 per M ~~ 
= cost per board foot of labor, assumed $40 per M — F 
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Linear dynamic behaviors are here grouped in a classi- 
fication consisting of four basic curves with three methods 
of modification and two methods of combination. It de- 
pends on responses to unit step disturbance, and relates 
to Laplace transforms. Its utility is shown for-members 
sequenced, manifolded, or looped, also for nn dis- 
turbances and for reflex action. 


ena 


CIENCE . by the continuous development of 
new and fruitful concepts,” as J. B. Conant said recently 
in his presidential address to the AAAS. Those of us who 

are trying to crystallize into a science the art of designing and 
operating automatic controls are faced with the need of a set of 
basie concepts which shall describe the components which make 
up such dynamical systems. These concepts must be exact, 

that there can be no ambiguity in identifying dynamic behavior; 
must be universal, so that identical properties can be recognized 
whether the member is found in a distillation process, a pneunta- 
tic valve, or an electrical thermometer; must be compact, so that 
they will be convenient in everyday use; 


INTRODUCTION 


advances . . 


must be familiar, so 
that they can be grasped readily by the mechanic, the college 
student, the practicing engineer, and the theoretician. 

It. is the purpose of this paper to meet these requirements with 


a systematic and comprehensive description of the behaviors of 
linear transfer members. The term ‘“‘dynamical system” is here 
applied to any interconnected grouping of physical apparatus 
whose behavior is describable by time-dependent variables, 
whether the nature of the energy transfer be translational, ro- 
tational, hydraulic, pnelimatic, thermal, electromagnetic, elec- 
trical, electronic, or chemical. 


We confine ourselves to cause and 
effect relations along one-dimensional network “paths,” rather 
than in a two-dimensional field or in multidimensional space. 
A “disturbance” imposed at some point of the path, and proceed- 
ing from cause to effect, is imagined as exciting a consistent ‘‘re 
sponse” in an adjoining variable. The action between them is 
said to be ‘‘reflexed”’ or “‘bilateral’’ if the responding variable can 
exert a reflexive effect on the disturbing variable; ‘‘cascading”’ or 
“unilateral” if it cannot. A path segment completely bounded 
oe cascading actions is called a “‘transfer member.’’ The member 
“‘linear’’ if several forms of disturbance acting at once produce a 
Aten equivalent to the sum of their separate responses. 


” 


We choose as the basis for classifying linear transfer members 
the Cartesian curve pattern, plotted on a time base, of its re- 
sponse to a standard disturbance. This disturbance is shown in 
Fig. 1, and is called the “unit, offset” or “unit step” at ¢ = 0, 
in obvious description of its relation to the time axis. It will bé 
designated x;(t), read “‘z-one of t,”’ and defined by the equations 
= Ofort< 0,2, = 1 fort >0. It can be shown by Fourier 
analysis to comprise sinusoidal oscillations of all possible fre- 
quencies. Cascading action is assumed above it and below the 
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response. The intervening member is assumed to be in equi- 
librium at ¢ = 0; this implies that during some interval all vary- 
ing quantities are temporarily constant, providing datum levels 


from which to measure | the changes z, y, ete. It calls for ze TO 


Fic. 1 Unit Orrset Fic. 2. APPROXIMATE UNIT OFFSET 


values at ¢ = 0 of all variables, of all derivatives except the 
highest, and of either the kinetic or the potential energies. 

A response to x;(t) will be called an ‘‘indicial response,” and 
designated y(t). Some typical forms are shown in Figs. 3, 4, and 
5. An indicial response provides an unambiguous description of 
the dynamic behavior of the associated transfer member, and 
from it can be predicted the behavior y(t) of that member under 
any arbitrary disturbance pattern z(t). 

Both x; and y; patterns can be recognized and understood by 
anyone with a bit of mechanical sense. Although the disturbance 
is very abrupt, it can be practically realized in many physical 
systems. In others, it can be approximated, as by the steep 
ramp of Fig. 2, where x; = 0 for t < 0, t/e for 0 < t < «, and 1 for 
t > «, with e << 1. An indicial response can be found experi- 
mentally as the record on an instrument chart, graphically as a 
step-by-step construction, or analytically as the solution of an 
equation. It is thus equally useful to the mathematical and the 


nonmathematical thinker. 
Four Basic PATTERNS 

The indicial response, then, will be the dog-tag which identifies 
the transfer member from a dynamic point of view. Although 
we may encounter in automatic-control problems a well-nigh in- 
finite variety of such responses, it appears that any of them which 
occurs in a linear segment or network with constant parameters 
can be classified as (i) one of four “basic” patterns, or (ii) one of 
three ‘“‘modifications”’ of these, or (iii) two or more of the basic or 
modified patterns, joined by two “combining” methods. The 
four basic patterns for y; are shown in Fig. 3. Various names for 
these curves have been used in the literature; the adjectives 
chosen here are compromises between brevity, vividness, and exact- 
ness. “Offset” indicates a sudden and sustained shift relative 
to the time axis, “tardigrade” implies slow-moving in comparison 
with the originating disturbance, “sinusoid” describes a resem- 
blance to the sine curve, “damping” infers a sinusoidal oscillation 
which is gradually damped out. 

The mathematical expressions for these four indicial responses 
are listed in Table 1, together with a related symbol which we call 
the “‘transference,” or transfer function. This will be defined 
later. For the moment it serves merely as a convenient code 
which defines the pattern concisely, and states the constants which 
fix the proportions of the graphical representation. Factor A is 
any real number, positive or negative, up to the value at which 
linearity no longer holds; 
For the offset, 
grade, 


a, 6, and w are positive real numbers. 
A is the sustained magnitude. For the tardi- 
A is the slope of y; at ¢ = 0, and 1/a is the familiar time of 
63 per cent response, which measures the slowness with which y: 
approaches the horizontal asymptote A/a. For the offset sinu- 
soid, A /w? is both the amplitude of the oscillation whose period 


2% : 
~ 
{ 
¥ 
a 
4 
b 
= 


TRANSACTIONS OF 


is 27/w, and its mean value. For the offset damping, A/(6? + 
w?) is the steady value ultimately reached by the oscillation whose 
period is 2x/w and whose envelope curves decay exponentially. 
This last pattern evidently reduces to the offset sinusoid when 
5 = 0; the unstable case of negative 6 is not listed because it is 
an unwanted form. 

We might choose other forms as basic, but these are the ones 
met most frequently and in relatively simple apparatus. On 
the other hand, much elaboration and complexity of apparatus 
may be necessary to produce these same patterns giving desired 
values of A, a, 6, or w. 


THREE MODIFICATIONS 


The variety of indicial responses presented by useful groupings 
of apparatus is greater than the four basic types just listed. The 


OFFSET DAMPING 


OFFSET SINUSOID 


- three following modifications of these patterns will extend their 


Fic. 3. Basic Inpicrat RESPONSES 


coverage: 
1 Differentiation, giving the slope of the basic curve. a - 


2 Integration, giving the area under the basic curve. 
3 Delay, giving a shift of the basic curve to the right. 


Fig. 4 shows some of the new patterns obtained by these modi- 


fications. Again, the names suggested are descriptive of the 
graphs; they will be obvious with the possible exception of ‘‘re- 


traction,’ which expresses a sudden outthrust followed by a 
gradual withdrawal. 

Let us now digress briefly to examine the meaning of the ex- 
pression which we have called transference, and shall designate? 
by the Greek A. When the physical relationships are known, it 
is possible to write an equation relating disturbance and response 
through multiples, derivatives, integrals, differences, trigono- 
metric forms, or hyperbolic forms. ‘The individual terms of such 
an equation, which will be constants or functions of time, are 
transformed to functions of the complex variable s by the La- 
placian transformation 


LIS (t)] = “= F(s) 


where s is often written 6 + jw, andj = +/—1. This gives an 
algebraic expression in terms of two Laplace transforms, y(s) for 
a response and z(s) for the disturbance which originates it. 
Transference A is defined as the ratio y /z, which for unit step dis- 
turbance z, becomes simply sy:. The inverse transformation is 
given as 

bo 


4b 

£-[f (s)] = fesds=fit) 


ees, 2 Refer to note at end of author’s closure, p. 412. 


ty 


and f(s) 


TABLE 1 BASIC PATTERNS 
Name Time Curve Transference 
(i) Ani(t) A 
A 
(2) Tardigrade... 
(3) Offset sinusoid cos wt) 
. Ae~* cos (wt — tan ~!6/w) A 
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and both direct and inverse transforms exist for most of the func- 
tions met in automatic controls. Tables of function pairs f(t) 
are available, and if necessary can be used much as is 
the phrase book of a foreign language, to translate expressions in 
the familiar “time”? domain to those in the strange “complex” 
domain, and back again. 

It may be noted that any specific transfer member has as many 
indicial responses, and transferences, as it has possible effect 
cause relations. Consider, for example, a valve discharging a 
compressible fluid, without change of state, from a pressure pg 
to a pressure p, greater than critical. Small changes of pressure 
P, Or p, or of lift z each causes a different flow change q, and there 
are three (approximately independent) transferences A( qq: Pa) 
and A(q,:2 

Under the rules of Laplace transformation, and with the initial 
equilibrium called for by our definition of indicial response, 
L(dy,/dt) = sy., so that modifying a basic response by differen- 
tiation becomes merely a multiplication of its transform by s. 
Similarly, integration corresponds to multiplication by 1/s, and 


seme OF DEGREE 2 al 
vethe 
TARDIORADE SLANT” i 
| te 
SINUSOID DAMPING 
Fic. 4 Some Inpicrat Responses OBTAINED BY MopIFICATION 


delay of an interval b to multiplication by e~**. Basie indicial 
response Az,(t), the “offset”? with transference A(yi:21) = A, 
may be approximated by a steep ramp with slope A /e, resembling 


Fig. 2. Upon differentiating this piecewise, and letting « — 0, a 
new indicial response is found as ee 
lim {z,'(t) 
€ 


which is the “‘spike’’ or “impulse” of Fig. 4, having A = As. 
Again, Az,'(t) may be approximated by steep slopes of 24, ¢ 
and —2A/e?. Upon differentiating this piecewise, and letting 
« — 0, another indicia! response is obtained as 


A 2) )+ z(t — e)] 
2 


lim 


€ 


«This is the “spike of degree 2,” or “doublet impulse”’ Ax,"(t), having 
= As*. Upon one integration, the response Ax,(t) with A = 
A becomes a new response with y; = Atand A = A/s; upon two 
integrations the “parabola of degree 2,”’ y, = At?/2 with A = 
A/s?; upon a delay of interval b, the “delayed offset” y, = Az 
(t— b) with A = Ae 
Basic indicial response y: = (A /a)(1 — e~**), the “tardigrade,” 
with A = A/(s + a), becomes upon one differentiation the ‘‘re- 
traction” y,; = Ae~*! with A = (As)/(s + a); upon one integra- 
tion the “tardigrade slant” y: = (A/a*)[at — (1 — e~*)] with 
A = A/[s(s + a)]; upon a delay of interval b, the “delayed tardi- 
grade” = (A/a)[1 Ja,(t — b) with A = Ae~**/(s + a). 
The offset sinusoid and the offset damping, when differentiated, 
retain their characteristic oscillations, but are shifted to sym 
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MASON—A CLASSIFICATION OF 


metry about the time axis, and changed in amplitude. Delay 
gives them a simple horizontal shift; integration produces hori- 


zontal shift, vertical shift, and change of 


Two ComMBINING METHODS 
The two combining methods are as follows: 

1 Superposition, giving the sum or difference of curve ordi- 
nates, or of the transferences. 

2 Convolution, giving the product of transferences. 

As a matter of fact, we have tacitly made use of superposi- 
tion in setting up the two-term basic responses 2, 3, and 4 of 
Table 1, and the modifications already applied to these patterns 
might be thought of as convolution, since their transferences were 
multiplied by s, 1/s, or e~** to form the new A. Much more com- 
plicated patterns, however, can be brought within our classi- 
fication if we recognize superposition and convolution as general 
methods of combining the basic or modified types. A few of the 
possible curves which result are shown in Fig. 5. In naming 
them, the phrase ‘degree n”’ denotes the degree of the polynomial 
in s which forms the denominator of the transference, after clear- 
ing of fractions. 

Superposition and convolution, used singly or conjointly, allow 
relatively simple procedures for predicting the indicial responses 


TARDIGRADE 
OF DEGREE 4 


DELAYED TARDIGRADE 
OF DEGREE 2 


Transference 


(1) B + Cs + D/s 


(3) A — Ae-* 


LINEAR TRANSFER MEMBERS 


As, ... A,, it can be shown that the transference for the combi- 
nation is the product A = Aj,‘A2...A,, and that the indicial re- 
sponse at the last member, to the unit offset 2z:(t) acting on the 
first member, is y, = &~'{(1/s)A]. The A’s may be positive or 
negative, and the order of sequencing is immaterial. It should be 
noted that sequencing is not always equivalent to the electrical 
“connection in series’; for the latter there must be an identical 
current in each member, and cascading is found less often than 
reflex action. As an example of convolution, consider the se- 
quencing of two tardigrade members having transferences A, = 
a/(s + a) and A, = b/(s + 5), with indicial responses y, = 1 — 


e~*tand y, = 1— e~*'. By multiplying transferences we get for 
the sequence @ 
a 
whence 
be —at ae —ht 
y= — 
a—b 


a tardigrade of degree 2. Sequeaced members are very commen, 
and further examples appear in Table 3. 
TABLE 2 MEMBERS MANIFOLDED 
Response 


B+ Cri’ + Dt 7 


Name 


Offset plus spike 
plus slant 


1— eat + e-at = Unit offset 


A for0<t <a Pulse 
Ofort>a 


y 
w~'sin wt whent < Interfering sinusoids 
+ w? + w? when t 2 
OFFSET TARDIGRADE b 
OF DEGREE 2 s+ 
BY COMBINATION oy ste 


of more extended segments from the y; or A-values of the compo- 
nent members. We shall next show these methods for members 
manifolded, members sequenced, and members looped, and ex- 
tend them to segments involving reflexed action and to arbi- 
trary disturbances. ore. 


MEMBERS MANIFOLDE 
=! 


The simplest case of combination (superposition used alone) | 


arises when transfer members are manifolded and the disturbance | a y(t) = ; 


has the offset form 2:(t). Members are said to be “manifolded” — 
(the term is taken from piping practice) when they are so con- 
nected as to receive identical and simultaneous disturbances, and 
to deliver their individual responses additively or subtractively to 
the segment below, both actions cascading. It should be noted 
that this is not always equivalent to the electrical ‘connection in 
parallel’; for the latter it is necessary that the identical variables 
be voltages and that the addiiive ones be currents, while casead- 
ing action is found less’often than reflexing. An example of mani- 
folding is the typical controller whose components give propor- 
tional-plus-floating action, Its indicial response is y; = A + 
Bt, and its transference is A = A + B/s, an offset and a slant 


superposed. Other examples appear in Table 2. pei. gritos 


Convolution used alone is called for when transfer members are 
“sequenced,” i.e., connected so that a cascaded disturbance from 
above develops in each a response which cascades to its neighbor 
below. If there are n such members, having transferences A, 


caded disturbance x = At. Here L(x) = A/s? and lens 

= £-1 A ‘ b A [bt 1 


ARBITRARY DISTURBANCES 


One of the principal uses of the indicial response and its asso- 
ciated transference is to predict the response y(t) of a transfer 
member to any arbitrary disturbing function x(t), when y:(t) and 
Aare known. It can be shown that the result is the derivative 
of a convolution 


[zx * yi] = dt x(t —£)-yi(&)dé 


Sometimes this third member is readily evaluated just as it 
stands, but frequently it is easier to take transforms of the first 
equality, obtaining y = s-z-y: = ZA, then y(t) = L-[A-L(z)]. 
To illustrate, let a member with the indicial response y, = 
1 — e-*' and transference A = b/(s + b) be subjected to the cas- 


That same response would be obtained if we imposed z;(¢) on a 
sequence of two members having indicial responses y, = At and 
y, = 1—e-*. Thus, in the examples of sequencing in Table 3, 
one of the s-function factors may represent the transference of a 
member; the other, when divided by s and returned to the time 
domain, an arbitrary disturbance acting on that member. 
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TABLE 3 MEMBERS SEQUENCED the transference of the feedback, and 

Transference Response Name z(t) the feedback response arising from 

(2) ve — a} n(t — a) ‘Delayed slant 2,)A,, where and z; must have op- 
(3) Ae: B AB nl posing signs if the loop is to provide 
s Sad): corrective action. Then v; = 

(4) “ Ai: Ar +++ Antn Parabola, degree n where A = A,/(1 — A,A,). Convolu- 
tion (or another superposition) may be 

(5) + Cs + D/s used to form A, and A, if forward and 
feedback segments consist of sequenced 

(or manifolded) members. It is some- 
times convenient to consider the prod- 
AJA, as a transference for the 

Retraction several cascading segments connected 

sequence. For this purpose the loop 

— wide Tardigrade slant can be opened between any two of 
aie OR these, an experimental disturbance 


Vardigrade,degree2 eing applied above one and its re- 


(at)" sponse measured below the other. 
Tardigrade, degree n 


Tardigrade 


~e(t-a -)) (t — a — b -Delayed tardi 
a — b) elayed tardigrade 


As an example of looping, consider 
n ‘ > res / 
lim _(8 + ak) ++ a plant de fined by the response 
s—>— ak (g + ai) (8 + a2)*** (8 + an) ardigrade, degreen Qnerating with a controller defined by 
-By,\(t), when disturbance 2x)(t) acts (10) 
Delayed tardigrade, ( the pl: e respective trans 
he plant. The respective tran wh 
satisfactory ap- ferences are A, = A, A, = —B, and ord 


proximation for 4 + AB), and the indicial 


tardigrade of de- x : 
gree n response of the controlled variable is 


Tardigrade retrac- the reduced offset , 
tion wh 


a 
__ 
b 


it) 
(8- 


fo — Retraction, degree n 
(n — 1 — (RN)? , Again, consider the tardigrade plant q3) (A) 
: 1 — e~*t with proportional controller 
(47) lim (s + est Retraction, degree —B, when the disturbance is a change (14) (.4/ 


whe 


of set point or program. Here the 


(18) Ae~@s ABw~! sin w(t — a) when t > a, 0 when t <a Delayed sinusoid forward segment includes both con- 

troller and plant, with A, = (—aB)/- 

(19) B _AB Delayed offset (s + a), and the indicial response of 

+e + ot damping the feedback segment degenerates to whe 
cos [w(t — a) — tan 6/w] whent >a; 0 whent<a siren z, = 1, so that 
Bs ™ 
(20) As: te 8)? ot ABe~St v/1 + (6/w)?. sin (wt + tan’ 5) Damping aB more 
A. and ing pou 
A B AB 26 sta aB 

clas: 


sin (wt — 2 w/— | —a(l +B)t) through 


cos wt — cos Si id, de : 
AB (sin wt — wt cos = Unstable si Table 4. 
3? 8? + w? nstable sinusoid 


The response of a transfer segment is said to be “reflexed” | 
Influence-path segments are often connected in a closed cause- its behavior depends simultaneously upon the disturbance above 
effect circuit called a control loop, for the purpose of obtaining which originated it, and on the response of the segment below 
either substantial constancy of a responding variable or its prompt which it in turn disturbs. Frequently the two effects oppose on' 
conformity to a command signal. We distinguish two parts of another, providing an inherent sort of control which is called 
the loop: a “forward” segment, extending from the point where “self-regulation.”’ Obviously, the behavior of variables linked 
a disturbance acts on the loop to the point where the principal re- by reflex action is indeterminate untit fixed by known behavior 
sponse is taken off; and a “feedback” segment, which receives the _ at points of cascading action which one reaches eventually by pre 
latter signal and converts it into a secondary response which is ceeding in all possible directions along the network. However 
fed into the forward segment along with the external disturbance. __reflex action with segments of finite size produces no forms 
Quite frequently both segments are bounded by cascading ac- _ indicial response which cannot be obtained by modifying or con 
tions, and in this case a simple formula relates the various sig- _ bining the four basic patterns as described. 
nals. Let 2:(t) be the external disturbance (whether an intrusion The simultaneous differential equations which state the phys 
to be annulled or an order to be followed), A, the transference of cal relations between variables and constants within the large 
the forward segment, v;(t) the closed-loop or principal response, _ caseade-bounded segment, the member, will frequently be foun! 
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MASON—A CLASSIFICATION OF LINEAR TRANSFER MEMBERS 


TABLE 4 MEMBERS LOOPED 


A Response Name 


—A —A 
(2) As — sa e etraction 
1 + AB/s B 
withb =a+ AB; ifB>>a/A 
- ne we controlled response is faster and balances out at a smaller offset 
A A A 
(9) ot AB qa cos wit) Offset 
with = w? + AB; if B>>w?/A, 
controlled response is a more rapid oscillation, of smaller amplitude ie El 
(10) Aes AB — a) — bri (t — 2a) +... + 2i(t— na)] 
> where b = AB,n = 1, 2 ©; es ae <1 ri(t) is an offset damping which ultimately approaches A/(1 + AB) through a sequence of steps whose 
d ordinates oscillate about AJL + AB 
al A A 1 
he 
where = a/2,02 = AB— 8° #0 
(3) (4) (—B) 1 Offset 
hi 
abe abce- 
(s + 6)? + w? cos (wt — tan ~'5/w) 
1+ 
ol SEB many 
to where 28 = a + b, w? = ab(1 + 2c) — (a + b)*/4 | 
more convenient than the corresponding transferences as a start- f I/s = 1 + i1/Cis — ie 
ing point for computing the behavior of these variables. Such (0 = + i2/Cx — + 
equations, based either upon loops or upon nodes, may be solved lcebra; d 
by classical methods, but the solution becomes simple algebra ae 4 = 
through use of £-transforms. . As an illustration, consider the pe re £ ; "i orms the currents, voltages, and voltage drops 
electrical network known as an RC ladder, having two sections — obtainab “4 ? 
It is possible, however, to compute an internally reflexed mem- 
R, Ro ber by combined convolution and superposition. Suppose one of 
A perp Supp 
its segments is acted on by a disturbance wy, and yields a reflexed 
i, response w, which acts on an‘adjoining segment having the re- 
a ; T ss sponse w,. Then the definition of reflex action gives us the £- 
ow, Wy = ws [A(w,/w,) + wa | 
Hed as shown in Fig. 6, with cascading action above vw —v; and below There is a self-regulation of w, if it turns out that the two terms 
ed M Os, — v3 = 1 for t > 0, and all variables (and their deriva- here have opposing signs. We proceed along the network, writ- 
Pe tives and integrals) zero for tf < 0. Voltage differences are ing similar expressions for reflexed variables above and below 
4‘ ' w,, and eventually encounter cascading actions. Upon taking 
P . I . . £&-transforms of the entire set, we obtain enough simultaneous 
Ci Jo algebraic equations to give a solution for any variable desired. 
wn . ‘To illustrate, consider the fluid storage member of Fig. 7, with 
. 1 ; capacitance C, fed through piping of resistance R and — i 
— = Re, — = by a positive-displacement pump; suppose that 6) = land q@ = 
C: Jo p splacement pump; supp = 
ree for t > 0, and that all variables (and their derivatives and inte- 


grals) are zero fort < 0. In this situation the transferences in 


is 
§. 
ws 
* 
wee 
~ = 
yund 
P 


A,A, may be a time-consuming, but necessary, step in ob- 
taining such a response. However, substantial information con- 
cerning the stability of the system may be obtained readily from 
the transfer locus or db-log w plots without such detailed caleu- 

lations. 
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action will be A(g::@)) = 1/R, A(qi:61) = —1/R, A(61:q1) = 
a. & 1/Cs. Upon using the w, relation twice, we obtain G1 = 60/R — 
6:/R and @ = q:/Cs, from which = 1 — e—*/RC and = 


CONCLUSION 


Alternative schemes of classification deserve some brief com- 
% ment. One might be based upon the form of the ordinary differ- 
ential equation, but this neglects behaviors described by partial 
differential, integro-differential, and difference-differential equa- 
tions, and is ambiguous because more than one equation form 
leads to the same behavior pattern. Another might use the fre- 
quency spectra of amplitude ratio and lag angle, based upon sinu- 
soidal disturbances at many frequencies, but the author believes 
these are more difficult for the engineering student and well-nigh 
unintelligible to the mechanic. A third might be built around 
the transfer locus, but this is not readily grasped until the student 
has considerable practice in manipulating vectors. Still another 
might use the £-transform without multiplication by s, but this is 
less convenient in working with connected segments. 

The underlying concept of the scheme proposed herein is that 
of a time behavior resulting from a simple disturbance and coded 
by a quantitative expression in s. Four basic curve patterns, to- 
gether with three methods of -modifying them and two methods 
of combining them, are deemed adequate for the linear dynamic 
behaviors met in the engineering of automatic controls. Con- 
siderable thought was given to the terms used, and to their precise 
definition, but the specific names and letter symbols used are not 
essential to the scheme, and perhaps better ones will be brought 
out by discussion. Graphic forms are advantageous because they 
can be widely understood, readily obtained from experiment or 
theory, and descriptively named. By associating with each the 
expression s-£(y;), provision is made for exactness of specification, 
convenience of manipulation, and order of arrangemert. The 
examples given illustrate the application to single members, to 
groups sequenced or manifolded or looped, to members internally 
reflexed, and to arbitrary disturbances. 
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Geratpine Coon.’ The indicial response is a logical, but not 
always practical, basis for classifying the linear transfer members 
of ordinary occurrence in automatic control. Inasmuch as the 
transference often involves a number of time constants, the de- 
tailed computation of the indicial response may be a laborious 


Discussion 


> 


nae matter. In the case of a system with feedback, the factoring of 
ag ate * Engineering Research Division, Taylor Instrument Companies, 


The names “offset,” “delayed,” and “sinusoid” are quite ac- 

ceptable; “tardigrade”’ and “retraction” are descriptive, but more 
suitable terms should be sought. There is no apparent justifica- 
tion for renaming the ‘impulse function” and “ramp” which are 
already in use. Some of the combinations of names are open to 
question. For example, response (17) of Table 3, called a tardi- 
grade retraction of degree n, seems to be a retraction of degree n; 
response (9) of Table 3, the tardigrade slant, is actually the differ- 
ence rather than the sum of a slant and a tardigrade as might be 
expected. 

Some criticism may be leveled at the definitions of equilibrium 
and transference. The initial conditions should not be included 
in the definition of equilibrium; rather it is preferable to associate 
them with the transference of the system. Thus, 
may be defined as the ratio of the Laplace transforms of any re- 
sponse and the input that produces it under the condition that the 
system starts from rest when the input is first applied. 


transference 


AvUTHOR’s CLOSURE 


Looped systems with A = A,/(l — A,A,) can be shown to lie 
within the stability range by use of the Routh or Hurwitz criteria 
based upon the constant coefficients of 1 — A,A,, without the 
necessity of factoring. When this function is a polynominal of 
degree higher than third, it is not evident, without factoring, just 
how far below sustained oscillation the nth degree indicial re- 
will lie. If close, it will be a damping; if distant, a 
In most practical cases of looped systems, it proba- 


sponse 
tardigrade. 
bly will be a damping, and might be so designated when neither 
the factors nor the experimental curves are at hand. It is true 
that the transfer locus, obtainable after substituting jw for s in 
A,A,, is somewhat more informative on this point, and this is a 
valid argument for itsuse. The indicial response still seems pref- 
erable, however, to introduce the student to types of transfer 
members, 

It was hoped that better terms might be suggested for those un- 
favorably received, but no substitutions have been offered. Re- 
sponse (17) of Table 3 is indeed a retraction of degree n, and has 
been corrected. The argument for naming (9) of Table 3 is that 
it shows a tardigrade approach to what eventually becomes a 
constant slope. ‘‘Spike’’ was proposed as more descriptive of the 

pattern than is “impulse.”” When there are horizontals at bot! 
ends of a slope, as in Fig. 2 of the paper, the combination seems 
more properly a “ramp” than when the slope continues in- 
definitely, asin y, = At. 

Miss Coon’s definition of transference is acceptable, except that 
the “start from rest’’ is tod restrictive. In speed regulation, for 
example, deviations may be measured from a state of equilibrium 
defined by uniform rotation. 


Note (refer to footnote 2 of paper, page 408): The complex number 
A, as a function of s, is a generalized form of similar operational ex- 
pressions in p or frequency relations in jw used by many authors, ¢.. 
G.S. Brown and A. C. Hall, ‘‘Dynamic Behavior and Design of Servo 
mechanisms,” Trans. ASME, vol. 68, 1946, pp. 503-524, or G. A 
Philbrick, ‘‘Unified Symbolism for Regulatory Controls,’’ Trans 
ASME, vol. 69, 1947, pp. 47-67. Its definition in terms of C- tran* 
forms gives it the advantages of greater rigor and wider eieoti ver 
as pointed out by M. F. Gardner and J. L. Barnes, ‘‘Transients !! 
Linear Systems,” John Wiley & Sons, Inc., New York, N. Y.., vol. | 
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Influence of Steel Hardness in Face- Milling 


By J. B. ARMITAGE! anp A. O. SCHMIDT,? MILWAUKEE, WIS. 


Face-milling tests are reported on seven different kinds of 
steels for power consumption and tool life at hardnesses 
of approximately 200, 300, and 400 Bhn. At any given 
hardness power requirements varied but little, but differ- 
ences in tool life were considerably greater. Machining 
the workpiece at an elevated temperature was found to 
decrease the power required and permit good cutter life. 
When tool-life or production tests are not available, the 
hardness of steel can be taken as a guide in choosing pre- 
liminary values of cutting speed and feed. 


EVEN different kinds of steels were tested for power con- 
S sumption and tool life at hardnesses of approximately 200, 

300, and 400 Bhn. Differences in power required at any 
given hardness were comparatively small but the differences in 
tool life were more noticeable. Tool life was practically zero when 
the 400-Bhn test pieces were milled at 428 fpm cutting speed, 
the same speed as used on 200-Bhn test bars. However, a de- 
crease in the cutting speed to 130 fpm and in the feed to 0.0045 
ipt caused an increase in the tool life to a good performance when 
nilling test pieces of 400 Bhn. 

After machining a steel workpiece of 200 Bhn for some time, 
the power increased because of tool wear and was frequently 
higher than that used by a new tool cutting a much harder work- 
piece. However, a cutter operating on a softer material gener- 
ally held up better and did not fail as readily as one machining a 
hard workpiece. One explanation of this phenomenon is that 
continuous machining must have worn the cutter in such a way 
that its shape was stronger, or that originally there were no 
weak spots or fine cracks in the blade which might have caused 
early failure. 

The machining of hard alloy steels is still a major problem. 
It requires a powerful rigid machine, such as is available only in 
the latest models, and also a cutter able to withstand high cutting 
forces, a large number of heavy impacts per blade, and designed 
in such a way as to eliminate chip interference. Machining the 
workpiece at an elevated temperature was found to decrease the 
power required and permit good cutter life. 


oF MILLING TESTS 


When other machinability data are not readily available, the 
hardness of steel is frequently taken as an index by shopmen in 
arriving at preliminary feed and speed estimates. The milling 
tests reported herein constitute an effort to show the relationship 
of hardness to power requirements and tool wear or tool life. 
A grade of sintered tungsten titanium carbide, which had been 
proved by laboratory and shop experience to be suitable for most 
tarbide-steel milling operations, was used as the tool material in 
all tests. 

For tool-life determinations, test bars 1'/; X 6 X 12 in. of 
sven different steels were heat-treated to approximate Brinell 
hardness values of 200, 300, and 400. The steels tested included 
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Contributed by the Special Research Committee on Metal Cutting 
Vata and ny and presented at the Annual Meeting, New 
York, N. November 28-December 3, 1948, of THe AMERICAN 
SOCIETY OF "MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
tnderstood as individual expressions of their authors and not those 
the Society. _ Paper No. 48—A-30. 


NE 8744, NE 9445, SAE 1055, SAE 3140, SAE 4150, SAE 4150 
sulphurized, and SAE 4335. 

Comparative horsepower requirements were determined with 
the aid of a calorimeter (1). In the latter tests, bars of 1 in. 
diam of the same composition and heat-treatment as the tool- 
life test bars were used. 

The test cutters were 3-in-diam face mills with two solid-car- 
bide inserted blades. The blades were ground to 12 deg negative 
radial rake, 0 deg axial rake, and 15 deg corner angle. All tests 
were carried out on a Kearney & Trecker 2K vertical milling 
machine. 

In comparative power tests, the results for different materials 
were similar for each range of hardness. Fig. 1 illustrates the 
horsepower requirements for all the steels tested. As in pre- 
vious tests these cutters were considered sharp, since they did 
not remove more than 0.3 cu in. of material. There was thus no 
change in the power requirements due to tool wear (2). At 200 
Bhn there is little scattering of individual data points. The same 
test bars at 300 Bhn require more power than at 200 Bhn, and 
the performances are also more erratic, as indicated by the in- 
creased scattering of values for this hardness range. A further 
increase in power requirement is accompanied by a further in- 
crease in scattering at 400 Bhn. 

In the tool-life tests the test bar (1!/2 X 6 X 12 in.) was held 
in a vise and face-milled at a cutting speed of 430 fpm, a feed of 
0.0115 ipt, and a depth of 0.125 in. for the 200 and 300-Bhn 
specimens. It was found necessary to reduce the cutting speed 
to 130 fpm and the feed to 0.0045 ipt when milling the 400-Bhn 
samples, since the tool life was practically nothing (only a few 
chips), and the type of failure was very undesirable at the former 
cutting speed and feed. The tool-life tests at 200 and 300 Bhn 
were made with both blades cutting. However, when tests were 
made for the purpose of taking photographs of tool wear after 
every pass or every other pass, only one blade was cutting, the 
other blade having been moved in far enough so that it could not 
possibly machine any of the test bar. This same procedure was 
adopted in milling the 400-Bhn bars in order to obtain more uni- 
form results. A graphical presentation of tool life for the 200 and 
300-Bhn steel bars is given in Fig. 2, and the tool-life data for 
400-Bhn steels are given in Fig. 3, since these data were obtained 
at a lower speed and feed and are not directly comparable to those 
in Fig. 2. 

These test results have been confirmed in many shop operations. 
A hard steel must be milled at lower speeds and feeds, usually 
between 150 and 300 fpm with a feed per tooth between 0.003 
and 0.010 in. General recommendations (3) indicate a cutting 
speed of 350 to 800 fpm and a feed per tooth of 0.010 to 0.020 
in. for mild steel, which is usually considered to mean steel not 
harder than 200 Bhn. Medium-hard steels, which would include 
steels around 300 Bhn, should be milled in the cutting-speed 
range of 250 to 400 fpm with feeds per tooth ranging from 0.007 
to 0.015in. Although these recommendations cover considerable 
latitude, they nevertheless permit a start or proper approach to 
the ultimate selection of optimum speed and feed. Speeds in the 
upper part of a recommended range and feeds in the lower part of 
a recommended range should generally be chosen if the cut is to 
be a finishing operation. Just the opposite procedure should be 
used in the case of roughing operations. 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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4 Fre. 1 
HARDNESS 
a (This graph is based upon the materials listed in Table 1. a shined 2 ni 
As can be seen in-Figs. 1, 2, and 3, hardness is only an approxi- 
mate indicator of machinability. A power increase of only about 
10 per cent is indicated in Fig. 1, between the hardnesses of 200 
and 300 Bhn for the same steel, while the tool life decreased 
more than 100 per cent, as can be seen from the number of passes 
plotted in Fig. 2. The power increased only about 25 per cent 
when the hardness of the steel was increased from 200 to 400 
Bhn, but had the tool life at 400 Bhn also been shown in Fig. 2, 
it would have been close to zero in all cases. 


nd When milling under the most favorable conditions, breakage 
of carbide blades will seldom occur. Should the setup and ma- 
chine be such that vibration, deflection, and overload are absent, 
or at a minimum, a number of other factors will still influence the 
performance of the carbide blade. Even when feeds and speeds 


WEAR OF TUNGSTEN-TITANIUM BLADES 


TABLE 1 HEAT-TREATMENT OF STEEL TEST BARS 
-——Heat 
Steel Bhn Heat to Quench Dra 
deg F 
NE 8744 217 1550 Oil 
NE 8744 293 1550 Oil 
NE 8744 418 1550 Oil 
NE 9445 212 1550 Oi Ly 
NE 9445 302 1550 Oil , 
NE 9445 418 1550 Oil a _ 
SAE 1055 196 1550 Oi 1200 
SAE 1055 302 1550 Brine 
SAE 1055 387 1550 Brine — 850 
SAE 3140 223 1550 Oil 
SAE 3140 311 1550 Oil 
SAE 3140 387 1550 Oil 
SAE 4150 217 1550 Oil 
SAE 4150 321 1550 Oil 
SAE 4150 418 1550 Oil 
SAE 41506 196 1550 Oil 
SAE 41506 311 1550 Oil 
SAE 41506 418 1550 Oil 
SAE 4335 202 1550 Oil 
SAE 4335 302 1550 Oil 
SAE 4335 403 1550 Oil 
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Fig. 4 Cutrer Usep in Wear Tests 
(Part shown in Figs. 5, 6, 7, is encircled.) 


are chosen properly and all conditions over which an operat! 
has control are kept constant, various types of tool wear and {a 
ure will result. In analyzing performance data of a set of cutte" 
run for several months on the same kind of workpiece, &# 
different types of wear (4) were established, four of which we 
classed as objectionable because blades in which these type 
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Fig 5 PrRoGResstve WEAR ON A TUNGSTEN-TITANIUM CARBIDE MILLING TooTH WHEN MILLING STEEL WorkKPIECES oF 200 BHN 
‘ (Cutting speed, 428 fpm; feed, 0.0115 ipt. For section and position of blade see Fig. 4.) 
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Fic. 6 ProGresstve WEAR ON A TuNGsTEN-TITANIUM CARBIDE MILLING TooTH WHEN MILLING STEEL WorkpPieces or 300 BEN 
(Cutting speed, 428 fpm; feed, 0.0115 ipt. For section and position of blade see Fig. 4.) 
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Fig. 7 Procressive WEAR ON A TUNGSTEN-TITANIUM CARBIDE Toota Steen WorkpIEces 
(Cutting speed, 130 fpm; feed, 0.0045 ipt. For section and position of blade see Fig. 4.) 
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wear occurred could not be esebiditlnanl easily by simple re- 
grinding. 

Progressive wear on a tungsten-titanium carbide blade is illus- 
trated in Fig. 5. A freshly ground carbide milling blade was 
photographed after each pass on a 200-Bhn steel test bar 1'/2 in. 
wide and 12 in. long when face-milling at a depth of 0.125 in. 
with a feed of 0.011 ipt at a cutting speed of 428 fpm. After 14 
passes, which was an average performance in these tests, the pe- 
ripheral wear was !/;:in. Cutters whose performances are plotted 
in Figs. 2 and 3, were removed from the machine when they 
showed !/3:-in. peripheral wear. It is at this stage of wear, which 
ean be measured easily, that cutters should be removed for re- 
grinding, since the rate of wear will increase rapidly beyond this 
point and the likelihood of spalling, chipping, and breakage of 
the blade will become greater. When tool wear has progressed 
this far, the power required generally will have increased between 
30 and 40 per cent. Regrinding a blade at this point will be 
simple and economical. The few extra passes that may be ob- 
tained beyond this point do not justify the increase in cost of re- 
conditioning a blade that has worn more or that quite frequently 
may have been broken or severely chipped through use beyond 
1/s-in. peripheral wear. 

As is shown in Fig. 6, the tool will wear more rapidly when a 
300-Bhn test bar is milled under the same conditions as was the 
200-Bhn test bar. After the ninth pass !/3-in. peripheral wear 
had been reached. This performance is better than average for 
300-Bhn test bars plotted in the lower part of Fig. 3. Generally, 
chipping of the blade, which can be seen after the eighth pass in 
Fig. 6, occurred much earlier and the cutter frequently failed be- 
fore it had worn !/32 in. on the periphery. A slower cutting speed 
of about 300 fpm and a finer feed of about 0.006 ipt would have 
improved the tool-life performance on 300-Bhn test bars. 

The 400-Bhn specimens were machined at a speed of 130 fpm 
and a feed of 0.0045 ipt, since the tool life was practically zero at 
the speed and feed used for the 200 and 300-Bhn samples. 

Fig. 7 illustrates progressive wear of the carbide blade when 
milling a 400-Bhn steel test bar of the same dimensions as used 
in tests on softer material. These photographs cannot be used in 

direct comparison with those in Figs. 5 and 6 since the conditions 
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have been changed. The wear on the carbide tip is uniform for 
the first five passes and after the sixth pass flaking can be ob- 
served, but this flaking is on a part of the blade which does no 
cutting. About midway through the eleventh pass a large por- 
tion of the carbide blade face had flaked off, and, with a little con- 
tinued cutting, a crater had begun to form on the new rough sur- 
face. It is this flaking and chipping of the carbide tip which can be 
observed when milling harder workpieces. Cutters will fail fre- 
quently before they have reached the !/3:-in. wear mark on the 
periphery. 

Even when milling the same workpieces of mild steel under 
identical conditions, with the exception that cutting speeds were 
varied from 130 to 3300 fpm, the same carbide tips wore more 
rapidly at the higher cutting speeds (3). 

Low cutting speeds and feeds and a rigid machine are pre- 
requisites for milling materials difficult to machine, e.g., die 
blocks used in drop-forging. A number of die blocks 24 X 6 X 18 
in., which had to be reworked, were face-milled at 0.250 in. depth 
of cut with a 10 in. C.S.M. cutter at a cutting speed of 100 fpm 
and a feed of 2ipm. It was only at these low cutting speeds and 
feeds that an average of 12 passes per cutter could be obtained 
At higher cutting speeds and feeds the cutter would fail quit: 
frequently after only one or two passes. The machine used i: 
these tests was a Kearney & Trecker C.S.M. bed-type machine, 
which due to its rigid, bed-type construction and high accuracy 
permitted this type of milling. 

The power requirements, as measured with a wattmeter, wer 
very high. Another indication of the large amount of work ré 
quired in this particular milling job was the high temperature o 
the chips, which would reach 1400 F, as determined by compa: 
son of the chip color with a heat-color chart. 

In another series of machining tests, this die block was heat: 


in a furnace to 1800 F and then mounted in an insulated fixture 


on the milling-machine table. The milling of this heated die 
block started when the block was about 1500 F, as determined by 
comparison with a heat-color chart, and the temperature con- 
tinued to drop slowly as the tests proceeded. The power re- 
quired, as measured by a wattmeter, is plotted as the lower lin 
in Fig. 8. After the block had cooled to room temperature its 


tion. Lower line shows power 
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oe (Upper line indicates power required to mill block in ‘‘as-received” condi- 
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to room temperature.) 
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hardness had dropped from an average of 400 Bhn to 350 Bhn, 
which also.reduced the power needed to that indicated by the 
middle line in Fig. 8. When the block was at room temperature 
in the state as received, the power consumption was as shown 
by the upper line. Due to the interrupted type of cut in milling, 
tool life is comparatively good when machining a heated work- 
piece, because the tooth has a chance to cool in the air between 
cuts. Changes of microstructure and accuracy in the workpiece 
are unavoidable under these conditions, but a difficult milling 
job can be made easier this way. Care should be taken to pro- 
vide proper protection against the heat flow from the workpiece 
into the machine, either by -insulating with layers of asbestos 
or by circulating a coolant in the table or fixture. 
ConcLusIons 

When production or tool-life tests are unavailable, the hard- 
ness of steel can be taken as a guide in choosing preliminary values 
of cutting speed and feed. 

In general, the harder a steel is, the greater will be the work 
required to machine it and the shorter will be the tool life if setup 
conditions, cutting speed, and feed are the same as those used 
for identical, but softer, steels. 

A reduction in the cutting speed and use of finer feed will in- 


Tron Age, vol. 161, May 27, 1948, pp. 72-77. 


piece to about 1500 F will decrease the power requirements ap- 
preciably, and, combined with the intermittent cutting char- 
acteristic in milling, will also result in good tool life. Machine 
rigidity and optimum cutter design become increasingly more 
important with the machining of the harder alloy steels. 
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The geometry, mechanics of formation, and plasticity 
conditions for the “continuous” type of chip have been 
analyzed in detail as a result of previous research. The 
present paper formulates a similar analysis of the “dis- 
continuous” type of chip. In this type of chip forma- 
tion, segments are formed by rupture which occurs inter- 
mittently on the shear plane as the cutting tool progresses. 
As the tool advances into the cut immediately following 
rupture of a segment, the metal is first deformed plas- 
tically and the angle of shear is large. Rupture is pre- 
vented during this stage by the fact that the compressive 
stress on the shear plane is high enough to permit the 
metal to undergo considerable shearing strain without 
fracture. As the tool progresses, the shear angle falls 
until the compressive stress becomes sufficiently low (or 
the shearing strain becomes sufficiently high) to permit 


fracture. The cycle then repeats. 
NOMENCLATURE 
The following nomenclature is used in this paper: | 
A = instantaneous cross-sectional area of ‘“‘chip” before 


removal from workpiece = tw, 

cross-sectional area of chip 
workpiece = 

= machining constant = are cot k 

= distance traveled by tool measured from instant of chip 

rupture 
F, = cutting force; force component acting in direction of 
motion of tool relative to workpiece 
, = force component acting in direction normal to shear 
plane 

F, = shearing force; force component acting in direction of 
shear of metal, in shear plane 

thrust force; force component acting in direction per- 
pendicular to Ff, and to surface generated 

slope of linear curve relating shear stress to compressive 
stress 

slope of linear curve relating shearing strain of metal to 
compressive stress under rupture conditions 

normal force; foree component acting perpendicular to 
tool face 

resultant forces; forces acting between chip and tool and 
between chip and workpiece 

r, = cutting ratio 

So = shear strength of metal at atmospheric pressure 


before removal from 


= 


R, R’ = 
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Chip in Metal Cutting | 
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= compressive stress acting perpendicular to shear plane 


S, = mean shear stress on shear plane - 
S,’ = mean shear strength of metal being cut i 
t = instantaneous thickness of chip in discontinuous cutting 
t, = thickness of chip before removal from workpiece = 
maximum depth of cut for discontinuous chip 
t, = thickness of chip after removal from workpiece, as 

measured in direction perpendicular to face of cutting 
tool 

V; = cutting velocity, velocity of tool relative to workpiece 

V, = chip flow velocity; velocity of chip relative to cutting 
tool 

V, = velocity of shear; velocity of chip relative to workpiece 


w = width of chip before removal from workpiece 
W, = work done in cutting, per unit volume of metal removed 
W, = work done in overcoming friction between chip and tool, 
per unit volume of metal removed 
W, = work done in shearing of metal, per unit volume of 
metal removed 
a = oblique rake angle of tool measured in plane perpendicu- 
lar to its cutting edge = true rake angle for case of 


orthogonal cutting 

« = shearing strain undergone by chip under process of 
removal 

¢, = shearing strain of metal at rupture under atmospherie 
pressure 


«, = shearing strain required to produce rupture 

u = coefficient of friction acting between sliding chip and 
tool face = F/N 

friction angle = arc tan u 

shear angle; angle between shear plane and surface 
being generated measured in plane perpendicular te 
cutting edge of tool = shear angle to horizontal sur- 
face 

¢@: = shear angle at rupture 

¢2 = shear angle to inclined surface 


The process of metal cutting is a vital link i in _— aoe of manu- 
facturing. It would, indeed, be difficult to think of any product 
that did not directly or indirectly involve some phase of the metal- 
cutting process, namely, turning, drilling, milling, shaping, plan- 
ing, hobbing, or boring. For this reason, the advancement of 
our present-day technology is intimately bound up with the 
advancement of our knowledge of the machining process. The 
importance of assuring that this knowledge be of an engineering 
rather than an empirica! nature is evident. 

Anyone who is familiar with machining operations is aware 
of the fact that in some cases the process of metal removal re- 
sults in chips which are broken up into segments, while in other 
cases chips are formed as continuous ribbons of varied length. 
Ernst (1)? has pointed out that there are actually three basic 
types of chips, namely, Type 1, the discontinuous chip; Type 2, 
the continuous chip; and Type 3, the continuous chip with built- 


* Numbers in parentheses refer to the Bibliography at the end of 
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up edge. Merchant (2) has made a fairly complete mathematical 
analysis of the geometry, mechanics, and plasticity conditions 
governing the formation of the Type 2 chip. The present paper 
formulates a similar analysis of the Type 1 chip. The impor- 
tance of engineering knowledge of such a nature is evident when 
one stops to realize that, almost without exception, a discontinu- 
ous chip is formed in all machining operations carried out on such 
important materials as cast iron, brass, and bronze. 

J. Thime (3), in 1878,'was the first to study and report on the 
basic difference between the continuous and discontinuous types 
of chips. Among the subsequent investigators who recognized 
the distinct nature of a discontinuous chip and devoted some 
study to it were G. Sellergren (4) (1896), Rosenhain and Sturney 
(5) (1925), M. Okoshi (6) (1930), O. W. Boston (7) (1930), 
F. Schwerd (8) (1932), and Ernst and Martellotti (9) (1935). In 
1938, H. Ernst (1) set forth his clear exposition of the three basic 
chip types enumerated in the foregoing. 


MECHANICS OF THE ConTINUOUsS CHIP 


The mechanism of formation of the continuous chip without 
built-up edge (Type 2) is basic to the remaining types of chip 
formation. An understanding of the mechanics associated with 
the Type 2 chip is therefore a necessary approach to the present 
analysis. 

The geometry of formation of the Type 2 chip, in the case of 
orthogonal cutting, is illustrated schematically in Fig. 1, which 
also shows the force system acting on this type of chip. In this 
simple case, the chip is formed by a process of shear which is con- 


Fic. 1 Scuematic REPRESENTATION OF GEOMETRY AND FORCE 
System 1n CASE OF ORTHOGONAL CUTTING AND A Type 2 CHIP 


fined to a narrow zone extending from the cutting edge of the tool 
to the surface of the workpiece. This zone of shear may be 
approximated by a single plane known as the shear plane, shown 
making an angle ¢ with the work surface in Fig. 1. As the cut- 
ting tool advances, the metal lying ahead of it passes through this 
plane of shear where it is deformed to produce the chip, which 
then slides up the face of the tool. In the case of the Type 2 
chip, this shear occurs without fracture of the metal and so a con- 
tinuous ribbon is formed. 

Important geometrical quantities in this process of chip forma- 
tion, in addition to the shear angle ¢, are the ratio of the chip 
thickness before removal to that after removal (t,/t) which is 
known as the cutting ratio r,, the rake angle of the tool a, the 
shearing strain undergone by the chip metal during plastic 
deformation «, the cutting speed V,, the shearing speed of the 
metal during deformation V,, and the speed of sliding of the chip 
over the cutting tool V,. 

The mathematical relationships existing between these quanti 
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ties in the case of orthogonal cutting and a Type 2 chip are 
as follows 


(1) 
= Cot + tan (6 — a)............. [2] 
sai 


“site 


The force system shown in Fig..1, acting during chip formation, 
is derived from the principle that the chip must be held in stable 
mechanical equilibrium by the forces acting on it. Quantities 
important to this force system are the cutting force in the direc- 
tion of tool travel F,, the thrust force perpendicular to the surface 
generated F,, the coefficient of friction between chip and tool u, 
the friction angle 7, the friction force between chip and tool F, 
the shearing force responsible for plastic deformation of the 
metal F,, the shearing stress on the plane of shear S,, the compres- 
sive stress on the plane of shear S,, the work consumed in over- 
coming friction between chip and tool W,, the work consumed in 
shearing the metal! at the shear plane W,, and the total work done 
in cutting W,. The mathematical relationships existing betweer 
these quantities during the formation of the Type 2 chip in th 
case of orthogonal cutting, are as follows 

F,+ F, tana 


tanr = — 
F,—F,tana 


F= 
F,= 


F. sin cos — F, sin? 


S, tan (@ + 7 


F sin ¢ 


Ao cos (¢ — a) 


S, Ao cos (r — a) 


sin ¢ cos (@¢ + 7 — «) 


The equilibrium conditions which control the size of the shear 
angle, i.e., the direction of plastic deformation ahead of the tool, 
are determined by applying*the principle of minimum energy to 
the process of chip formation. The resulting plasticity condition 
(for the case of orthogonal cutting and a Type 2 chip) is given by 
the equation 


Here a is the rake angle of the cutting tool and r is the angle 
whose tangent is the coefficient of friction between chip and tool 
(see Fig. 1). The quantity C is knewn as the machining constant. 
It is related in theory to the plastic properties of the material 
being cut by the equation 
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The quantity is the slope of the straight line relating shear 
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strength to compressive stress. Equations [14] and [15] are 
first approximations, but have been found to agree well with 
experiment in the case of the continuous type of chip (Type 2). 


ForMATION OF CHIP 


The discontinuous chip is produced when cutting inherently 
“brittle” materials such as cast iron or when machining ductile 
materials at low cutting speeds in the absence of cutting fluids. 
In the latter case the discontinuous chip is associated with the 
high friction that is known to exist between the tool and chip. 
It was the object of this investigation to formulate an analysis 
consistent with the foregoing facts. 

The basic difference between the mechanism of formation of 
the discontinuous chip and that of the continuous chip is that 
instead of shear occurring ahead of the cutting tool continuously 
without fracture, rupture intermittently occurs on the shear 
plane. This introduces new factors into the geometry of chip 
formation, which must be treated in the present analysis. In 
addition, the factors gove rning the mechanics of the intermittent 
fracture on the shear;plane must be subjected to analysis. 
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The cutting action which produces a discontinuous chip was 
studied by taking moving pictures, through a microscope, of 
bronze being cut by a planer-type tool under orthogonal cutting 
conditions. As the tool advanced with respect to the work, chip 
segments were produced at approximately a uniform rate. Se- 
lected frames of such a movie showing the formation of a single 
chip segment, are shown in Fig. 2. Sketches corresponding to 
these photographs are shown in Fig. 3. In frame 1 the tool is 
just beginning to advance into the inclined work surface that was 
produced by the previously ruptured chip segment. In frame 
16 the metal distortion indicates that the shear angle is high 
and that the shear plane extends to the inclined work surface. 
As the tool advances, the shear angle ¢ rapidly decreases. When 
the tool is at the position indicated in frame 20, the shear plane 
extends to the horizontal surface, as indicated by the start of 
curvature of this horizontal work surface. As the tool advances 
further the shear angle continues to decrease and eventually 
rupture occurs along the shear plane, producing a chip segment, 
as in frame 39, after which the cycle repeats itself. 

In order to account for the fact that shear oecurs to the in- 
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the horizontal surface during the latter part of the chip-segment 
" formation, the geometry, mechanics, and plasticity conditions 
during these two phases of chip-segment formation were investi- 
gated for the case of orthogonal cutting. 


Puasticity CONDITIONS 


Let Condition A represent the case where shear is occuring 
from the cutting edge to the inclined surface and Condition B the 
ease where shear is occuring to the horizontal surface. Condition 
A is the situation that exists during the start of the chip-segment 
formation, while Condition B exists during the latter stage of the 
segment formation. 

Condition A: Shear Occurring to the Inclined Surface. Fig. 4 
shows the tool after it has advanced a short distance d into the 


4 
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FORMATION 
workpiece which originally had the shape OCE. . 
Let 
4, = total depth of cut 
i = instantaneous depth, i.e., vertical distance from ma- 
chined surface to intersection of shear plane AB with 
inclined surface OC 
¢@: = shear angle at rupture 
¢@: = shear angle while shear plane extends to inclined surface 
: ¢@ = shear angle while shear plane extends to horizontal sur- 
7 d = distance traveled from point O ae 
w = width of workpiece 7 


— t can be expressed in terins of ¢;, ¢2, and d as follows 


sin — ¢:) _ sin 
d AB 
= AB sin 


gin — $1) 


The instantaneous cross-sectional area A is 


wd sin ¢; sin 2 


sin (¢2 — ¢1) 


The instantaneous cutting force F, becomes, on substituting A 


from Equation [17] for Ao in Equation [13] on 
F, = S, wd 


sin (¢2 — ¢1) cos in ++ 


where ¢2 indicates that shear is occurring to the inclined surface 
rather than the horizontal surface. The value of the shear angle 
¢@: will be determined by the minimum-energy principle, i.e., 
since the force F, is responsible for the total work, ¢: must assume 
such a value as to make Fa minimum. 

Assume that the shear strength S,’ of the material being cut is 
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Condition B: 
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a linear function of the compressive stress acting on the shear 
plane or 


then, from Equation [9] 
hie 1—ktan(@:+r—a) 


where ¢2 has replaced ¢ of Equation [9]. Substituting Equation 


So wd sin do cos (r —_ a) 


sin — ¢1) cos (¢2 + a) — k sin (¢2 — sin T— a) 


Apply the minimum-energy principle to Equation [21], i.e., 
differentiate F, with respect to ¢: and equate to 0. The result is 


cot (262 + r — a — = [22] 


where, as in the case of the continuous chip 
C = arc cotk... 


Shear Occurring to the Horizontal Surface. As 
-f the tool advances into the workpiece, eventually the shear plane 
is observed to extend to the horizontal surface instead of to the 
inclined surface. Under this condition the depth of cut becomes 
t; and the shear angle is called ¢ instead of 2. 
The continuous-chip theory is assumed to hold for this condi- 
tion up to the time of rupture. The shear angle ¢ is thus ex- 
pressed by the equation 7 


4 for the general case, where the shear strength of the material is 
assumed to be a linear function of the compressive stress acting 
on the shear plane. As in the case of the angle ¢; in Equation 
[23], the shear angle ¢ in Equation [14] continually decreases a 
the tool advances, reaching a minimum value at the instant 
rupture. The reason for this steady decrease in shear angle 
that the friction angle 7 in Equations [23] and [14] is also a vari 
ble and increases as the tool advances, due to the cleansing acti 
of the chip as it slides over the tool face. Angle r reaches 
maximum value at the instant of rupture. 

The experimental study which is described in detail later in 
paper reveals that Equations [23] and [14] are poor approxi 
tions to the conditions existing during the formation of the c 
segment prior to rupture. Evidently the simple assumpti: 
made concerning the conditions governing plastic deformat 
do not apply well to this portion of the cycle of chip-segment f 
mation. Therefore the use of these equations in analyzing t 
portion of the cycle should be limited to ‘qualitative’ interp 
tations only. However, Equation [14] was found to hold quit 
well at the instant of rupture, i.e., when ¢ = ¢i. 


GEOMETRICAL AND ForcE RELAT:ONSHIPS 


It is evident from the foregoing discussion of the process 
formation of the discontinuous chip that the same basic Equa- 
tions [1] through [13], which describe the geometry and force sys- 
tem in the case of the continuous chip (Type 2), can be applied to 
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MERCHANT—MECHANICS 

the discontinuous chip, provided that the proper values of in- 
stantaneous shear angle and instantaneous chip thickness or 
cross-sectional area are used in them. There is no need to re- 
peat these equations here. However, the plasticity conditions 
represented by Equations [14] and [15] apply only ‘‘qualita- 
tively,’ except at the instant of fracture. 

If ¢ is replaced by ¢; in Equations [1] through [14], these equa- 
tions then can be used to analyze the conditions existing at th 
instant of rupture in the process of discontinuous-chip formatio 
Values of the rupture amgle ¢ and of the instantaneous to 
forces must of course be observed to do this. 

At the instant of rupture the shear angle is well defined ar 
can be determined quite accurately either by observation from 
photograph (see Fig. 2), by visual observation of the cutting 
process through the microscope, or by direct measurements 
the chip segments produced in cutting. 

In general, the chip is observed to have the trapezoidal shap 
OPQR, Fig. 5. The long leg of the trapezoid OP is an accurate 
indication of the length of the shear plane at rupture. Hence 


Fia. 5 


APPROXIMATE CuHIp GEOMETRY AT FRACTURE 


the shear angle at rupture can be determined from the relation 


sin = 


The length OP can be measured fairly accurately on the chip 
by using a Brinell microscope. A better method, however, is 
first to mount the chip in plastic and then polish the surface to 
give better definition of the cross-sectional area. 


EXPERIMENTAL Stupy DiscontTinuous-CHIp FORMAT:ON 


The question of what variables and relationships control the 
fracture process that is responsible for segmental chip formation 
is not answered by the foregoing theory and analysis. Experi- 
mental data are needed to solve this problem. Such an investi- 
gation requires the simultaneous determination of the instantane- 
ous forces acting between tool and work as well as the instan- 
taneous conditions of shear within the workpiece. 

The arrangement shown in Fig. 6 was used for such a study. 
The workpiece was clamped in a dynamometer which deflected 
under load. The deflection was amplified by an integral me- 
chanical lever arrangement and the amplified deflection was 
measured by a '/j0,o«-in. dial indicator. The tool was carried 
in another dynamometer attached to the overarm of a milling 
machine. This dynamometer measured the horizontal deflection 
of the tool by means of another !/j0,00-in. dial indicator. By 
suitable calibration, the deflections of the tool and work dyna- 
mometers gave the cutting force F, and the thrust force F,, re- 
spectively. 

The two orthogonal force readings F, and F, were sufficient to 
determine the entire force system of Fig. 1, and, together with 
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EXPERIMENTAL Setup FOR Stupy oF DiscontTinuous-C HIP 
ForMATION THROUGH MICROSCOPE 


Fic. 7 ARRANGEMENT OF Mortion-PicturRE CAMERAS FOR SIMUL- 
TANEOUS RecorDING oF Forces anp GEOMETRY 


the knowledge of the depth of cut, width of cut, and cutting 
velocity, provided all the data necessary for the determination 
of the shearing strain, stresses on the shear plane, coefficient of 
friction, ete. 

The deformation of the workpiece while cutting was observed 


through a low-power microscope which was attached to the 
overarm, Fig. 6. 


In order to record simultaneously the cutting action seen 
through the microscope and the readings of the tool and work 
indicators, two “Ciné Kodak Special’ movie cameras, Fig. 7, 
were used. The microscope camera was attached to the overarm 
by a bracket so that the axis of the microscope was in line with 
that of the camera shutter. The lens was removed from this 
movie camera. 


The second movie camera was set up on a tripod and was fo- 
cused on the two dial indicators as well as on a stop watch which 
was attached to the milling-machine table. The illumination for 
this latter camera came from a No. 2 photo flood lamp placed 30 
in. from the workpiece. 


The synchronization of the force readings with their correspond- 
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ing chip segments was accomplished as follows: The cut was 
first started and at the same time the stop watch was started, 
after which both movie cameras were turned on. Next the 
entire illumination system was switched on from a single switch. 
After cutting for about !/2 min the lights were switched off after 
which the movie cameras were stopped. The interval of illumi- 
nation produced by the switching on and off of the lights was 
clearly visible on each of the movie films so that a definite position 
of starting and stopping of the scene could be determined accur- 
ately. About 1 to 2 sec was required to form a single chip seg- 
ment. The speed of the movie films was 24 frames per sec so 
that there were between 25 and 50 frames showing the formation 
of each segment. 

Various types of bronzes and cast irons were cut, and it was 
found that the best material for observation was Ampco No. 15 
bronze, having a composition of 87 per cent Cu, 10 per cent Al 
and 3 per cent Fe. This material has a tensile strength of 80,000 
psi, a yield point of 45,000 psi, and a hardness of 175 Brinell. 

The workpiece was !/2 in. long, */:.5 in. thick, and °/, in. high. 
The top of the workpiece was machined, as shown in Fig. 8, so 
that the actual width of cut was 0.050 in. Various depths of 
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cuts from-0.005 to 0.020 in. were used. The cutting velocity was 
held constant at 0.515 ipm. This speed was obtained by feeding 
the table toward the tool. 

The cutting tool was made of high-speed steel and had a true 
rake of +14 deg and a clearance angle of 6 deg. 

Selected frames from a scene showing the formation of a single 
chip segment are shown in Fig. 2, and corresponding sketches are 
shown in Fig. 3. Here the depth of cut was 0.015 in. and the 
camera speed was 24 frames per sec. The sequence of events 
represented by these frames has already been described. The 
data corresponding to the formation of this same segment are 
given in Table 1. 

The behavior of the forces during the formation of a segment is 
shown in Fig. 9, where F, and F, are plotted against the tool 
travel d for two depths of cut, 0.015 in. and 0.020in. The cutting 
force F, rises rapidly at the start of the cut but tapers off to a very 
slow rise at about one half the total tool travel. The cutting 
force was never observed to decrease between the start of a chip 
segment and the time of rupture. The observed thrust force F, 
had @ positive value immediately after rupture. This value is 
due to the elastic deflection of the work and tool dynamometer. 
However, in this study the initial thrust value represented an 
error in so far as the analysis is concerned. The thrust force 
assumes its correct value some time after the tool enters the cut 
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and, for some distance prior to fracture, the thrust force is 
true value for that particular segment. The effect of the error 
was greatest on the evaluation of the correct friction angle r, or 
the coefficient of friction «, especially during the first portion of 
the tool travel (see Fig. 10). The actual values of the coefficient 
of friction in the region near the start of the segment can be sur- 
mised only. 

The accuracy of the force readings is greatest prior to the time 
of rupture. This is fortunate since the rupture conditions are the 
most important, for here lies the characteristic difference be- 
tween the continuous and the discontinuous chip. The accurac) 
of the force readings at rupture are at their highest sinc 
dynamometers have had time to steady themselves fron 
shock of the previous rupture. Likewise the shear ang) 
rupture can be directly measured rather than inferred. 

Data on the rupture conditions for 10 successive chip segments 
are given in Table 2. After examining such data immediate 


= 0.015 IN. 
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16 0.3 0.00 0.008 77 
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TABLE MOVIE SCENE G. CONDITIONS, DEPTH OF CUT 


DISCONTINUOUS CHIP IN METAL CUTTING 


interest was aroused by the wide variation that was obtained for 
¢:, the shear angle at rupture. The variation in ¢; in this series 
of segments is seen to be between 30 deg and 52 deg. Similar 
wide variations were observed when taking the other cuts. The 
reason for this wide variation seems evident. Polycrystalline 
metal is far from homogeneous. Thus the values of those prop- 
erties of the metal which control fracture will vary from point 
to point along the path of the tool and so the individual values of 
shear angle at fracture, ¢;, may vary considerably from seg- 
Only average values of shear angle at frac- 
ture, taken from a number of successive segments, have signi- 
ficance in relation to the average or bulk properties of the work 
material. 


ment to segment. 


RupruRE CONDITIONS IN CUTTING 

With the aid of the data obtained in the experimental study, 
the conditions controlling the rupture process in discontinuous- 
chip formation were studied in detail. It is known from studies 
m metals, such as those reported by Bridgman (10), that the 
amount of plastic shearing strain necessary to produce fracture 
increases as compressive stress is applied to the planes of shear. 
The 
relationship between shearing strain required for rupture and 
ympressive stress is roughly of the form 


The greater the compressive stress, the greater the ductility. 


shearing strain required to produce rupture 

« = shearing strain required to produce rupture at zero com- 
pressive stress 

= slope of shearing strain - compressive stress curve. 

Thus in metal cutting, fracture will occur on the shear plane 
and therefore a discontinuous chip will be formed) whenever 
the shearing strain e« of Equation [2] becomes equal to or greater 
thane,. This rupture condition can be expressed mathematically 
y combining Equations [2] and [25], bearing in mind that at 
rupture the shear angle is called ¢. Thus 


¢ 


cot + tan — a) Za + AS, 


To a first approximation, Equation [26] establishes the value 
f the minimum shear angle ¢; at which fracture will occur when 
utting a given metal. As a tool enters a cut and advances into 
the metal, the shear angle will at first fall, due to the increasing 
friction between chip and tool, as shown by the experimental 
study already described. If, during this process, the shearing 
‘train rises to a high enough value, or the compressive stress 
lrops to a low enough value (or both), to satisfy Equation [26], 
then a discontinuous chip will result. If, however, the equilib- 


tum value of the shear angle (controlled by Equation [14]) is 
arived at before the shearing strain rises high enough or the com- 
pressive stress falls low enough to satisfy Equation [26], then a 
continuous chip will result. 

In the case of the experimental study on Ampco bronze re- 


————Observed —Calculated 
Seg- Fe, Fi Tae S's, Sn, c* 
ment lb Ib deg deg deg “ € psi psi deg 
1 84.7 2.27 42 1.5 15.5 0.277 1.64 49600 47000 85.5 
2 84.7 5.38 30 3.6 17.6 0.317 2.02 42700 28300 63.6 
3 84.7 8.22 42 5.6 19.6 0.356 1.64 46500 46800 89.6 
a 95.2 2.83 41 ee 15.7 0.281 166 55500 51200 83.7 
5 95.2 5.67 48 3.4 17.4 0.313 1.58 53300 66800 99.4 
6 100.5 2.27 652 1.3 15.3 0.273 1.56 57200 76700 105.3 
7 100.5 4.53 43 2.6 16.6 0.298 1.63 58200 59200 88.6 
8 105.7 8.78 39 4.7 18.7 0.339 1.70 58200 55500 82.7 
9 105.7 3.12 35 I 15.7 0.281 1.81 58800 37700 71.7 
10 105.7 3.12 45 Bae 15.7 0.281 1.60 61700 65500 91.7 
*C =2¢+r—a 


ported herein, it was found that the shearing strain varied little 
with shear angle over the range of angles which occurred. This 
is illustrated, for example, by the data in Table 1. The reason 
for this is found in the fact that shearing strain, as calculated 
from Equation [2], is nearly independent of shear angle over the 
range from 30 deg to 70 deg, in the case of a 14-deg-rake-angle 
tool, and this happens to be just about the range of the shear 
angle ¢ occurring when the bronze was cut. This is illustrated in 
Fig. 11. Therefore, in the case of this material, the occurrence of 
fracture must be attributed mainly to the large decrease in com- 
pressive stress which takes place as the shear angle falls during : 
the advance of the tool. This rapid decrease of compressive =_— 
stress is illustrated, for example, by the data in Table 1. 7 
The mechanism by which Equation [26] becomes satisfied dur- o 
ing the course of chip-segment formation is illustrated in Fig. 12. aa 
Data covering the formation of three different chip segments, 
taken from the motion-picture films, is plotted there. The 7 
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broken line, marked “Assumed relation at rupture,” represents a 
plot of Equation [25] for the values of ¢ and K assumed to hold 
for this metal. The exact values of these two constants are not 
too important; independent tests made on this material indi-— 
cated the approximate values to be used. It can be seen from - 
Fig. 12 that, at the beginning of chip-segment formation in each or “3 
case, the combination of shearing strain and compressive stress ol 
lies well away from the required values for fracture. However, _ 7 
as the tool advances, although the shearing strain changes little, 
the compressive stre&s decreases rapidly until finally the shearing 
strain-compressive stress curve intersects the line representing 
the fracture condition, thus satisfying Equation [26], whereupon 
fracture occurs and the cycle is ready to repeat. 


CONCLUSION 
The authors realize that the present study is not complete, and 
leaves a number of questions unanswered. However, it is be- 
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lieved that the findings presented in this paper do represent the 
essentials of the geometry and mechanics of discontinuous-chip 
formation. It is hoped that this paper will stimulate further re- 
search by others on this important subject. 
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Discussion 


O. W. Boston.‘ The writer has enjoyed the presentation of 
the authors’ papers on a study of continuous and discontinuous 
types of chips as presented in various papers during the last 
several years. Their company is to be commended in permitting 
them to devote their time to these studies, which have made 
many people conscious of the value of an understanding of the 
fundaments of metal cutting. 

The present paper, analyzing the formation of the discontinu- 
ous type of chip and setting up mathematical formulas for its 
treatment, is another valuable contribution in this field. Ther 
are still numerous phases of this subject as treated which leave 
the writer doubtful of the premise upon which the present mathe- 
matics is based. Certain metal-cutting conditions are necessary 
to secure the discontinuous chip. One of these is low cutting 
speed. The authors have used an extremely low speed of 0.515 
The depth of cuts 
range from 0.005 to 0.020 in. The writer has found that when the 
width of such a land is narrow, the unit force in a direction of cut 
is reduced, all other factors remaining constant. For steel, this 
critical width was found to be around 0.3 in. It is less for the 
less ductile metals.® 

It is believed that for the narrow width of 0.050 in., the forma- 
tion of the chip is definitely influenced by the edge effect, which is 
similar to the effect of boundary lubrication in a journal bearing, 
and that the true state of the deformed metal would be well 
within the interior of the chip. Certainly the surface as observed 
by a microscope would not represent the conditions occurring on 
the interior. 

It is well known that cutting speed definitely affects cutting 
forces and the formation of the chip. This has been brought out 
in a paper® by Messrs. Boulger, Shaw, and Johnson of the Bat- 
telle Memorial Institute. Their curves, Fig. 7, show that the 
feed in hundred thousandths of an inch of the carriage, as a turn- 
ing tool is fed along the work under a constant force, is increased 
as the speed is reduced. There is a definite and marked change 
in the direction of the curves with lower values of feed for each of 
five low-carbon steels, including two Bessemer screw-stock steels, 
when the cutting speed is below 80 to 50 fpm. The writer has in 
mind a value slightly lower than this, 20 to 30 fpm, as being the 
critical speed at which this change in force occurs, based upon his 
own work. Therefore it seems certain that the conditions arising 
from the extreme low speeds used by the authors vary a great deal 
from what might be called normal. 

The writer also has observed through a microscope at 80 
magnification the formation of the discontinuous type of chip 
when cutting at very low speeds, and his own analysis of the for- 
mation does not subscribe to the authors’ shear plane in its true 
sense. It is believed that the authors are using the shear plane 
as a term indicating a plane-of appreciable thickness, but it seems 
that the value of the shear angle could be measured with a con- 
siderable plus and minus tolerance. Certainly this work is of 4 
pioneering nature, and it is hoped, as the authors have expres: 
that more interest may be centered on this problem and mo 
help obtained by those interested in obtaining data which will 
lead to a complete understanding of the subject. 


4 Chairman, Department of Metal Processing, College of Engineer- 
ing, University of Michigan, Ann Arbor, Mich. Fellow ASME. 

5 “Research in the Elements of Metal Cutting,”’ by O. W. Boston, 
Trans. ASME, vol. 48, 1926, p. 793. 

“A Constant-Pressure Lathe Test for Measuring the Machina- 
bility for Free Cutting Steels,” by F. W. Boulger, H. L. Shaw, and 
H. E. Johnson, presented at the Annual Meeting, New York, N. Y. 
November 28—December 3, 1948, of The American sansa of Mechani- 
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F. P. Bunpy.? The analyses given in this paper for the forma- 
tion of No. 2 and No. 1 types of chips are clear, logical, and 
appear to be mathematically correct. The authors are to be 
congratulated for having done a nice job on this difficult problem. 
However, as they point out themselves, the analyses do not 
explain in detail all the observed facts, and hence a more com- 
plete theory which takes into account second-order effects will 
have to be worked out. 

For example, the simple theory does not predict the curvature, 
or curl, of the No. 2 type of chip. Obviously, this must be due to 
an uneven distribution of stress across the thickness of the chip 
as it is formed. Likewise, in the photomicrographs shown in 
Fig. 2 of the paper the contour of the chip in process of formation 
does not have the exact appearance called for by the theory. It 
appears that the concentration of stresses at the very tip of the 
tool has a pronounced influence on the phenomenon. 

The paper gives no theoretical or experimental values for the 
slope constant & in Equation [19], S’, = So +kS,. The general 
understanding is that for most materials k is small and positive. 
Hence the ‘‘machining constant,’ C = are cot k, should always be 
less than (but very nearly equal to) 90 deg, and the shear angle 
¢ should be influenced only by a few degrees. Actually, the data 
presented in Table 3 herewith (data taken from authors’ Table 1) 
show k to have a negative value (—0.20), which calls for C 
being greater than 90 deg (actually 101 deg), and hence ¢ should 
be greater than 50 deg in this case. Table 2 of the paper shows the 
observed values of ¢:, the shear angle at fracture, to range from 
30 to 52 deg. The 30-deg value of ¢, calls for a k value of +0.50, 
and the 52-deg value calls for k = —0.27. Thus it appears that 
in practice the value of k varies widely in a given specimen and 
does not influence the chip behavior very much. The criterion of 
whether a No. 1 or a No. 2 type of chip will be formed apparently 
depends more on the shear-strain versus compressive-stress rela- 
tionship. 


TABLE 3 MOVIE SCENE G, 7TH SEGMENT 


A discrepancy in notation exists between Figs. 9 and 10 of the 
paper. Apparently, from other data given in the paper, the 
depth of cut for Scene G was 0.015 in. and that for Scene H was 
0.020 in. 


R. S. Haun.’ The authors mention the classification of chips 
as Type 1, the discontinuous chip; and Type 2, the continuous 
chip. In addition, continuous chips often occur which are ser- 
rated, as shown in Fig. 13 of this discussion. It appears that, in 
these chips, plastic flow at first takes place in a zone around the 
“shear plane” and, as deformation proceeds, this general flow 
rapidly localizes to a sudden slip (or a shearing rupture which is 
self-healing). This phenomenon has been observed in ductile 
metals such as copper, bronze, aluminum, mild steel and semi- 
hardened steel, and appears to be independent of the vibrational 
characteristics of the tool and work-holding systems, at least of 
the lower frequency modes of vibration. 

For example Fig. 13 shows a mild-steel chip whose serrations 
correspond to a frequency of over 1,000,000 cycles per sec, the 


Laboratory, General Electric Company, Schenectady, 
* Research Engineer, The Heald Machine Company, Worcester, 
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(Mild steel; cutting speed 7900 fpm; Xx 400.) 
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spacing being about 0.0015 in. It seems reasonable to suppose 
that the phenomenon studied by the authors is related to the 
foregoing, and to the well-known jumplike character of plastic 
deformation described by M. Classen-Nekludowa!® and others. - 

In view of this and the fact that the shearing strain at rupture 
is practically independent of normal stress, as shown in Fig. 14 
herewith, a possible explanation of the phenomenon might be as 
follows: As the tool proceeds into the workpiece, the deforma- 
tion, at first being homogeneous, suddenly changes to localized 
slip, with perhaps instantaneous temperature flashes on the 
localized shear plane (similar to Bowden’s temperature flashes be- 
tween sliding blocks) aiding in this instability, since the strength 
of a metal is a strong function of the temperature. At this 
moment the frictional force on the tool face is relieved, and, due 
to the compressed material just below the shear plane, the chip is 
accelerated upward, thereby generating a tensile force which ista 
necessity if rupture is to occur. 

Fragmentation of crystals along the shear plane probably also 

“Uber die sprungartige Deformation,’ by M. Classen-Nekludowa, 
Zeitschrift fiir Physik, vol. 55. 1929, pp. 555-568. 
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generates tensile stress over microscopic nie: In this way 
the moment of rupture would be more a function of the shear 
strength of the metal on the shear plane, i.e., when localized slip 
occurred than it would be of the shearing strain as the authors 
have assumed. The large variation of the conditions at rupture, 
shown in Table 2 of the paper, would seem then to be associated 
with variations in shear strength and, as pointed out in the paper, 
is quite reasonable for a polycrystalline material. 

As mentioned previously, if the authors’ data of Table 2 are 
plotted as shown in Fig. 14 of this discussion, it will be observed 
that the strain at rupture is nearly independent of the normal 
stress, quite contrary to the authors’ assumed relation. If the 
assumed relation were valid, the data should at least scatter 
around an upward sloping line. On the contrary it follows a re- 
markably smooth curve sloping downward if anything and con- 
necting smoothly with the strain prior to rupture (after correct- 
ng € for segment 9 Table 2 for a numerical error). 


AuTHORS’ CLOSURE 


The authors wish to thank Messrs. Boston, nuh, and Hahn 
for their comments and suggestions regarding the sestaieeh results 
reported in this paper. These comments represent considerable 
thought and study on the part of the discussers, and the sug- 
gestions made are on the whole very constructive. 

Professor Boston draws attention to the fact that the cutting 
conditions used by the authors do not correspond to those em- 
ployed in machine shops. This is true. An experimental deter- 
mination of the process of formation of the discontinuous chip is 
complicated by the necessity for the simultaneous observation 
of (1) the force system, and (2) the plastic behavior and rupture 
of the work material. Furthermore complexity is increased by 
the rapidity with which a chip segment is formed, and by the fact 
that no steady-state condition is attained, as in the case of the 
continuous chip. In this research, as simple an experimental 
approach as possible was devised to aid in checking the theo- 
retical development of the physical process of chip-segment for- 
mation. The aim was to establish basic principles, not to dupli- 
cate exact conditions found in normal practice. 

The experimental setup undoubtedly could be improved in 
future investigations so as to provide more accurate instantan- 
eous force measurements. An exact observation of the plastic 
behavior of the metal during segment formation will remain 
an extremely difficult problem. 

Mr. Bundy points out that during the formation of a chip 
segment the machining constant C does not remain constant. 
As stated by the authors, this fact is indicative that the actual 
physical behavior of the material is somewhat more complex 
than that depicted by the mathematical development. How- 
ever, at the instant of rupture, the constancy of C is found to be 
good, and any variation can be accounted for by local differences 
from point to point within the polycrystalline metal. Thus the 
quantity C (or k) does have an important influence on chip 
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behavior, even in the case of the Aaviatinne chip. Its role in 
the case of the continuous chip has been well established pre- 
viously; in that case the value of the equilibrium shear angle 
depends directly upon the value of C. With some metals, C 
is considerably less than 90 deg; with others, it may even be 
slightly greater than 90 deg. 

The occurence of serrated continuous chips is referred to and 
illustrated by Dr. Hahn. Such chips are of course obtained 
under chatter conditions in cutting, but Dr. Hahn is of the 
opinion that the examples he cites are not due to tool vibration. 
However, there is another fairly obvious cause of this type of 
chip formation, and one which actually has been observed in our 
metal-cutting studies; namely, a rapid oscillation in the size 
of the shear angle. Under certain conditions, the shear angle 
is unable to attain a constant equilibrium value, due to inter- 
actions between the variables which control that angle, and so 
it oscillates rapidly in size, giving chip formation of the type 
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_ discussed and illustrated by Dr. Hahn. 


Dr. Hahn is of the opinion that the rupture data, which he 


plots in Fig. 14 of the discussion, is not in agreement with the 


rupture condition proposed by the authors. He suggests that 
the experimental points which he plots should all scatter at 
random along the assumed rupture relation if the authors’ 
proposal is correct. This contention overlooks two important 
facts: (1) The progress of the shearing-strain and compressive- 
stress values, during the formation of any one chip segment, follows 
a perfectly smooth curve which eventually is terminated by 
rupture, as indicated in Fig. 12 of the paper. (2) the exact point 
along that curve where rupture will occur will vary somewhat 
from one segment to another, in successive cycles of chip-seg- 
ment formation, since the material being cut is bound to have 
local inhomogeneities at successive points along the path of the 
cutting tool. Thus the curve which Dr. Hahn plots in his Fig 
14, is merely the tail end of the smooth curve plotted in Fig. 12 
and each of the experimental points on his curve is merel\ 
marker indicating where, along that curve, the particular seg 
ment in question finally ruptured. 

The actual point along the curve at which any given segment 
will rupture must lie somewhere in the vicinity of the assumed 
relation at rupture (given by the broken line), but may 
either somewhat to the right or somewhat to the left of this lit 
depending upon the local properties of the metal from point 
point along the path of tool travel. Thus the experiment 
points at rupture should scatter, but they should all scatter al 
the smooth curve and lie in the vicinity of the broken line, 
indeed they do. 

Unfortunately, Dr. Hahn has made an error in plotting the 
data in Fig. 14, having plotted all the strain values one unit tor 
high (see Table 2 of the paper). On the other hand, the assumed 
relation at rupture is correctly plotted. It will be noted that i 
the strain values be properly plotted, the experimental points 
do indeed scatter about equally on both sides of the broken line, 
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Constant-Pressure Lathe Test for Measuring 
the Machinability of Free-Cutting Steels 


By BW, BOULGER," H. SHAW,+ ano H. JOHNSON? 


This paper describes a machinability testing method de- 
veloped during a co-operative research program at Battelle 
Memorial Institute sponsored by The Carnegie-II]linois 
Steel Corporation. The test evaluates materials on the 
basis of the feed resulting from a fixed horizontal tool 
pressure. Its advantage is that it requires only a short 
testing time. A description of the lathe and auxiliary 
equipment is given, and typical testing results are pre- 
sented. The data indicate that the method has a high 
order of sensitivity and adequate reproducibility of test 
ratings. Constant-tool-pressure machinability-test rat- 
ings were in close agreement with tool-life test values when 
the evidence indicated reliable sampling, and in adequate 
agreement with large-scale commercial machining opera- 
tions. The test seems to offer a means of rating the cut- 
ting quality of free-cutting steels rapidly and reliably with 
the use of small samples. 


INTRODUCTION 


ROM the metallurgical viewpoint, machinability is proba- 

bly best defined as a complex property of a material which 

controls the facility with which it may be cut to the size, 
shape, and surface finish required commercially. Attempts to 
measure machinability are usually based upon determinations of 
tool wear (1),4 chip behavior (2, 3), energy consumption (4), 
or rate of metal removal (5). 

The problems in machinability are manifold. 
Because of the numerous variables involved, machinability rat- 
ings musf be based upon shop operations under comparatively 
uncontrolled conditions, or on laboratory tests with conditions 
simplified by various assumptions. The latter method seems 
preferable. 

In a general way, low strength and low ductility during cutting 
seem to be desirable for good machinability. Since these proper- 
ties are mutually contradictory for most metals, the desired 
balance between them would be expected to vary for different 
machining operations. Consequently, it seems likely that 
steels which are good for certain types of cutting may be un- 
satisfactory for other machining operations. Caution should be 
exercised in using machinability ratings based upon one type of 
cutting for predicting the behavior in other types of machining, 
For the same reason, discretion should be used in accepting 
machinability ratings based upon physical or mechanical proper- 
ties rather than upon performance in simulative tests. 


measuring 
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There are many types of laboratory machinability tests, be- 
cause inductive reasoning leads people to make different assump- 
tions and assign different degrees of importance to various factors. 
Laboratory machinability tests usually involve machining opera- 
tions, because investigators generally realize that our knowledge 
of the nature of machining does not yet permit substituting 
another test in place of machining. Ordinarily, the machining 
operation, cutting fluids (if any), tool shapes, and tool materials 
are selected arbitrarily and held constant. The materials under 
study are then evaluated by measuring some other important 
variable believed to bear a close relationship to cutting quality. 
The quantity of metal removed per unit of time for a constant 
feed load (6) or tool life (5), or the pressures (7), wear, or life (8) 
of the tools under known conditions, are often used as criteria 
for machinability. Measurements of tool and work tempera- 
tures, or the amount of heat generated during cutting operations 
(9), have also been used for machinability comparisons. Mer- 
chant’s methods provide a more fundamental approach to the 
study of metal cutting. His analysis of chip geometry and force 
systems for specific machining operations permits determinations 
of the shear strength and the effect of compressive stress normal 
to the shear plane on the shear strength of the metal, and the 
coefficient of friction between chip and tool during cutting. 


CoNSTANT-PRESSURE MACHINABILITY TEST 


This investigation on the machinability of free-cutting steels 
deals with materials which are usually machined in automatic 
screw machines. It seemed ‘desirable therefore to base machin- 
ability ratings on lathe tests. Since one objective of the investi- 
gation was to determine the cause of variations in cutting quality 
between steels of the same grade, the testing method had to be 
sensitive to small differences in machinability. Furthermore, a 
satisfactory method must give reliable and reproducible ratings, 
and it is desirable that the testing procedure require only a 
minimum of time, material, and labor. It is also desirable 
that specimens of different sizes or of widely different composi- 
tion be compared on the same scale. 

The laboratory lathe test, which is described, is based on the 
finding that steels of different machining quality cut at different 
rates, for constant surface speed, when a fixed lateral pressure is 
applied to the tool. The machinability ratings are based on the 
assumption that a steel with superior machinability will cut with 
a heavier feed than one of poorer machinability when a fixed 
pressure is used to produce tool travel. The validity of the 
assumption that variations in feeds obtained on different steels 
under fixed pressures and controlled conditions in laboratory 
tests are closely related to variations in machinability under 
commercial conditions has been established by a large number of 
comparisons. 

The equipment used for the constant-pressure machinability 
test is comparatively simple. It consists basically of a lathe 
with a tool carriage disconnected from the fixed-feed mechanism 
and mounted on ball bearings; a means of applying a predeter- 
mined lateral tool pressure; and a device for recording the number 
of spindle revolutions occurring during a certain distance of tool 
travel. Fig. 1 shows the lathe and auxiliary parts. 

Test Lathe. The lathe used in the machinability investigation 
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Fig. 1 Testing EQuiPpMENT 

has a 5'/:-hp motor and 16 spindle speeds, ranging from 24 to 
1000 rpm. It has a 16'/;-in. swing and 30 in. between centers. 
The spindle is bored out to take bars up to 1.5 in. diam. Most 
of the fittings and gears of a standard lathe are missing from the 
equipment, as shown in Fig. 1, by the blank bosses on the apron 
of the tool carriage. The tool carriage is equipped with metal 
shields to prevent chips from falling on the ways and getting under 
the bearings. 

The feed load is connected to the handwheel of the lathe by a 
cable and pulley, and transmitted to the carriage by a gear and a 
pinion moving along the rack of ‘the lathe. Since the gear is 
accurate and mounted in ball bearings, and the pinion mates with 
the rack very well, this drive mechanism performs satisfactorily. 
A counterweight was attached to the handwheel opposite the 
handle. 

The peripheral edge of the 7-in-diam drum, mounted behind 
the handwheel, is knurled, and a light pawl is attached to the 
carriage. The drum-concerned is the one carrying the cable 
attached to the test weight. The thin aluminum pawl rides the 
knurled edge of the drum freely when the carriage is moving 
toward the chuck but prevents rotation of the drum in the 
opposite direction. Backward movement of the carriage is 
prevented because the drum is attached to the wheel driving 
the carriage. This device acts as a ratchet and pawl to prevent 
carriage chatter which is encountered occasionally in testing 
certain steels at certain ranges of spindle speeds. The cable 
attached to the weight, shown at the left in Fig. 1, moves the 

carriage by producing a torque on the drum mounted behind 
the handwheel. The rate of carriage travel of course is con- 
trolled by the amount of weight used, the resistance of the steel 
to cutting, and the friction of the chip moving over the tool 
surface. The small pulley at the lower left is mounted on ball 
bearings and changes the direction of the cable. 
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Measuring Tool Travel. The black wheel behind the pulley 
at the lower left in Fig. 1 is connected to the tool carriage by 
means of a shaft, sprocket, and roller chain. The periphery of 
the wheel moves 1 in. for each 0.2 in. tool travel. The cogs on 
the circumference of the bakelite disk mounted in front of the 
wheel are spaced uniformly and operate the switch mounted be- 
low the device, thereby indicating tool travel. The switch closes 
an electrical circuit, after each 0.2-in. increment of tool travel, 
causing a signal bell to ring. The mechanical counter, on the 
column at the left of the lathe, which records the number of 
spindle revolutions is driven by roller chain and sprockets con- 
nected to the lathe spindle. The counter is geared to indicate 
every second revolution of the spindle. 

Toolhoider. The special toolholder designed for the test, 
illustrated in Fig. 2, consists of a solid block of steel rigidly fas- 
tened to the compound of the tool carriage. It holds the tool so 
the cutting edge forms a right angle with the axis of the test piece 
and the direction of tool travel. The tool is held by means of 
machine bolts pressing the tool against a wedge resting on the 
tapered bottom of the groove. The taper and wedge permit the 
tool to be adjusted quickly so that the cutting edge is at the same 
height as the center line of the test bar. A dial-gage fixture is 
used to measure the distance from the top of the tool post to the 
cutting edge of the tool, and this too) position is constant for all 
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The shape of the single-point tools « 


Tool Preparation. 
narily employed in the laboratory lathe tests is illustrated in Fig. 
3. Regular high-speed-steel */,-in-square blanks are ground to 


the shape indicated. Tools are ‘reground after each test series 
with a 100-mesh alundum wheel on a grinder operating dry at 
3450 rpm. A jig is used to hold the tool in order that the side- 
relief and side-rake angles can be maintained at 12 deg. A 
limited number of experiments were made with high-speed-steel 
tools, ground with negative top rake angles and various positive 
top rakes up to 24 deg. They gave about the same ratings as 
the shape selected as standard, which was chosen because it was 
easy to reproduce. and gavea satisfactory useful life. 
Considerable care must be exercised in preparing tools in order 
to get reproducible results, and they are reground before ap- 
preciable wear occurs. After each test series, usually 4 ft of steel, 
the tools are lightly reground, with precautions taken to avoid 
overheating. The tools are honed after grinding because this 
makes them more uniform, as illustrated in Fig. 4. After grinding 
and honing, the fresh tool is used for a cut about 6 in. long on 4 
B1111 steel before starting the tests, because experience has show? 
first few cuts on a tool sometimes give erratic readings. In other 
words, the tool is “broken in” before being used in a test series. 
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SPINDLE REVOLUTIONS DURING 02” TOOL TRAVEL 
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Testing Procedures. The two types of machining operations 
ordinarily employed in the laboratory machinability tests are 
differentiated by the terms ‘facing’ and ‘‘turning” tests. In 
facing-cut tests, the depth of cut equals one half the diameter 
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of the specimen; in turning-cut tests, it is fixed at a smaller 
depth such as '/s in. In order to facilitate comparisons between 
samples tested at different times and to reduce the effect of slight 
differences in tool conditions, a bar from a special lot of B1111 
steel is tested several times in each series and used as a reference 
standard. A supply of this material, rolled to 1'/i-in. rounds 
from a particular blow, was available for use as an arbitrary 
standard. This standard material is considered to have a 
machinability rating of 100 in all tests. Steels which cut faster 
(heavier feeds) than the standard steel in the laboratory test 
under otherwise fixed conditions are given higher numerical 
ratings. The ratings are calculated by either of the following 
methods. 


Average feed on unknown steel 


average feed on standard B1111 
steel 


Machinability index = 


Average number of spindle revolu- 
tions during test on standard 
B1111 steel for 2-in. cut 

Average number of spindle revolu- 
tions during test on unknown 
steel for 2-in. cut 


The two methods are equivalent because the feed is defined as 
the distance of tool advance per spindle revolution. The machina- 
bility indexes are usually calculated by the second method, 
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because the number of spindle revolutions is available from the 
primary test records. 

Standard conditions for testing have been used whenever pos- 
sible, because this practice seems safer for making comparisons 
between materials. All tests for comparing different steels have 
been made without using cutting fluids. The large majority 
of tests consisted of !/;-in. turning tests on’7/s-in. rounds, and facing 
tests on the °/.-in. rounds remaining from the first tests. A 
spindle speed of 377 rpm is usually used, and the actual feed 
load applied on the tool has been about 81 lb for turning tests, 
and 110 lb in facing tests. The lever action of the gears and pul- 
leys multiplies the load applied at the hanger by a factor of about 
13.2. Because some samples were received as larger or smaller 
bars, a number of tests were run under conditions other than 
those mentioned. Faster speeds and heavier loads were con- 
sidered undesirable because they caused larger changes in chip 
and work temperatures during testing. ‘The usual or “standard” 
conditions were selected because they were convenient for testing 
the bulk of the samples received and gave satisfactory sensitivity, 
reproducibility, and tool life. 

Ordinarily, a group of samples is tested with one tool in a 
series which includes three tests on the standard B1l111. The 
order of testing each material is varied systematically in each 
series in order to compensate for tool wear. Each material is 
usually included in six series of tests in order to increase the relia- 
bility of the machinability ratings and to minimize the effect 
of different tools. The machinability index of any material is 
based on a comparison with the average feed of the standard 
steel in the same series. The machinability index used in re- 
porting results on a steel, is the average obtained in all tests, usu- — 
ally six. 


SratisticaL APPRAISAL OF REPRODUCIBILITY OF DATA AND > 
SIGNIFICANCE OF RATINGS 


The first questions in considering any new testing method 
concern the limits within which data can be reproduced in tests 
on the same material, and the significance to be attached to 
differences im ratings between two materials. Any test value is 
an estimate of the properties of a particular material reflected 
by the test. The error of the estimate, or the amount by which 
it differs from the true value, is expected to be decreased by averag- 
ing the observations made from a number of tests under similar 
conditions. Statistical analysis provides mathematical methods 
for applying this principle to evaluating the significance and re- 
producibility of test data. Such appraisals were made on several 
groups of data during this investigation and some of the results 
will be presented. 

Using conventional statistical methods, the variation in results 
obtained on the standard B1111 steel in constant-pressure lathe 
tests was studied first. 

Under standardized conditions, the average feed obtained in 
turning tests on the standard steel was 0.00274 in., and the stand- 
ard deviation was 4.14 per cent of the test reading, for 285 tests, 
covering a three-month period. The use of control-chart meth- 
ods as the criterion for checking statistical control indicated the 
data were obtained under reproducible conditions and that 
there were no significant differences in results during the period. 
The average readings obtained in different series varied of course 
but were within +5.8 per cent of the average in two thirds of the 
cases. Statistical methods predict that the feed value of the 
standard B1111 steel should fall within 0.00260 and 0.00291 in. 
when calculated from six test series. Checks of the average 
reading on the standard in six successive tests showed this was 
true for the three-month period covered. This is important, be- 
cause it means that samples tested at different times can be com- 
pared as reliably as those tested in the same series. 
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The next point to consider in estimating the reproducibility of 

the test is the variation in indexes to be expected in samples com- 

pared to the standard. This question is one of estimating how 
closely machinability indexes, based on the performances of the 
standard and unknown samples, can be duplicated in different 
tests. The results of separate tests are bound to differ because of 
inhomogeneity of the materials or small unavoidable differences 
in cutting tools and other testing conditions. 

This problem was studied by applying statistical methods to 
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The statistical appraisal and observations on several hundred 
samples of free-cutting steel suggested that machinability indexes 
should be based on the average performance in six tests. This 
requires samples approximately 18 in. long and gives sufficient 
sensitivity to detect variations in cutting quality between samples 
of the same grade and even between specimens from the same 
heat or blow. Materials can be rated with only slightly less 
precision, however, on the basis of four tests with some saving 
in time and effort. 


two groups of data. It was first assumed that other free-cutting Hardness and Machinability. It is almost axiomatic that the a! 
steels would show the same reproducibility as the standard B1111 hardness or strength of a steel should affect the ease with which S 
steel; conclusions based on this comparison were checked by _ it can be machined. Although a steel that is considerably harder a 
comparing the machinability indexes, of a particular steel, ob- than another is usually more difficult to machine, this is not 
tained over a long period of time. The information necessary necessarily true when the hardness differences are small. Ordi- 5 
for the latter study was available for a certain B1112 steel tested narily the hardness variations encountered in a particular grade 3 
180 times during the samethree-month period. Basedonallofthese of steel are less important than differences in microstructure or r 
tests, this B1112 steel had an average machinability index of 124.3. chemical composition. q 
and the index based on six tests had a standard deviation of 4.09 On first thought, the constant-pressure lathe test for machina- é 
per cent of this average. Statistical calculations based on the _ bility might be suspected of being unduly sensitive to variations 
B1111 standard alone and on the machinability indexes of the in hardness of different samples. Therefore the data in Fig. 
higher-sulphur steel, both suggested that variations in indexes 5 are presented. These observations, on samples from mill 
of 5 per cent probably indicate real differences in two cases out of | production, show that the machinability indexes were found to 
three; 90 per cent of the time differences of 10 per cent in ratings bear no relation to the corresponding Brinell-hardness values. 
should be significant. These 36 samples met specifications for one grade of free-cutting 
The general idea of the reproducibility of machinability indexes steel, but the spread in composition was sufficient to outweigh 
obtained by this test method can be obtained from Table 1. any effects of hardness variations on machinability test results. 
This table gives the machinability indexes for individual tests on Effect of Pressure on Feed and Test Rating. The effect of tool Fic. 
24 samples, the average index for 5 or 6 tests, and statistical pressure on the feed obtained in this machinability test was in- Har 
data. The statistics indicate a probability of nine chances in vestigated by a large number of tests on eleven different steels. 
ten that the true indexes of the samples fall in the limits in- Two of the materials were open-hearth steels, representing on | 
dicated in the last column. The limits set for each sample on ©1050 and C1144 grades. The tests on Bessemer steels included Furt 
the basis of the tests on that material are all within 9 per cent, B1111, B1112, B1113, low-sulphur, and cold-drawn samples. steel 
the value predicted previously on the basis of the results on the In these tests, the load applied to the tool during testing was § for e 
other B1112 steel discussed previously. determined by means of an electrical strain gage measuring the horiz 
The calculations indicate that the differences between the last deflection of the tool. Since all studies were made while taking on | 
sample and the others in each group are highly significant, that a !/s-in. turning cut on 7/s-in-diam bars, the actual tool loads Ther 
is, it is extremely improbable that such differences in ratings could are directly proportional to the tool pressures. The loads applie’ B magr 
be obtained without a real cause. Actually, the poor per- at the hanger varied from 3 to 9 lb. and the loads at the tool Sir 
formance of samples 1-10, 2-10, 3-10, 4-10, and 6-5 through 9-5, ranged from 40 to 119 lb. folloy 
was associated with differences in microstructure and composition. Fig. 6 is a typical chart presenting the data obtained on | load | 
When variations can be correlated with metallurgical factors, steels tested to determine the relationship between feed and to 377 ry 
the reliability of the data is greater than indicated by mathe- load in the machinability tests. Each point plotted on the char! B gto. 
matical analyses because the results on one sample are supported is the average feed based on at least six observations. T! 
by ratings on similar materials. results show that plotting tool load against the resultant 
By 
TABLE 1 MACHINABILITY RATINGS AND STATISTICS FOR TESTS ON SAMPLES FROM 
(he Individual indexes ——---—. Standard deviation Limits for true index z 
s 7 - Sample Test Test est Test Test Test Average of average index (chances 9 in 10), , 
: ike, peer ayh no. 1 2 3 4 5 6 index Units Per cent per cent re) 
1-1 202 181 189 210 201 197 5.2 2.6 ,= 
5 1-3 189 173 179 208 196 189 6.1 5.3 = 
184 190 181 190 177. 187 185 2.3 1.2 2.0 
1-10 145 126 141 149 141 140 3.9 2.8 4.6 
2-1 171 156 172 195187 176 6.8 3.9 6.5 3 
2- 192 161 1 192 19: 185 5.7 5.1 
2-5 199 164 187 200 196 189 6.4 3.4 5.6 
2-8 192 169 182 201 190 187 5.4 29 4.8 
2-10 136 122 133 147 143 131 135 3.6 4.5 
3-1 208 172 178 201 190 172 187 6.0 3.2 5.3 a 
3-3 202 176 179 203 «197 173 188 5.6 5.0 
3-4 181 185 170 184 192 188 183 3.2 2.8 
3-8 195 170 187 204 201 176 189 6.6 3.5 
3-10 1 38 155 181 165 141 157 ao} 
192 157 175 196 191 168 180 6.4 3.5 5.8 
ee 194 174 185 1 185 170 182 3.6 : sor 
4-8 189 171 192 185 150 177 7.0 
137 118114 121 121 126 121 2.0 1.7 2.8 
5-5 1 151 193 1 0 15 17 8.2 4. 4 
5 1 149-186 136 14 5.2 y 
(8-5 141 144 163 138 8133 139 143 4.4 3.1 5.1 
9-5 135 134 130 123 132 136 132 2.0 1.5 2.5 
0-5 182 207 174 182 184 184 185 4.6 2.5 4.1 
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sures, and fast-cutting steels with lower tool loads, and extrapolate 
the data to make comparisons at standard conditions. 

The tool loads or pressures measured during tests with the 
145 same weight on the hanger showed slight variations. These 
variations are attributed partly to errors in measuring the actual 
load by means of tool deflections. The range in loads varied 

2 a about +3 lb, for tests with 40 and 100-lb loads, for ten readings 
ane Y -@ during a 2-in. cut. The variation is a little greater for different 
tests. Although the fluctuation in tool pressure is minor, it 
undoubtedly impairs the reproducibility of the feed values. A 
slight variation in tool pressure would be expected to result from 
a *, any differences in friction along the ways, the reaction on the too! 
when a chip breaks off, or tool chatter. 

Effects of Speed on Feeds Resulting From a Constant Tool 
Pressure. Tests were made on fourteen different steels to deter- : 
mine the effect of speed on the feed resulting from a constant 

horizontal tool-pressure component. Results indicated that 
changes in speed had a greater influence on the rate at which high- 
sulphur steels cut than they did on the performance of low-sulphur 
steels. The data also indicated that spindle speeds had no effect 
r) on the feeds obtained on a particular steel other than that of 
P changing the surface speed, that is, comparable results were 
obtained at any two combinations of spindle speed and specimen 
diameter which gave the same surface speed. This means that 
specimens of different sizes can be compared directly if the 
spindle settings are selected to give equivalent surface speeds. 7 

The effect of variations in surface speeds on the feeds obtained 
on five different grades of steel is illustrated in Fig. 7. The 
tests covered speeds ranging from 5 to 300 mean surface feet per 
on logarithmic co-ordinates, gives a straight line for each steel. minute. The speeds are those calculated for the average diame- 
Furthermore, the lines expressing this relationship for the eleven ter of the bars before and after the turning cut rather than the 
steels tested to date have had the same slope. The trend lines peripheral speed. 
for eleven different steels made an angle of 54 to 55 deg with the The curves in Fig. 7 show that the steels were rated in the 
horizontal axis when the data for feed and tool load were plotted same order by tests made over a wide range of speed. The 
on logarithmic co-ordinates with equal scales as indicated. ‘‘index”’ or relative rating compared to the B1111 standard steel, 
Therefore the plots for the different steels varied only in the however, remained approximately constant only over the range 
magnitude of the feed resulting from the feed loads. from about 120 to 300 surface feet per minute. Below approxi- 

Since the data give parallel lines for these eleven steels, it mately 70 surface feet per minute, there was a pronounced 
follows that the machinability indexes are constant for any feed difference in the response of different steels to changes in speed. 
load ranging from 25 to 100 Ib in turning tests on7/s-in. rounds at ~The Bessemer samples showed a maximum feed at approximately 
377 rpm. ‘Tf this be true for all materials, it is permissible to test 40 surface feet per minute; the open-hearth steels, on the con- 
steels with poor machinability at higher than normal tool pres- trary, showed a lowered feed at this speed. This difference 
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between the two types of steel in dry cutting was observed in 
other samples, but the fundamental explanation for it is un- 
known. 

The data for these tests indicate that the standard speed of 
testing, 75 mean surface feet per minute, gives a big spread in 
feeds between the different grades, although it was not quite so 
sensitive as some slower speeds. This speed gave reproducible 
ratings which reflected performance at higher speeds with cutting 
fluids. The speed of 75 surface feet per minute is also a con- 
venient one considering rapidity of testing, long useful tool life, 
and the avoidance of excessive temperature changes in tool and 
workpiece. 


CoMPARISON OF CONSTANT-PRESSURE RatTincs WITH 
Toot-Lire Test AND COMMERCIAL MACHINABILITY RATINGS 


In evaluating the dependability of a new testing method, it is 
helpful to compare its ratings with those made on similar samples 
by other methods. Therefore constant-pressure lathe test 
ratings on various materials were compared with those obtained 
in tool-life tests and with the results of commercial machining 
tests. In the laboratory tool-life tests, the machinability rating 
was the cutting speed in feet per minute resulting in 60-min 
tool life for dry cutting. The feed, depth of cut, tool material, 
and tool shape were chosen arbitrarily, and better steels were 
assumed to be indicated by higher limiting cutting speeds for 
1-hr tool life. Comparisons were also made between commercial 
tool-life tests in normal machining operations and results in the 
laboratory tests. 

Agreement of machinability results obtained commercially and 
at different laboratories depends on the sampling as well as on 
the test methods. Obviously, quantitatively correct ratings 
_ obtained on samples which are dissimilar or unrepresentative of 
_ the ingot or heat will not give concordant results. This section 
_ presents the ratings obtained on three series of samples. When 
_ the sampling is known to have been satisfactory, because of check 
P - analyses and methods employed, good correlation existed be- 
; = machinability ratings. In the series where analyses 
; _ Showed differences in compositions between specimens and ingot 
_ checks, and less was known about the sampling procedure, the 
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agreement between the three testing methods was not so good. 
The problem of representative sampling is a serious one and 
must be considered in evaluating the evidence for agreement. 
between the three methods of testing machinability. 

Samples from series ‘‘A’’ made up one of the best groups for 
comparing machinability ratings obtained by methods used at 
two laboratories, because check analyses indicated that the 
samples received by both laboratories were closely similar in 
composition. Considerable care was taken to insure that 
duplicate samples were obtained from practically the same ingot 
locations. 

Fig. 8 is a cross-plot of the ratings given by the two laboratories 
to duplicate samples obtained from the same billet. The con- 


stant-pressure test ratings were obtained in turning tests on 7/,- 


in. rounds; the tool-life data were obtained on 3-in. rounds. The 
fact that the points plot close to the trend line indicates a close 
agreement between the two types of machinability ratings. 
There is remarkably little scatter shown by the data, and the 
order of rating the samples from the ten ingots is practically 
identical for both methods. 

Another series ‘‘B’’ was sampled for tests by the two laboratory 
methods, and records were taken during commercial machining 
operations on various lots. The data for the ten different lots 
can be used for a cross-comparison of ratings by the three testing 
methods. 


a> 

w 

CONSTANT-PRESSURE TEST-INDEX 


Goop CORRELATION BETWEEN MACHINABILITY 
LABORATORY METHODS ON SAMPLES TeN 
INGoTs @F Series ‘‘A”’ 


Fic. 8 SHOWING 
Ratings sy Two 


Table 2 lists the laboratory ratings and the number of parts 
produced per tool in commercial operations on the differen 
lots. The results of the commercial tests are given as the number 
of parts per tool because the relationship between tool life and 
total parts varied considerably in different tests. 

The data in Table 2 show poor correlation between any two o! 
the three methods of rating machinability. This is believed w 
indicate that the speeimens received by the two laboratorie 
differed significantly and that neither set represented the lot 
very closely. Apparently the lots were not sufficiently uniform 
in composition to permit reliable sampling. In spite of the 
differences believed to result from sampling difficulties, it is stil 
possible to make general comparisons. All three methods ¢ 
testing indicate that lots Nos. 8, 6, and 4 were in the better half 0 
the series in respect to machinability; similarly, all tests place 
lots Nos. 1 and 2 in the poorer half of the group. 

Samples were also supplied to the laboratory from another ser¢ 
of steels used for comparative commercial machining test 
The series consisted of seven B1112 and two B1111 steel 
Table 3 lists the commercial results and ratings of these materis! 
based upon feeds obtained at a constant horizontal tool pressut 
The average number of parts produced per tool was also chosen * 
the best parameter for commercial ratings. = 
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ABLE MACHINABILITY RATING : tn SAMPLES FROM 
ACH oF OF SERIES “B” IN LABORATORY TESTS 
ND COMMERCIAL OPERATIONS 


mee in Rate based on -——Commercial tests°—— 
Lot tool-life feed at constant No. of Average parts 
no. test® tool pressured tests per too! 
oF 482 186 9123 
7 187 2 12104 
3 179 4 7189 
5 461 150 4 6289 
7 10 180 4167 
470 206 5 2244 
10 199 2241 
2 461 189 5 2435 
1 450 188 5 1863 


a atins speed in feet per minute for 60-min tool life, hot-rolled steel, size 
unknown 

+ Machinability rating compared to a “standard” B1111 steel based on 
i/s in. turning cuts on ?7/s in. bars in hot-rolled condition. 

¢ Drum nuts were made at 315 surface feet per minute from !!/j\¢ in. cold- 
drawn stock in 4-spindle automatics. 


TABLE COMMERCIAL AND LABORATORY 


RATINGS FOR NINE LOTS OF BESSEMER STEE 


Item Constant-pressure Average parts 


no. test index? per toolb 
1 111 10,120 
9° 

7 134 14,075 

7'362 

9 119 11,923 


i 


Average for turning and facing tests. 
» reat were 0.0078 in.; tests at 1719 and 1547 rpm were given equal 
weight. 


The commercial and laboratory tests agree in rating items 7, 
9, 6, and 4 as the four best, and items 8, 5, 1, 2, and 3 as the worst 
steels in the group. Fig. 9 shows a cross-plot of the commercial 
and laboratory ratings on this series. The worst scatter from the 
trend line occurred for the values for items 4, 5, and 9. Reference 
to Table 4 shows that the average tool life of these steels in com- 
mercial operations was affected in an unusual manner by the 
change in spindle speed from 1547 to 1719 rpm. Item 9, which 
plots on the high side of the line in the chart, had a longer tool 
life at the higher speed which is out of line. Items 4 and 5 
showed the largest drop in tool life with increasing spindle speed 
and gave points farthest from the line on the low side. There- 
fore the data show that the biggest discrepancies between labora- 
tory and plant ratings occurred for the three materials which 
gave questionable results in commercial tests. In general, this 
series shows a good agreement between the laboratory and plant- 
test ratings. 


8 


CONSTANT-PRESSURE TEST-INDEX 


Fic. 9 Suowrna GeNERAL AGREEMENT BETWEEN COMMERCIAL 
Data anno LABORATORY MACHINABILITY RaTINGS IN A SERIES OF 
E1Gut STEELS 


Occasionally, groups of specimens were received upon which 
commercial machining ratings had been obtained. Each group 
usually consisted of two or three bars from lots considered to be 
giving good, normal, or poor performance in specific operations. 
The specimens in the different groups were tested to determine 


TABLE 4 AVERAGE TOOL-LIFE VALUES IN CO} TERCIAL TESTS 


ON ITEMS LISTED IN TABLE 


——Average tool life in hours*——~ 
. 1547 rpm 1719 rpm 


Item no. 


@ Making the same part with the same feed, 0.0078 in. 


whether or not the laboratory test rated the materials in the 
same order as the customer’s report. 

Table 5 lists the machine-shop ratings, hardness values, and 
laboratory ratings for eight groups of such samples. These eight 
groups comprise all the specimens obtained in this manner. 
Comparisons should be restricted to specimens in the group 
because the groups differ in grade, plant origin, bar size, and type 
of machining operation involved. 

The heats represented by the bars in Group 1 of Table 5 
were all considered unsatisfactory by the machine operator; 
consequently, the variation in laboratory ratings cannot be inter- 
preted. Obviously, if this job required a faster-cutting grade, 
the best of these B1111 steels would be unsatisfactory, even 
though it had normal machinability for its grade. 


TABLE 5 LABORATORY MACHINABILITY RATINGS FOR 
MISCELLANEOUS SAMPLES REPUTED TO VARY IN SPECIFIC 
COMMERCIAL MACHINING OPERATIONS 

Constant- 
Group Code Commercial pressure 
no. no. Bar size observations Bhn test index 
1 (c) C40 5/s in. rd Unsatisfactory 190 104 
C47 */ie in. rd Unsatisfactory 188 91 
C44 1/; in. rd Unsatisfactory 195 84 
2 (a) 1 7/ys in. hex 23 hr tool life Pa 116 
2 7/ye in. hex 12 hr 3-see cycle a 105 
3 in. hex 12 hr 3. 5-sec cycle an 100 
3 (b) C41 15/i¢-in. rd Satisfactory 164 94 
C42 1 in. rd Satisfactory 142 102 D 
C43 1 in. rd Unsatisfactory 117 84 
4 (¢) C45 8/,in. rd Medium 179 95 
C48 19/y in. rd Medium good 180 96 
C46 11/i¢ in. rd Unsatisfactory 179 84 
5 (b) C70 113/16 in. rd Satisfactory 134 58 
C71 113/i¢ in. rd Unsatisfactory 126 52 
6 (d) C72 7/win. hex © C.D. 17 hr tool life 217 93 
C73 7/iein. hex 8 hr tool life 189 134 
C74 7/\ein. hex 5.5 hr tool life 167 150 
7 (d) C57 7/iein. hex 13 hr tool life 207 125 
C24 7/yein. hex poor tool life 212 117 
C93 7/iein. hex poor tool life oe 7 
8 (a) C26 125/32 in. Better 130 125 
C2 113/32 in. Poorer 134 100 
ae sim (a) These samples were tested quite early in program and com- 
pared only among themselves. All other ratings are based upon performance 


of a standard steel. } 
(6) Laboratory ratings based upon turning tests on 7/s-in. bars. 
(c) Laboratory ratings based on facing tests on 0.445-in. rounds. 


3 (d) Laboratory ratings based on facing tests on 7/js-in. hexagons. 


In view of the difficulties of selecting one short specimen to 


represent lots ranging up to several tons, remarkably good agree- 
ment was obtained between laboratory ratings and commercial 
results. The relative order of the specimens in laboratory 
machinability tests is identical with commercial ratings for six 
of the seven groups for which comparisons can be made. The 
specimens kisted as Group 6 were the only exceptions to a perfect 
correlation between machinability ratings in the plant and 


laboratory. 
ConcLusIons 


1 In lathe cutting, under conditions giving tool pressures 
with a constant component in the horizontal direction, the feed 
varies depending upon the properties of the material. 

2 This permits simple and rapid evaluations on small samples 
of materials to indicate their probable performance in commercial 
machining operations. 
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3 Machinability indexes obtained by the test method des- 
cribed agree adequately with ratings in conventional laboratory 
tool-life tests and commercial machining tests. 
4 With this method of testing, differences of 5 per cent in 
feed or ‘“machinability index’? are probably significant. The 
sensitivity and reproducibility of the method are sufficient to 
disclose differences in cutting quality between samples of the 
same grade of free-cutting steel. 
5 The machinability indexes do not appear to be altered by 
changes in magnitude of the horizontal component of tool 
pressures used for testing. 
6 The feed resulting from a tool pressure with a constant 
horizontal component varies with the speed of testing. For the 
steels studied, the feed decreased with increasing mean surface 
speeds in the range from 70 to 300 fpm. In tests at speeds 
ranging from 5 to 70 fpm, different steels exhibited different speed- 
feed relationships. Consequently, the speed of testing can have 
an important effect on the machinability rating assigned to a 
steel by this test method, and needs to be standardized. 
7 The machinability indexes obtained by this test method do 
not depend upon the hardness of the free-cutting steel when it 
varies within the normal range for the grade. as 
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W. W. Austin. Although numerous laboratory methods 
have been developed for evaluating the elusive property of 
metals known as machinability, many of these tests are so com- 


plex as almost to preclude their use in any except the best- 


5 Metallurgist, Southern Research Institute, Birmingham, Ala. 
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equipped laboratories and machine shops. Hence the need for 
simple short-term machinability tests such as the one described 
in this paper is very definite. 

The comparison of the authors’ constant-pressure-test ratings 
with tool-life tests is particularly valuable, since it should dispel any 
doubt that may arise as to the validity of such a short-term test 
as compared with the longer tool-life tests. In the writer’s 
recent experience with the machinability testing of gray cast iron, 
similar gorrelation between a simple drill-penetration test and 
recognized tool-life measurements has been observed. This 
would indicate that satisfactory evaluations of machinability 
can be made on comparatively small representative specimens 
through utilization of a reliable short-term test. 

Although correlation of the laboratory results with commercial 
tests (Table 2 of the paper) showed rather poor agreement, it is 
hoped that additional work with more nearly representative 
specimens and carefully controlled commercial operating condi- 
tions will show closer agreement. 

The writer would like to inquire of the authors as to their 
opinion regarding the applicability of their constant-pressure 
lathe test to the machinability testing of gray cast iron. Would 
any significant changes in testing conditions be indicated; 
and if so, what conditions are recommended? 


O. W. Boston.’ This paper gives a very good correlation of 
the longitudinal force in cutting with other machinability data. 
The method has been used many times before, even by the writer, 
but he has never felt that it is as reliable as the results of the 
present paper show. This may be due to the fact that the 
materials tested were of the same general types, that is, confined 
to the free-cutting steels rather than including a wide variety of 
carbon and alloy steels. 

The authors have advanced a basis for using the longitudinal 
force test for measuring the machinability of free-cutting steels 
and then have proceeded to present the data on this subject and 
correlate them with other factors, such as the tool life represented 
by Vw. Their results showing the relation of hardness to their 
machinability index are not as good as might be expected, but 
certainly their data showing the relationship between the feed 
under constant pressure and the tool load, Fig. 6, show very favora- 
ble correlation, as does the relationship between constant- 
pressure index and V@, as shown in Fig. 8 just referred to. 

The writer is surprised to see the variation in the machinability 
index for the various tests up to 40, as shown in Fig. 4, for 4 
ground tool and a tool ground and honed. He is surprised that 
the ground tool would give the variation in tool life, Veo, as is 
indicated in this chart. 

The curves shown in Fig. 7 of the paper giving a relation be 
tween the cutting speed and the machinability index for two 
Bessemer and three-plain-carbon steels, is interesting. This 
would indieate the 80-fpm cutting speed is more or less critical, 
as below that value the results change in general character from 
those of high speed. These data conform with many other similar 
results, in that, the cutting force becomes erratic at relatively low 
cutting speeds. For this reason it seems desirable to keep 
the cutting speed in any constant longitudinal force test above the 
80-fpm mark. 

The writer has used similar constant-force test procedures in 
sawing and has found that the results obtained, so far as hack- 
saw-blade wear with different cutting fluids, corresponds with 
commercial practice.’ 


* Chairman, Department of Metal Processing, College of Eng 
neering, University of Michigan, Ann Arbor, Mich. Fellow ASME. 

7 “Performance of Cutting Fluids When Sawing Various Metals,” 
by O. W. Boston and C. E. Kraus, Trans. ASME, vol. 56, 1934. pP- 
527-531. 
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In applying the same principle however, to twist drills, that is, 
determining the penetration for a given time for a given drill 
under a constant load or thrust, the machinability rating has 
been found for a wide variety of materials not to agree satisfac- 
torily with corresponding unit-horsepower ratings obtained by 
drilling, milling, and planing.® 

It is hoped that the writers will continue this method of test 
and will apply it to material of quite different character, so as 
to broaden the scope on which the satisfaction of this method of 
test is based. From the data presented, as well as from the 
writer’s past experience, it seems that the rate of feed for a given 
longitudinal force, or the longitudinal force developed for a 
constant feed, is equally satisfactory. 


Cuares A, Davis.’ The long period of time and arduous effort 
through the years that have accompanied previous attempts 
to define and evaluate the still rather vague term, ‘‘ma- 
chinability,’”’ were evidenced in this paper by a number of 
references. It has been stated elsewhere there have been over 
4000 pertinent articles published during the complicated growth 
and history of many decades of related research. 
of the widespread interest in the general subject. 

Evidence was presented to show the sensitivity and reproduci- 
bility of the test, as well as its comparability to Vs tool-life- 
test results. These features are certainly most essential, but 
perhaps there is also room for further development in the direc- 
tion of simplicity, and in an effort to correlate results, in a general 
way at least, with the higher speeds generally encountered in 
the best modern practices. 

The test seems certainly to be worthy of the close attention of 
the metal-cutting research fraternity. The authors’ approach 
to the problem may well be such that more laboratories should 
gather data by the same method for comparative purposes. 
Certainly the need for a standard test and definition of machina- 
bility, correlated as these two must be, is a great need. 

Strict reproducibility of shop-production results need not be a 
criterion, for most will agree these are difficult to reproduce in 
themselves. It does seem essential, however, that any test for 
evaluating machinability should be such that results could be 
translated through a sufficient range of speeds, into predictions 
for some (if not all) other machine operations under controlled 
laboratory conditiens. 

It would be a further amazing, but nevertheless useful, quality 
if such results could possibly be brought into simple relationships 
to such properties as tensile strength, yield-strength ratio, 
hardness, and impact, an expedient our authors wisely advise 
we shun for the moment. 


This is proof 


G. H. Enztan!’ anp E. J. Pattwopa.” The test described 
by the authors is an interesting approach to the extremely difficult 
problem of evaluating the turning quality of free-cutting steels in 
reliable, quantitative terms on a laboratory basis. The small 
amount of material employed and the rapidity with which 
the test can be run are distinct advantages from an investigational 
standpoint. However, because of the complexity of the problem 
of machinability, any laboratory test on small specimens also 
has certain disadvantages, and the test results must be inter- 
preted with caution. 

The machinability of steel, under given cutting conditions, seems 
to be influenced to a considerable extent both by the physical 
characteristics of the steel and by the presence of abrasive silicate 

*“Metal Processing,” by O. W. Boston, John Wiley & Sons, Inc., 
New York, N. Y., 1941, fig. 16, p. 12. 

* La Salle Steel Company, Chicago, Ill. Mem. ASME, 


ad Metallurgical Research Division, Jones & Laughlin Steel Cor- 
poration, Pittsburgh, Pa. 


or aluminate inclusions. The term ‘‘physical characteristics” of 
the steel includes such factors as hardness, microstructure, 
chemical composition, sensitivity to cold work, shear strength, 
etc; these are factors which determine how the steel reacts to the 
cutting action, and the ease with which it may be machined. On 
the other hand, it seems likely that the more important effect of 
abrasive inclusions is on the cutting tool, and thus the presence of 
such inclusions affects the machinability of the steel in a some- 
what more indirect manner. 

The quantitative influence of abrasive inclusions on the 
machinability of steels has not, as yet, been satisfactorily deter- 
mined. Ramsey and Graper™ have ascribed considerable im- 
portance to the influence of steel “cleanliness” on machinability. 
Merchant and Zlatin'? have taken a similar view but showed that 
the presence of abrasive inclusions did not materially alter the 
geometry of tool forces during orthogonal cutting. 

The test described in this paper should prove valuable in the 
analysis of the effect. of the physical characteristics of the steel on 
turning performance. However, it would be of interest to know 
if the authors have observed whether the presence of varying 
amounts of abrasive inclusions affects their test results materially. 

We have been interested in the machinability problem for some 
time, and in the past several years have made extensive use of the 
test developed by Cruickshank.!* This test differs somewhat 
from that described in the present paper in that the machinability 
rating is based upon tool life using a special tool made from a hot- 
die steel of moderate alloy content and hardness. Briefly, the 
test consists of determining the highest speed, in surface feet per 
minute, that a standard test length of 870 surface feet can be cut 
without appreciable tool wear. Our experience has shown that, 
with this relatively ‘soft’ test tool, the presence of even small 
amounts of abrasive inclusions in the steel usually results in low 
test values. We believe that this action of the inclusions on the 
test tool is an accelerated indication of their more gradual effect on 
a high-speed tool in commercial machining operations. 

The authors indicate (Table 2), that they obtained poor corre- 
lation between the feed test index, the rating in a 60-min tool-life 
test, and commercial performance for a series of steels. We would 
agree that the principal reason for this lack of correlation proba- 
bly lies in the difficulty in obtaining representative test samples, 
because we have encountered similar difficulties in our work. 
Quality spreads of considerable magnitude have occasionally been 
found within ingots; furthermore, it appears that the quality of 
the steel is not necessarily associated with the position of the test 
within the ingot. 

It would seem, therefore, that the difficulty in obtaining test 
specimens which are representative of relatively large amounts of 
steel, and satisfactory interpretation of test results, are para- 
mount considerations in the successful application of laboratory 
machinability tests. : 


J. H. Frye.'* The rapid duplication of interchangeable parts is 
the very foundation of our industrial success and living standards. 
One of the primary methods of mass duplication is that of 
machining, and especially as it pertains to automatic-screw- 
machine operations. 

This investigation is an important step toward arriving at a 

1! “Observations in the Making and Use of Sulphite-Treated Steels,” 


by E. L. Ramsey and L. G. Graper, Trans. AIME, vol. 150, 1942, pp. 
127-130. 

12**Basic Reasons for Good Machinability of Free-Machining 
Steels,” by M. E. Merchant and N. Zlatin, ASM Preprint no. 21, 
1948, 

13 “Method for Testing the Machinability of Free-Cutting Steels,” 
by A. Cruickshank, U. S. Patent no. 2,269,360, Jan. 6, 1942. 

14 General Manager of Sales, Columbia Steel & Shafting Company, 
Pittsburgh, Pa. 
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means of measuring and evaluating the complex factors which in- 


fluence the production of machined parts. It has been said that 
there are 100,000 variables entering into machining characteristics 
of steels, and although this sounds fantastic, it will be agreed that 
there are a great many of them. Obviously, any attempt to 
measure or compare machinability must eliminate as many 
variables as possible, and the ingenious procedures adopted in 
this investigation have accomplished this in splendid fashion. 
The Carnegie-Illinois Steel Corporation is to be congratulated on 
its foresight and keen interest in this important subject, as well as 
the researchers for their method of attack and thoroughness of 
their exploration. 

A laboratory method of evaluating the machining character- 
istics of steels is vital to every basic producer of free-machining 
steels, if improvement in machining qualities is to continue. 
However, the writer thinks it is important to differentiate between 
research and practical test procedures. From a practical point of 
view, machinability is best measured by the number of pieces per 
day made ona machine. This of course involves a complexity of 
factors other than the steel, including those real, intangible, and 
psychological. Also, an evaluation of machining by a turning 
test does not necessarily—and probably will not—apply to end 
working operations (drilling, reaming, etc.), or to thread cutting 
or rolling, knurling, and others. It should be repeated that the 
several laboratory methods of testing for machinability, including 
this fine addition to our knowledge, are of inestimable help in the 
development of free-machining steels, but as yet have not satisfied 
the need for a practical test for commercial purposes. The wide 
discrepancies in the laboratory and shop values shown in Tables 3 
and 4 of this paper are indicative of that statement. 

Fig. 9 of the paper shows graphically “general agreement be- 
tween commercial data and laboratory machinability ratings in a 
series of eight steels.” The writer would hesitate to term these re- 
sults as being in general agreement. The difference between 8300 
and 10,000 pieces, or between 10,200 and 11,900 pieces is too great 
a variation between commercial and laboratory results. Those 
differences are more than a difference between profit and loss in a 
jobbing screw-machine shop. 

The authors do not indicate chemistry, 
sulphide distribution, hardness, method of processing (hot- 
rolled or cold-drawn bars), and some of the other factors normally 
considered to influence machining characteristics. It is assumed 
that these factors were investigated, but there is some question in 
the writer’s mind regarding the influence of one or more of these 
factors and their effect on the variations in some of the test re- 
sults. Among these chemical and mechanical factors considera- 
tion should be given to the yield-tensile ratio, as experience has in- 
indicated, and at least partially confirmed by the work of Ernst 
and Merchant, that with low-carbon steels the machinability im- 
proves as the yield strength more’ closely approaches the tensile 
strength. Cold-drawn bars machine much better than hot-rolled 
bars of the same composition and, largely, in the writer’s estima- 
tion, because of the increased hardness and the much higher yield 
as compared to the tensile strength. 

The authors’ comments on the effect of hardness on machina- 
bility are contrary to the writer’s experience in industry. Con- 
sidering only low-carbon (0.23 maximum carbon) steels, sulphur- 
ized or not, the greater the hardness the better the piece produc- 
tion. Such steels literally cannot be too hard (except by heat- 
treating methods) for machining purposes. However, Fig. 5 of 


the paper indicates that only low hardness values, and in a narrow 
hardness range (120-140 Bhn), were involved.. The level of 
hardness values and the range of hardness are too restricted for 
any outstanding difference. It would have been interesting if the 
authors had included specimens of a steel which had widely dif- 
ferent hardness values. As an example, the writer would be in- 


“as-rolled”’ grain size, 
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terested in their findings on specimens of B- 1112 steel with hard- 
ness values of 140, 160, 180, and 200 Bhn. These higher values are 
produced regularly in nominal sizes by cold-drawing and are 
regularly used in production screw-machine shops. 

It would be of interest and possible value to have this work con- 
tinued on an expanded basis, possibly to cover such variations as 
grain-size effect, sulphide distribution, yield-tensile ratio, and 
hardness levels. However, it is the writer’s opinion that this test- 
ing procedure is a laboratory tool only and not generally suitable 
for commercial applications. 


T. M. Garvey. The consistent and uniform changes in feed 
resulting from corresponding changes in tool pressure are an indi- 
cation of the suitability of the constant-pressure lathe-type 
machinability test for measuring machinability. As the authors 
noted, the observed correlation between feed and tool pressure 
among the various steels provides a basis for determining relative 
ratings, regardless of the tool load used in individual experiments. 

When it had been determined that this test provided data which 
were in substantial agreement with performance data obtained in 
commercial machining operations, the writer’s company installed 
similar equipment at its research laboratory. Results to date 
have confirmed that this is a reliable method for evaluating 
machinability. 

As evidence of the correlation existing between performance in 
automatic screw machines and the Carnegie-Battelle machina- 
bility ratings, the following case is presented as an example: 
Three steels, similar in composition and processing, responded 
quite differently in a carefully controlled testing program con- 
ducted on a four-spindle machine. Thatis tosay, these three steels 
resulted in different tool performances at a given cutting speed. 
The research laboratory of the writer’s company was requested to 
evaluate the machinability of these three steels in the fixed pres- 
sure test. The ratings obtained in this test are compared with the 
tool-life values in the commercial test in the following table: 


: Machinability 
Identification Tool life, hr he indexes” 
10.5 


* Based on hot-rolled B1111 steel as a standard. 


It is apparent that the laboratory method placed these steels in 
the same relative order as the commercial test. Subsequent 
metallographic examination disclosed that the differences in 
microstructure among the steels were of such nature as to indicate 
qualitatively that they would respond to turning operations in the 
order noted. 

Recently it has been reported to us that a number of free- 
machining steels which appeared from tests conducted at Battelle 
to possess superior machining properties had likewise exhibited 
excellent machinability in a variety of applications at several 
shops. On the basis of such verification of test results, it appears 
that this test provides a reliable index of machinability. What is 
also significant, moreover, is that the test consumes so little time 
and so little material, thus permitting us to appraise the machina- 
bility of various steels fairly rapidly. 


E. K. Henriksen.’ The method described in the paper has 
something in common with the old loaded-drill test, but the new 
method avoids that drawback of having centinuously varying 


15 Research Associate, Carnegie-Illinois Steel Corporation, Pitts 
burgh, Pa. 

16 Professor in Charge, Department of Materials Processing, 
Sibley School of Mechanical Engineering, College of Engineering. 
Cornell University, Ithaca, N. Y. 
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cutting speed all along the cutting edge which was present in the 
old method, and for that reason this new method is much more re- 
liable. 

The writer agrees fully with the authors that machinability, in 
general, is more closely related to feed pressure than to tool pres- 
sure in the direction of the cut. He strongly emphasizes, however, 
the necessity for considering the effect of cutting speed upon tool 
pressure as one of the various factors that constitute ‘““machina- 
bility rating.’”’ Several investigations, back to the days of 
Stanton and Hyde’s research” show a pronounced effect of cut- 
ting speed upon tool pressure and in some cases even the curves 
intersect so that the order of machinability rating of two different 
materials may be reversed. 

Some of the curves in Fig. 7 show a hump in the region of 50 to 
80 fpm, and it is interesting to compare these curves with some 
curves for tool pressure in relation to cutting speed which were ob- 
tained in the writer’s former laboratory at the Technical Uni- 
versity of Denmark, Copenhagen, by his assistant K. V. Olsen 
(Fig. 10 of this discussion). 

Details of the cutting conditions are given in the illustration, 
Fig. 10. Two groups of tools were used, the difference being the 
angle of the cutting edge to a horizontal plane; in the first case the 
cutting edge was horizontal, in the second case the angle was —5 
deg. All the curves show a disruption of the regular course in the 
region of 60 to 150 fpm cutting speed. Personally, the writer is 


17“Cutting Tools Research,” by T. E. Stanton and A H. Hyde, 
Engineering, vol. 119, Jan. 30, 1945, pp. 148-150. 
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Fig. 10 Errect or Cuttine Speep Upon Cuttine Force 
(Material: 0.28 per cent carbon steel. Tool shape: Side-cutting-edge 
angle 45 deg; nose radius 0.020 inch; back rake angle 0 deg; normal 
rake angle y and edge inclination angle \ shown on the graphs.) 
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inclined to connect these phenomena with the gradual disappear- 
ance of the built-up edge but agrees with the authors that we do 
not yet have a full fundamental explanation of their origin. 


M. E. Mercuant.'* The authors are to be congratulated on 
developing such a sensitive test for measuring the machinability of 
free-cutting steels. The question might naturally be asked as to 
why the measurement of horizontal tool force at constant feed, 
rather than of rate of feed at constant horizontal tool force as in 
the paper, would not provide just as sensitive a measure of 
machinability. The answer is found in the well-known empirical 
law which relates horizontal tool force to feed when all other 
variables are held constant. This law, stated in approximate 
form, is 


where 
F, = horizontal tool force (longitudinal component of tool 
force) 
K = constant of metal being cut (when depth of cut and tool 
form are held constant) 
f = feed per revolution 


Thus if feed is held constant, the horizontal force is proportional 
to the constant K of the metal being cut. However, Equation [1] 
herewith can also be written in the form 


f= 

by squaring both sides of Equation [1], and solving for f. It can 
then be seen that if horizontal tool force is held constant, as in the 
test described by the authors, the resulting feed will be propor- 
tional to the reciprocal of the ‘‘square’’ of the constant K of the 
metal being cut. Thus if one metal has a value of K three times 
as great as another, for instance, then in the case of a constant- 
feed test (Equation [1]), the horizontal force will also be three 
times as great. However, in the case of a constant-pressure test 
(Equation [2}), on the same metals, the metal having a value of 
K three times that of the original metal will cut with a feed rate 
only '/3 as great. In other words, feed rate is much more sensitive 
to the metal properties than is longitudinal force. The test de- 
veloped by the authors therefore is one very sensitive to the 
properties of the workpiece. 

Other questions then naturally arise. Just what, basically, 
does the constant-pressure test measure? What is the work 
material property that is being measured by this test? The 
experimental quantity which the authors observe in testing by 
this method is the value of feed required to give a constant hori- 
zontal tool force. In doing this they use a cutting tool having no 
side-cutting-edge angle and a relatively small value of rake angle. 
Under these conditions, the constant horizontal tool force is prac- 
tically equivalent to a constant force of friction between the cut- 
ting tool and the chip. This can be seen from an equation coming 
out of an analysis of the mechanics of metal cutting,” namely 


where 


force of friction between tool and chip) 


F = F, cos a + [3] 


F, = horizontal (longitudinal) too! force ee 
F, = tangential tool force 
a = true rake angle of cutting tool male 


8 Senior Research Physicist, Cincinnati Milling Machine Company, 
Cincinnati, Ohio. Mem. ASME. 

19 “Basic Mechanics of the Metal-Cutting Process,’”’ by M. E. Mer- 
chant, Journal of Applied Mechanics, Trans. ASMB, vol. 66, 1944, 
p. A-168. 
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Equation [3] is a general relation which holds true for all types of 
chips found in metal cutting; it is not dependent upon chip type. 

The equation can be applied directly to a turning operation 
when using a tool with no side-cutting-edge angle, as in the 
authors’ test. The true rake angle in this case is then merely 
the siderake. Since, in the present test this rake angle is small, the 
second term of Equation [3] is quite small compared to the first 
term and therefore can be neglected for purposes of a first 
approximation. It is then evident that the horizontal tool force 
F; is directly proportional to, and virtually equal to, the friction 
force F. In other words, this test measures essentially the feed 
required to produce a certain friction between chip and tool. 
Thus the test is essentially a very sensitive measure of chip fric- 
tion. 

As a sensitive measure of chip friction, the constant-pressure 
lathe test should be quite suitable for indicating the machina- 
bility of “free-cutting’”’ steels. We are glad to see that the 
authors limited their paper to free-cutting steels in the title. 
Apparently, all of the steel samples reported on were of the free- 
cutting variety. However, there is no indication in the body of 
the paper to suggest that the test might not be suited to general 
machinability measurements on all types of steels. That the test 
is not so suited seems fairly certain, for the following reasons: It 
has been shown by recent studies”’ that free-cutting steels (i.e., 
sulphurized or leaded steels) owe their free-cutting properties to 
the reduced friction between chip and tool, produced by the 
action of the sulphur or lead. Their machinability (in terms of 
tool life) is proportional to the amount of this friction reduction. 
Thus machinability is found to correlate directly with the present 
test, which measures chip friction, as long as free-cutting steels 
are used. 

However, in the case of ordinary steels, machinability (i.e., tool 
life) is not nearly so dependent on chip friction. With carbon or 
alloy steels which do not contain free-machining additives such as 
sulphur or lead, the abrasive action of the steel on the cutting tool 
seems to exert at least as important an influence on tool life as 
does chip friction. This abrasive action of the steel on the cutting 
tool does not show up in terms of chip friction at all, but is very 
evident in terms of tool wear. It is dependent on such factors as 
the bulk hardness of the steel, its strain hardenability, and in par- 
ticular, its microstructure. 

As an example of this behavior, consider the typical case of two 
bars of SAE 3150-1 and 3150-2. Both came from the same heat 
of steel but the 3150-1 had a spheroidized structure while the 
3150-2 had a pearlitic structure. When tool-force measurements 
were made on these materials, the two steels showed identical 
chip-friction values, as well as identical tool-force values. How- 
ever, the cutting speed for a 60-min tool life was quite different 
for the two samples of steels. For the 3150-1, having the spheroid- 
ized structure, this value was 155 fpm, whereas for the pearlitic 
3150-2 the cutting speed for 60-min tool life was only 132 fpm. It 
is evident that in spite of the fact that chip friction was the same 
in both cases, the pearlitic structure was more abrasive to the 
cutting tool than the spheroidized structure. 

Numerous similar cases of pairs of steels exhibiting identical 
tool forces and identical chip friction, but giving quite different 
values of tool life because of the difference in their abrasive action 
on the tool, have been observed in our laboratory. Thus while 
the test described by the authors is excellent for determining the 
machinability of free-cutting steels, it appears to be basically 
unsound for rating machinability in terms of tool life when 
applied to ordinary steels which are devoid of free-machining 
additives, 


20 “Basic Reasons for Good Machinability of ‘Free Machining’ 
Steels,’’ by M. E. Merchant and N. Zlatin, Trans. ASM, vol. 41, 1949. 
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G. P. Wirreman.?! It is well known that industry is sorely in 
need of a simplified short-time method of measuring machina- 
bility which would evaluate specific commercial machining 
operations. The authors are to be commended for this approach 
to the problem. Their data indicate significant correlation of 
constant-pressure index with commercial observations, This kind 
of information should give encouragement to continue the proj- 
ect. In the event that further work is contemplated, it is sug- 
gested that consideration be given to the relationship of tool life to 

t 


(a) Smoothness of machined finish. 
(b) Constancy of tolerance. 


Specifically, mass production of parts on single- and multiple- 
spindle automatic machines is sometimes appraised on such qual- 
ity standards. 

Coincidental with the publication of this paper, the writer’s 
company has used the constant-pressure method on a commercial 
scale. The Bethlehem Plant No. 2 machine shop designed and 
built a special double-end horizontal drilling machine capable of 
handling bars from 4 to 12 in. diam up to 40 ft long. The bars are 
chucked in a driving head located at the center of the bed. This 
driving head operates independently from a 50-hp variable-speed 
motor. The right- and Jeft-hand drill-mandrel carriages are sus- 
tained hydraulically at constant-pressure feeds by two con- 
ventional cylinders and piston rods. The capacity of the hy- 
draulic system is 8 tons maximum for each drill-mandrel carriage, 
and the increments of constant-pressure feeds are regulated by 
appropriate metering valves and limit switches which control the 
motors on the hydraulic pumps. 

The machine is adequately instrumentized which provides for 
the following data: 


1 Constant-pressure feed recorder located in the relay contro! 
panel. 

2 Direct-reading column fluid gages which indicate the rate of 
feed in inches per hour for each drill mandrel.** 

3 Dial pressure gages, reading in tons of constant pressure for 
each boring bar.?? 

4 Speedometer reading in revolutions per minute for the work 
material.?* 


The drill-mandrel heads are designed for a simple fixture ground 
spade-type cutter, made from 6-6 high-speed steel, hardened to 
R.C. 63-65, which ean be changed rapidly by means of a single set- 
screw. The point angles are varied from 10 deg to 20 deg, or 160 
deg to 140 deg included angles. The cutting edges are provided 
with necessary chip breakers, A water-emulsion cutting fluid is 
directed to the cutter at 150 psi pressure through a */,-in. pipe line 
which is flush with the outside diameter of the mandrel. This 
copious flow of cutting fluid facilitates in washing out chips and 
has ample cooling capacity to prevent heating of the chips. 

In production studies of 2'/,-in-diam deep-hole drilling of 4142 
and 4145 modified, annealed, and heat-treated, the rate of feed 
varied from 4 to 55 in. per hr at a constant pressure of 2'/: tons 
for a peripheral cutting speed of 70 rpm or 41 fpm, 

To determine if metallurgical inconsistencies caused variables in 
the rate of feed, disk sampling of work material was impossible as 
the specified length of the bar would have been rendered useless. 
As an alternative, it was decided to sample the chips, which was 
accomplished by noting the fluctuations on the feed gages. The 
chips were readily identified with the rate of feed by differences 1! 
thickness, otherwise referred to as chip load. 

In an attempt to evaluate the work material, four chips 0! 


21 Assistant Metallurgical Engineer, Bethlehem Steel Company, 
Bethlehem, Pa. Mem. ASME, 
22 These instruments are located at the driving head panel. 
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SORBITIC PEARLITE & FERRITE Eauiv 29n 


ASURING 


ETCH 


WITH TRACES OF LAMELLAR PEARLITE 
POOR DRILLING 


Fic. Cups From Heat CH695, Cope 817, Grape 4142, Size 53/4 In. Dtam ANNEALED, FEED 4 IN. PER HR. 


Location of specimen left end 10 ft. 9 in., microhardness Vhn 294. Companionate specimen right end 10 ft, 1 in., microhardness Vhn 330. = 


SORBITIC 


1000 x 
TCH VHN 258(BHN EQUIV: 257) 
& FERRITE WITH 


TRACES OF LAMELLAR PEARLITE 
POOR DRILLING 


Fic. 12) CHips From Hear 6H695, Cope S17, 
Location of specimen left end 11 ft, 6in., 


uniform thickness were selected from each group which indicated 
feed variables. These chips were mounted in plastic, polished, and 
etched for microstructures at X 100 and X1000. Included were 
microhardness determinations which, for an average of ten read- 
ings on each chip, checked within 2 per cent. The over-all 
sampling consisted of fifteen sets of chips taken from five heats of 
steel annealed or heat-treated to various mechanical properties. 
For the purpose of this discussion details of three heats and chips 
thereof are shown in Table 5 herewith. In conjunction are illus- 
trations of the chips with respective microstructures and micro- 
hardness results identified in the caption, Figs. 11, 12, 13, and 14. 

The writer would summarize the results of this work as follows: 


| As the project dealt with actual production of relatively 
large masses of work material, the data could not be confirmed by 
retests, 

2 The sensitivity of the constant-pressure hydraulic system is 
rather significant as shown by the rates of feeds, especially within 
the same bar. Moreover, there was a noticeable change in rates of 
feeds due to tool conditions. During one of the observations, 


* 


GRADE 4142, 


Size 53/4 In. Diam ANNEALED, FEED 28 IN. PER HR. 


microhardness Vhn 258. Companionate specimen right end 12 ft, 1 in., microhardness Vhn 258. 


cutting started at 34 in. per hr, left end at 6 in., and dropped to 28 


in. per hr at 20 in. The pressure gage wavered between 2.5 and 
2.6 tons, and upon examination of the cutter it was found that 
the cutting edge on one angle had spalled for #/gin. The cutter 
was replaced, after which the rate of feed was maintained at 38 in. 
per hr. 

3 There is not sufficient duplication of data to set forth 
definite conclusions; however, from what is available certain 
trends are indicated. These appear to have some correlation with 
the authors’ experience as associated with differences in micro- 
structure, composition, and hardness. Some of these trends are: 


(a) Rates of feeds are affected by the nonuniformity of struc- 
tures for annealed 4142 heat 6H695, as compared with more uni- 
form structures for normalized and drawn 4145 modified, heats 
6H634 and 2H341. 

(b) Hardness results of the three heats did not reveal any 
criteria as to the difference in rates of feeds. However, it is in- 
teresting to note that the annealed 4142 imparts greater propor- 
tionate work hardness in the chips. 
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TABLE 6 DETAILS OF Mate 4142 AND 4145 (c) Composition, mass effect, and heat-treatment tempera- Ke “a 
Analysis Heat 6H695 Heat 6H634 Heat 2H341 tures (Table 6 of this discussion) are contrasted for heats 6H634 Fig. 
ig and 2H341. The latter produced an acicular-type structure use on 
Phosphorus. ..... 0.022 0.026 0.017 shown at X 100, Fig. 14, because of the higher austenitizing tem- horizo 
perature and the lower draw temperature. This condition gave data fc 
Mickel the highest machinability rating which, theoretically, may | if any, 
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Treatment........ 1600 F, FC 30-1550 F, AQ. 1600 F, AQ, 
deg F per hr to draw 930 F draw 800 F veloped by the authors certainly offers an expedient means 0! Dr. | 
ee » oh Good nen evaluating tool life. It overcomes some of the objectionable and th, 
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Ne ap worn 179/207 302 285 /302 to which an analysis of the results must be confined. The result factors. 
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BOULGER, SHAW, JOHNSON 


energy consumption. Hence the test only measures one of the 
three main factors which determine the machinability of a ma- 
terial. A single machinability index is not adequate unless it can 
evaluate completely all three of these machining characteristics. 
As yet, to the writer’s knowledge, no single index having this re- 
quirement has been published. 

Perhaps the most important limitation of this test method is 
the fact that it does not analyze the machining characteristics 
of the materials, but only rates them on the basis of tool life. From 
the results of these tests one could not tell whether the low 
machinability index, resulting from cutting a particular steel, was 
due to the presence of hard abrasive inclusions in the material, or 
its capacity to work-harden during cutting, or the high co- 
efficient of friction between the sliding chip and the tool. 

There is another feature of this test method which should be 
considered while interpreting the results. The authors state: 
“The laboratory lathe test is based upon finding that steels of 
different machining quality cut at different rates, for constant 
surface speed, when a fixed lateral pressure is applied to the 
tool.” It has been the writer’s experience that tool life is in- 
fluencéd by the magnitude of the feed rate. In this constant- 
pressure lathe-test method, it seems that in reality a comparison 
of the various tool lives is made using different feeds on each test 
material. Should not this be taken into account when evaluating 


« 

The authors wish to thank all those who contributed their time 
and effort to the discussion of this test method. The number of 
discussions and their quality indicate the great interest in the 
problems of machinability and machinability testing. It is 
only through such interest that progress can be made in the 
complicated study of the machining of metals. 

It is interesting to learn that Mr. Austin has obtained a correla- 
tion between simple drill-test ratings on cast iron and commercial 
tool-life measurements. A limited number of tests have indicated 
that the constant-pressure lathe test may be used in evaluating 
specimens of cast iron. More work, however, would have to be 
done to determine the tool material and tool shape for a long use- 
ful life, as well as the best testing conditions. 

Dr. O. W. Boston points out that the constant-pressure method 
has been used successfully for sawing tests but with less success 
in drilling tests. We have found that drilling and sawing tests 
may give confusing results in some cases. For instance, the 
relative ratings of various steel samples can be altered by changing 
from a fine- to a coarse-tooth saw blade. Difficulties in sharpen- 
ing drills identically and in chip removal from the hole may ex- 
plain the disappointing results in drill tests. These difficulties 
are much less serious in lathe operations, using single-point tools. 

Fig. 4 of the paper refers to the effect of tool preparation and 
use on the reproducibility of the feed resulting from a constant 
horizontal pressure. It does not refer to “V60" tool life. The 
data for the ground tool can be interpreted as showing that little, 
if any, wear occurred. The data show that the tool cut faster 
in tests 21 to 40 than it did in previous tests 8 to 19. The ob- 
jection to the ground tools is based on their erratic performance 
rather than on wear or tool life. 

Dr. Boston also mentions that the correlation between hardness 
and the constant-pressure machinability index is ‘‘not so good 
8 might be expected.” Some workers expect harder steels te 
‘ut with greater difficulty, others expect them to have better 
machinability. The range in hardness of the free-cutting steels 
under discussion was small and had less influence than other 
factors in which the steels differed. When the variations in hard- 
hess between samples are large, hardness does affect the feed 
sulting from a constant tool pressure. 


CONSTANT-PRESSURE LATHE TEST FOR MEASURING FREE-CUTTING 


We agree with Mr. Davis, who recognizes the human element 
as an important variable in shop-production tests. A number of _ 
tests have indicated that constant-pressure tests at 75 mean 
sfm seem to reflect the relative performance of various free-cut- 
ting steels at surface speeds comparable to those encountered in 
most machining practices. 

All the points raised by Messrs. Enzian and Paliwoda appear 
pertinent. We agree that all test results must be interpreted 
with caution, and that is one reason the title restricts the test to _ 
free-cutting steels. There seems little doubt that one of the 
principal difficulties in studying machinability is that of obtaining 
samples representative of large lots. This sampling problem can 
be circumvented, but in our work we were not ordinarily inter- 
ested in rating heats or ingots. Usually the problem consisted 
of testing small quantities of stock and determining the metal- 
lurgical cause for variations in machinability ratings. 

The question raised by Enzian and Paliwoda about the effect _ 
of abrasive inclusions is an interesting one. As they point out, ; 
the importance of abrasive inclusions has not been determined 
satisfactorily by any investigators. The tests reported in this 
paper do not provide much information on this point, since very — 
little, if anv, tool wear occurs during the constant-pressure lathe 
The fact that ratings by this method correlate well with 
laboratory tool-life tests and also in commercial operation, can be 
interpreted in either of two ways. Perhaps the effect of abrasive | 
particles has been overestimated, or the steels we tested contained ier 
comparable quantities of such inclusions. This may be a good 
place to inject a note of caution, because most of our tests were 
made on hot-rolled Bessemer steels. We have few test data on 
other grades and can only speculate about materials and testing 
conditions other than those discussed in the paper. 

Mr. Frye, in his discussion, hesitates to term the results in 
Fig. 9 of the paper as having a general agreement. As was m 
indicated in the text, the points which deviate the farthest from __ 
the trend line are for samples representing lots that gave ques- 
tionable results in commercial tests. Perhaps the discrepancies _ 
resulted from the difficulties in shop tests which Mr. Frye consid- i 
ers to involve “a complexity of factors ... real, intangible, and | 
psychological.” We agree with him that the constant-pressure 
lathe test is a laboratory method, and that behavior in a turning — 
test does not necessarily indicate the results to be expected in — 
other machining operations. Two steels do not rate in the same 
order in all types of metal-cutting. The obvious differences in 
feeds, speeds, and tool pressures involved may account for dis- 
agreements. Frequently, the anomalies may be explained by the 
fact that two steps are involved in machining: 


tests, 


1 Cutting metal from the workpiece. 


2 Removing the chips from the scene of the cutting operation. 


Mr. Frye’s assumption that the metallurgical factors and me- 
chanical properties affecting machinability were studied is correct. _ 
However, the information is not germane to the present paper. — 

The data and remarks by T. M. Garvey are especially valuable 
because he is closely connected with recent machinability studies 
at Carnegie-Illinois Steel Corporation. It is heartening to know 
that he considers the test simple, useful, and reliable after = 
employing the constant-pressure lathe for a considerable length = 
of time in the Carnegie-Illinois laboratories. 

It is interesting to note the similarity between the curves pre- 
sented in Professor Henriksen’s Fig. 10, and the curves for open- 
hearth steels in Fig. 7 of the paper. The authors feel that the 
hump shown in the figures may be the result of cutting tempera- 
ture. In Professor Henriksen’s experiments, the cutting tem- 
perature probably changes with the tool angle used. 

Dr. Merchant’s exposition of the reasons for the sensitivity of 
the test method and the necessity for caution in applying the 
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test to other wits of steel adds considerably to the publication. 
Dr. Merchant finds good theoretical reasons for considering the 
test method a sensitive one for comparing the machinability of 
free-cutting steels. The test method was of course developed 
and used only for studying materials of that kind. He may be 
right in his opinion that it would be less useful when applied to 
steels without additions to improve their machinability. How- 
ever, a number of constant-pressure tests made on nonfree-cut- 
ting steels have disclosed significant differences. For instance, 
the feeds resulting from a constant horizontal tool pressure have 
been found to vary with grain size and microstructure when a 
steel is tested in different conditions of heat-treatment. Tests 
on a certain C1045 steel gave heavier feeds when the structure 
consisted of lamellar pearlite than when the specimens had been 
spheroidized. Consequently, we believe that the question of 
the suitability of the method for testing steels without special 
additives is still unsettled. 

It was surprising to learn that Mr. Witteman’s group is using 
a constant-pressure test for studying machinability. The fact 
that he obtains useful information by drilling at conventional 
speeds using a cutting fluid, conditions quite different than our 
experiments, indicates that the assumptions underlying the test 
are justified. 

His data seem to confirm our experience that microstructure 
and composition affect the feed resulting from a constant tool 
pressure. Apparently the original hardness of the workpiece 
is not a reliable indication of machinability. These conclusions 
seem reasonable. The correlation between feed and increase in 
hardness of the chips shown by his tests on alloy steels is striking. 
The authors did not investigate this point. 

It is probably true, referring to Mr. Zlatin’s discussion, that no 
single test method provides all the ne desired about the 
= 
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cutting quality of a material. There is good reason to believe 
that a steel which performs well in one type of machining opera- 
tion, such as lathe turning, may not be as satisfactory for other 
operations such as drilling. Therefore a laboratory test should 
simulate the critical operation for which the material is to be 
used. 

The constant-pressure lathe test seems to give reliable indica- 
tions of the performance of free-cutting steels in screw machines. 
As Mr. Zlatin points out, the laboratory ratings are in good agree- 
ment with commercial tool-life results. Contrary to his inter- 
pretation, the authors believe the constant-pressure test ratings 
do indicate energy consumption, but no experiments were made to 
check this point. As he points out, the test ratings do not provide 
information on the finish to be expected in conventional machin- 
ing operations. This objection is common to most laboratory 
tests. 

Although the reliability of the constant-pressure lathe test 
was evaluated by some comparisons with tool-life data, we dis- 
agree with Mr. Zlatin’s opinion that the test gives ratings only 
“on the basis of tool life.” Practically no tool wear occurs 
during the test. The feed at which a steel cuts in the test de- 
pends upon the energy required for work-hardening and shearing 
the chip, and in overcoming the friction between the chip and 
tool. The feed is probably an integrated indication of these 
factors for the cutting conditions employed, although the data 
do not permit separate determinations of the different charac- 
teristics. 

The answer to Mr. Zlatin’s last question is that the test results 
are evaluated on the basis of the different feeds. The tool lives 
are not determined for different feeds. The variation in feeds 


between materials results from a constant tool pressure under 
cutting conditions resulting in practically no tool wear. 
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‘Transfer—Summary 


By H. A. JOHNSON? 


The analytical and experimental information appearing 
in the literature for convective heat transfer at high ve- 
locities is summarized. Particular emphasis is given to 
heat transfer for submerged flow over flat plates, wedges, 
cones, and cylinders with a single reference to flow in pipes. 
The evidence presented supports, as a fundamental heat- 
transfer relation, the modified Newton’s law of cooling 


= hAlt,, — (t, + ru,?/2gJe,)| 


where the term ru,?/2gJe, accounts for the influence of 
frictional dissipation and is readily evaluated when the 
recovery factor ris known. A second and very important 
result is the evidence given to show that the heat-transfer 
coefficient Ah, is independent of the magnitude of the fric- 
tional-dissipation term. Data are presented for the re- 
covery factor and heat-transfer coefficient for high-speed 
subsonic- and supersonic-flow velocities. It should be 
noted, however, that heat transfer by radiation is not con- 
sidered here as it would be treated in the usual manner for 
heat transfer without frictional dissipation. 


NOMENCLATURE 


The following nomenclature is used in the paper: C 
a = speed of sound, fps Oe 
A = surface area for heat transfer, sq ft Batol " 
c = specific heat, Btu/(lb) (deg F) 
¢, = specific heat at constant pressure, Btu /(lb) (deg F) 
Cp, = local skin-friction drag coefficient, dimensionless 
D = diameter, ft - 
g = gravitational constant (32.2), ft/sec? 
h = heat-transfer coefficient (unit thermal conductance), | 
Btu/(sq ft) (deg F) 
h, = local heat-transfer coefficient at location x, Btu/(sq 
ft) (deg F) 
h, = mean heat-transfer coefficient, Btu/(sq ft) (deg F) 
J = mechanical equivalent of heat (778), ft-lb/Btu 
k = thermal conductivity, Btu/(sq ft) (hr) (deg F/ft) 
L = length, characteristic dimension, ft 
It = length at transition from laminar to turbulent flow, ft 
M = Mach number, w/a, dimensionless 
m = exponent for potential flow over wedges, dimensionless 
Vy, = Nusselt modulus, dimensionless 
\yez = local Nusselt modulus, dimensionless 
Vvum = Mean Nusselt modulus, dimensionless 
n = viscosity-conductivity temperature exponent, dimen- 
sionless, i.e., u/u, = k/k, = (T'/T,)" 
Reference (1). Numbers in parentheses refer to Bibliography at 
end of paper. 


* Associate Professor of Mechanical Engineering, University of 
California, Berkeley, Calif., on leave with the General Electric Com- 
pany, Schenectady, N. Y. Mem. ASME. 

*Aeronautical Research Scientist, NACA Ames Laboratory, 
Moffett Field, Calif. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., November 28—December 3, 1948, 
of Taz American SOcIETY OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
Othe Society. Paper No. 48—A-39. 


Aerody namic Heating and Convective Heat 7 


of Literature Survey 


AND M. W. 


RUBESIN® 


p, P = absolute pressure, psf an : 
P, = pressure coefficient, dimensionless " 
. 
Np, = Prandtl modulus, dimensionless 7 ~ 
q = heat-transfer rate, Btu per hr 
r = local recovery factor, dimensionless 
r = 


local-free stream recovery factor, dimensionless 
Tr, = over-all recovery factor, dimensionless 


r, = recovery factor based on velocity and temperature after _ 
shock, dimensionless 
= local Reynolds modulus, ux/v, dimensionless 
= Reynolds modulus, uL/», dimensionless 
Veep = Reynolds modulus, uD/v, dimensionless 
R = ideal gas-law constant, ft-lb/(Ib) (deg R) ai 7 
t = thermodynamic-state temperature of fluid, deg F 
law = adiabatic-surface (wall) temperature, deg F 
= free-stream-state temperature, deg F 
t, = total or stagnation temperature, deg F 2 
i; = state temperature at edge of boundary layer, deg F _ 
t, = surface (wall) temperature, deg F ae 
At,z = total adiabatic stagnation-temperature rise, deg F a 7 
T = absolute temperature, deg R eal 7 
T’ = absolute temperature for evaluation of fluid properties, 
deg R 
u = local velocity, fps 
ui: = local velocity at edge of boundary layer, fps Gn 
= free-stream velocity, fps 
w = specific weight, lb per cu ft “ns ae 
x = distance along surface from leading edge, ft eon Ata 
y = distance normal to surface, ft 
un = absolute viscosity, lb-sec per sq ft 
v= kinematic viscosity, ug/w, sq ft pers sec 
p = mass density, lb-sec/ft4 
a = total wedge angle, radians 
y = isentropic exponent, dimensionless | 


INTRODUCTION 


Frictional heating, the heating produced by fluid- friction 
forces, has acquired increased importance with such develop- 
ments as the gas turbine and high-speed flight. The need for 
evaluating heat-transfer behavior under these conditions is ap- 
parent when it is observed that aerodynamic heating (frictional 
heating in air) can cause a (adiabatic) surface temperature to 
rise 57 deg F above that of the ambient air for flight speeds of 600 ie 
mph and 1940 F for rocket speeds of 3600 mph (attained by the | 
V-2). Realizing that an adiabatic (insulated) surface, one from _ 
which there is zero heat transfer when at thermal equilibrium, i 4 
takes on a temperature in excess of the ambient fluid, the familiar __ 
concept that the rate of convective heat transfer is proportional 
to the difference between the surface and ambient fluid tempera- - 
ture obviously is absurd. Some connection between the rate of = 
high-speed heat transfer and the temperature obtained by an ie 7 
insulated surface must exist. : 
Convective heat transfer like fluid (skin) friction is considered 
a boundary-layer phenomenon, and it is held (a), that heat 
passes to the fluid by molecular conduction through a laminar 
layer which is always present immediately on the surface; and 
(b), that for the moment the heat rate is proportional to the tem-— 
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perature difference between the. surface and the ambient fluid 
(usual treatment). Thus the rate of convective heat transfer 
is expressed by i 


ol 
= —kA (> ie = hA(t, — ¢,) 
oy/y=0 


From Equation [1] the heat-transfer coefficient may be defined 
by 
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and consequently the temperature gradient with respect to the 
normal to the surface must be zero. The temperature which the 
plate (and the fluid in contact with the plate) assumes is desig- 
nated as the “adiabatic surface temperature,’’¢ (t,,,). 

Suppose now that the plate is heated so that its surface tem- 
perature ¢,, is greater than /,,. The temperature gradient with 
respect to the normal is no longer zero as heat is being transferred 
to the fluid, see Fig. 2. The converse is true if ¢, were less than 


(t,, — t,) FREE STREAM | 
However, for the purpose of correlating heat-transfer data in di- 5 to = fis 
mensionless form, Equation [2] is written in terms of the Nusselt : -< 7 
modulus alt 
k (ty —t)/L 
Using this definition of the Nusselt modulus, it can be shown ° 'o ‘a tow tw 
FLUID TEMPERATURE, ¢ °F 
(2, 3) from the steady-flow energy of a fluid and for a given geo- : 
thint Fig. 2 DistriBuTION IN BouNDARY LAYER OF 
HeaTED AND CooLep Piates at High Fiuip VELOcITES 
= fi re, Np, M, Alaa/ (tw — t,)| [4] 
few. It is logical then to postulate that the convective heat 


Of the five dimensionless variables in Equation [4], only the 
first three, Ny,, Nz,, and Np, normally appear for heat transfer 
because M and Af,,/(t, — t.) are substantially zero for low-ve- 
locity flow. Consequently the Nusselt modulus and in turn the 
heat-transfer coefficient h, are independent of the temperature 
potential (¢,, — ¢,), which is a necessary requirement in order that 
Equation [1] conveniently may represent the rate of heat trans- 
fer. At high velocities, however, the temperature factor, At,,/ 
(t,, —t,), in Equation [4] is finite, and Vy, is dependent upon the 
temperature potential, thereby destroying the convenience of 
using Equation [1]. 

The reasoning that leads to the deduction of a heat-trans- 
fer equation in which the temperature potential and heat-transfer 
coefficient are independent of each other follows. Suppose that a 
thermally insulated plate is placed parallel to the direction of 
flow in a high-speed fluid stream. The fluid flowing over this 
plate is retarded as a result of the viscous forces which act in 
creating the flow boundary layer. The combined effect of 
damming, work done by the viscous forces, and conduction of 
heat through the fluid tend to create a temperature distribution 
in the thermal boundary layer, the shape of which is dependent 
on the relative magnitudes of the afore-mentioned processes. For 
instance, for laminar flow, the resulting temperature distribution 
is that of Pohlhausen (4), a typical curve of which is indicated in 

Fig. 1. 
; iq Since the plate is thermally insulated, the rate of heat flow 


Fic. 1 Tempprature DisTriBuTion IN BounpARY LAYER OF A 
THERMALLY INSULATED aT Fivurp VELOocITIES 


a statements has been obtained experimentally for high-speed sub- 
TEMPERATURE were sonic air flow in pipes (8), gas-turbine-blade cooling (3 
to & supersonic flow over cones (26). Thus the high-speed c 
tive heat-transfer equations can be summarized as 
oy? = hA (t, — tay) = hA E oe )] 
- ¥ 
ad to tow 4 The temperature defined here as the adiabatic surface temper® 
ture is referred to in the literature as the “inherent, natural, 


transfer with frictional heating can be expressed as 


where h = heat-transfer coefficient with frictional heating, 
Btu/(sq ft)(hr) (deg F). In order to establish the worth of 
Equation [5] it is necessary to investigate the relationship be- 
tween the adiabatic’ surface temperature ¢,, and the coefficient 
h. Considering ¢,, first, it can be seen from Equations [3] and 
[4] that when the plate is insulated, i.e., t, = t., and (Ot/dy)y =o = 
0, Equation [4] reduces to 


ley — te 
uo*/2gJc, 


Altea 


= Np,, M).. {6} 


t, — te 


or defining the temperature difference ratio as the ‘recovery 


factor,” r 


A knowledge of the recovery factor r is therefore prerequisit 
to a determination of the modified temperature potential 
taw) and is treated independently of the heat transfer. 

The heat-transfer coefficient with friction h has been ir 
gated by theoretical analyses for laminar flow (5), and turbul 
flow (6, 7) over flat plates, which show conclusively tha 
both independent of the modified temperature potential and 
identical with that for low speeds as evaluated for the same Reyn- 
olds and Prandtl modulus, i.e., h = A. Some support for 


heated or insulated surface, braking plate thermometer, and 
ary-layer temperature.” 
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(Nees N Pr» M). [10] 


It now remains to evaluate Equations [9] and [10] for various- 
shaped bodies and several types of flow. a 7 ay, 


RECOVERY FAcToRS 


The recovery factor is defined in terms of he aia 7 
temperature by Equation [10]. It should be noted, however, 
that there are occasions requiring the use of one or more of three 
different recovery factors, dependent upon the shape of the body. 
The most common, referred to simply as the recovery factor, is 
the “local” recovery factor, based upon local values of fluid ve- 
locity, temperature, i.e., local values at the edge of the flow 
boundary layer, and on local values of the adiabatic surface tem- 
perature. If the undisturbed free-stream fluid velocity, tem- 
perature, and the mean surface temperature are used, the result 
is called the ‘over-all’ recovery factor. A third type, based on 
the undisturbed fluid velocity, temperature, and the local adia- 
batic surface temperature, is termed the “‘local-free stream’ 
recovery factor. In the following, the extent of existing knowl- 
edge on recovery factors is presented for various shaped bodies 
and several types of flow. Emphasis is given to submerged flow 
and, unless otherwise specified, to the local recovery factor. 
Considerable attention is given to flow over the fiat plate be- 
cause the results are applicable to supersonic flow over wedges 
and cones for which, like the flat plate, the static pressure dis- 
tribution is constant over the flow surface. 

Flat Plate. For laminar flow along the length of a flat plate 
the recovery factor has been evaluated analytically by several 
investigators (see references 4 and 9 to 14, inclusive). A review 
of these references (15), stressing those solutions which consider 
variable fluid properties and including numerical results for se- 
lected values of Prandtl modulus from 0.72 to 1.2, Mach number 
from 0 to 10, and n, the temperature exponent for viscosity and 
thermal-conductivity variation from 0.5 to 1.25, shows that the 
recovery factor is independent of Reynolds modulus and Mach 
number (see Equation [10]) and is well represented by the square 
root of the Prandtl modulus 


ery 


lew to 


Because the Prandt! modulus was maintained as an independent 
parameter in the various solutions, no means of determining the 
telerence temperature at which to evaluate Np, is possible from 
these solutions. At subsonic velocities Equation [11] has been 
verified experimentally by Hilton (16), who measured the adia- 
batic surface temperature for air flow over thin plates, and by 
Eckert and Weise (17) for flat plates and axial flow along cylin- 
drial probes (see Fig. 3, for the apparent laminar-flow range of 
Reynolds modulus, i.e., less than 5 X 108). 

At supersonic velocities, Equation [11] has been substantiated 
somewhat by the data of Eber (26) who performed experiments 
for flow in the transition region over cones. It was possible to 
extend these cone data to flat plates (0 deg cone) because the 
method of reducing data, using the potential flow velocity and 
‘emperature behind the attached shock wave, was such that the 
local recov: ery factor is shown to be independent of cone angle (see 
Fig. 8). The data seem questionable, however, for although the 
Reynolds moduli indicate transition on the cone surface (veri- 
fed by heat-transfer data), the results show a constant recovery 
factor along the surface that is the same as for laminar flow over 
fat plates. 

For the turbulent boundary layer with subsonic flow over a 
tat plate, Hilton (16) noticed that the adiabatic temperatures 
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in the rear portions of his plates were higher than those given 
by Equation [11], and ascribed them to the turbulent boundary 
Similar results obtained by Eckert and Weise (17), 
Fig. 3, show the recovery factor increasing with Reynolds modu- 
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Lus FOR Ax!IAL ProBE IN AIR AT SuBSONIC VELOCITIES 


lus and approaching a limiting value of 0.89. However, experi- _ 
mental values for supersonic velocities which are about 7 per cent 
higher are reported by Kraus (18), suggesting a Mach-number 
effect as well as Reynolds and Prandtl moduli dependency. 

While there are no turbulent boundary-layer analytical solu- 
tions comparable to those for laminar flow, some analyses have 
been made including frictional dissipation. Ackermann (19) 
obtained an expression for gases at large Reynolds modulus 
w hich, w ith Prandtl modulus between 0.5 and 2, is approximated 
by 


r = Np, 


a result which agrees with the limiting value of 0.89 shown in 
Fig. 3. Seban (7), postulating that the turbulent boundary 
layer of a flat plate could be represented by Nikuradse’s velocity- 
distribution data for turbulent flow in pipes, evaluated the heat 
transfer with dissipation in the laminar sublayer, buffer jayer, 
and turbulent layer and obtained 


- Np, (5 Np, — 7) 
2 (5 Np, +1) 


or for Np. = 0.72 


= 1 — 0.869 Naw ** 


By neglecting the buffer layer, the solution is the same as that of 
Shirokow (20), namely 
r= 1—4.55 (1 — Np,) Nas 


or for air with Np, = 0.72 


Ter: = 1 — 1.25 


These results are compared in Fig. 4 and, except for Equation | 
[12], it is observed that the predicted values for the turbulent a 
boundary layer lie substantially above the experimental results ees 
from Fig. 3, and also approach unity rather than Np,/*, As D 
mentioned, values from 0.91 to 0.98 are reported for supersonic Pet 
velocities and attributed to a Mach effect, which would not be 
indicated by the foregoing incompressible flow analyses. 

Wedge. Analytical solutions are available for laminar, incom- a: 
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pressible, subsonic flow over wedges at a zero angle of attack. 
The local velocity at the outer edge of the flow boundary layer 
has been found from potential flow tobe - 


where sah 
u: = local velocity at edge of flow boundary layer, fps _ ae sit 
u, = free-stream fluid velocity, fps aes 
xz = distance along surface from leading edge, ft 
L = distance along surface from the leading edge where local 


velocity substantially equals free-stream velocity, ft 
a/ (24 — a) 
total wedge angle, radians (note a/r = 8) 


Falkner and Skan (21), and Hartree (22) integrated the in- 
compressible-flow equations to determine the velocity distribu- 
tions in the boundary layer, and Fig. 5 shows the calculated ve- 
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Fic. 5 Ve ocity DistripuTIon IN BounparRy LAYER FOR FLOW 
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locity profiles for various wedge angles. Employing these ve- 
locity distributions in the energy equations and postulating all 
material properties constant, including density, Eckert and 
Drewitz (23) obtained the temperature profiles shown in Fig. 6 
for thermally insulated wedges. (Note that 7’ is, like 1m, a local 
value at the outer edge of the boundary layer.) It should be 
noted that in the calculations of Eckert and Drewitz it is presup- 
posed that the temperature equalization along the wedge surface 
is low. 

Fig. 6 indicates that the local recovery factor at the surface of 
a flat plate, i.e., temperature difference ratio at y = 0 for a wedge 
of zero apex angle identified by 8 = 0, is 0.84 or Np,'/*, and that 
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for the other extreme of a plate normal to the airstream, i.e., 
8 = 1, ris 0.78. Similar results, r = 0.84 for 6 = 0, andr = 
0.72 for 8 = 1, were obtained by Tifford (24). The reason for 
the discrepancy between results for 8 = 1 is not clear but is 
probably due to differences in precision of the numerical calcula- 
tion upon which both results are based. Noting in Fig. 6 that 
the local recovery factor is independent of the distance z and is 
within either 5 or 15 per cent of Np,'/* for all wedge angles, use 
of the flat-plate recovery factor is justified for the usual wedge 
angles (60 deg or less). Experimental verification of these re- 
sults is not available at present. 

Solutions of supersonic flow over an infinite wedge (similarly 
for a cone) at zero angle of attack indicate that the velocity, 
state temperature, and pressure along the outer edge of the 
boundary layer are constant with distance along the surface from 
the apex, when the Mach number is sufficiently large to insure an 
attached shock wave at the apex. These conditions are identical 
with those for a flat plate and therefore indicate use of flat- 
plate recovery factors, see Fig. 8. 

Cylinder, Normal to Flow Direction. Experiments have been 
performed to determine the local-free stream recovery factor: 
around the circumference of right-circular cylinders placed normal 
to the fluid stream. The most elegant of these experiments at 
subsonic free-stream velocities, that of Eckert and Weise (17), 
determined the change in adiabatic surface temperature: 
the periphery at intervals of 2 to 3 deg. The data are prese! 
(see Fig. 7), both in terms of the local-free stream re 
factor 


Chap 


the local recovery factor 


hh bog hh 


r= 
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where subscript o refers to the free-stream conditions and 
script 1 to local values® at the edge of the boundary for the sa 
angular position as for ¢,,,. 

It is seen from Fig. 7 that the local-free stream recovery !8 
tor, r’, is unity at the leading edge of the cylinder, indicati 
that the true stagnation temperature is attained there. It the 
drops continuously to a value near zero at the rear stagnate 
point with a slight inflection at the point of flow separation wher 
the pressure starts to rise. The values obtained in the rear of th 
cylinder are inconsistent and are not correlated systematics 


5 The local values are determined by the relations 
Pi = Po — 1/2 Po to*Pe, T: = To(Pi/Po) , u?/2gJep = 4 
where y is the isentropic exponent. 
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with Reynolds or Mach moduli. Similar conclusions were noted 
by Hilton (16) as a result of his measurements. 

An important conclusion is drawn from the local recovery fac- 
tor r (dotted line) which is constant with the peripheral angle and 
approximately equal to 0.84 (r = V/ Np,). Since experiment 
has shown that laminar flow exists on the leading edge of a cyl- 
inder up to the point of separation (between 70 and 80 deg meas- 


10 


° 
w 


lo 


PRESSURE COEFFICIENT P+ (p —p)/q 


ge 
08 
- 
f | 
tne 06 
ECKERT WEISE 
‘om REFERENCE 17 
ical os 1.61 * 10° 
had 
hate w 
x 
tors 02 
rmal } 
at 


30 60 90 120 150 180 
CIRCUMFERENTIAL ANGLE a ° 


TypicaAL CIRCUMFERENTIAL PRESSURE AND RECOVERY- 


Fie. 7 
Facror DisTRIBUTION FOR AIR FLow Across A CYLINDER 


yvery 


JOHNSON, RUBESIN—AERODYNAMIC HEATING AND CONVECTIVE HEAT TRANSFER 451 


ured from the upstream stagnation point), it is significant that this 
local recovery factor r, is identical with that for laminar flow on a 
flat plate. It is concluded then that the local recovery factor r, 
along the leading edge of a cylinder, defined by Equation [19], 
is the same as that for laminar flow on a flat plate up to the point 
of separation, or, if transition occurs, up to the start of the turbu- 
lent boundary layer. The case of transition to turbulent flow 
ahead of separation, along with the state of flow in the region 
behind the separation point, has not been clarified as yet. 

For supersonic speeds, the flow conditions over the surface of a 
cylinder normal to the flow direction have not been clarified as 
yet and the local recovery factor r, described earlier for the lead- 
ing edge of the cylinder cannot be obtained. There are data, 
however, for the over-all and local free stream recovery factors 
for both subsonic and supersonic speeds. 

The over-all recovery factor r,, for subsonic speeds is reported 
for small wires (diameters 0.003 to 1.02 in.) by Hottel and Kali- 
tinsky (25), for small cylinders (0.08 to 1.2 in.) by Eckert and 
Weise (2), and for large cylinders (1 to 2.8 in.) by Cavigli and 
Swanson (27), The results show over-all recovery factors which 
range from 0.55 to 0.7 for Mach number less than 0.5, and from 
0.55 to 0.82 for Mach number between 0.5 and 1.0, with no 
systematic method for correlating these data. If, however, a 
single diameter of 0.5 mm is considered, consistent data are given 
by Eckert and Weise (2), and Eber (26) for a range of free-stream 
Mach numbers from 0.4 to 3.4, Fig. 9. The dip in the curve 
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at Mach number near 0.5 is attributed to the effect of alocalsonic where the subscript z refers both to a characteristic length z, 
Mach number at some point on the cylinder periphery, an effect measured along the length of the plate from the leading edge, and k 
which does not occur for free-stream Mach numbers less than 0.5 __ to local values of all quantities represented in the equation. All hea 
_ or greater than 1.0. of the properties, including density in the defining equation of Jake 
Local-free stream recovery factors r’, for subsonic and super- _ local drag, are based on the same temperature, not necessarily the are; 
sonic air flow normal to cylinders, shown in Fig. 10, indicate _free-stream temperature (usually specified for the drag coefficient), B ture 
_ substantial increases on the rear portion of the cylinder as the pera 
 free-stream Mach number exceeds 0.6, and so accounts for the O72 , the | 
rising over-ull recovery factors given in Fig. 9, as the Mach num- a Fc 
A. ber increases above 0.6. Also, from Fig. 10 it is observed that: nantes SS effici 
(a) ‘The adiabatic stagnation temperature (recovery factor = 068 =e 
1) is attained at the front stagnation point for subsonic and — we 
supersonic speeds. (066 07s This 
(b) The local-free stream recovery factor at supersonic speeds flat p 
does not decrease as greatly with distance around the circum- 64 iso : heat 
ference as it does for subsonic speeds. Also, the value at the rear ; eae 175 ~~ ANY analy 
a stagnation point increases from about 0.1 to 0.87, as the Mach «| SS > ha seven 
number changes from 0.5 to 2.5. ig oso+— | SS based 
The inflection point, due to separation of flow, for sub- Bg) $200] also 
sonic speeds is delayed for the larger of the two cylinders, and 0.58) : Which 
no sharp inflection is noticed for supersonic speeds; however, the OLASWS (32) CONSTANT PROPERTIES respec 
latter may have been masked by the 30-deg test interval used NPreANY VALUE, Ty/TytANY VALUE Wit 


by Eber. 
Heat TRANSMISSION 

It was pointed out earlier that the analytical studies and some 
experimental work which have been done for heat transfer indi- 
eate that the heat-transfer coefficients with and without frictional 
heating are identical, provided the temperature potential in New- 
ton’s law of cooling is defined as the difference between the sur- 
_ face temperature and the so-called adiabatic surface temperature 
(Equation [5]). Under these circumstances, the following 
available information for correlating and predicting heat- 
transfer coefficients without frictional heating is of equal im- 
=" portance to that which refers specifically to heat transfer at high 

speeds: 
‘Flat Plate. The heat-transfer characteristics of the laminar 
fe. boundary layer are treated in detail in reference (15). In gen- 

eral, the results for local heat-transfer coefficient can be expressed 
by the following dimensionless equation 
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The results of the cited references are plotted in Fig. 11 i 

of the bracketed product (Co. VN pes) which has a constal 
value of 0.664 for the Blasius solution. It is seen that this qual 
tity and consequently the Nusselt modulus in Equation [20]** 
dependent upon Mach number M, the wall or plate tempera 
T,,, and the viscosity-conductivity temperature exponent ! 
By a cross-plot of Crocco’s results, it was found that the effect 
of the parameters appearing in Fig. 11 were substantially elim 
nated if all properties are evaluated at a fluid temperature 


defined by 


By definition, if values of Coz are taken from Fig. 
properties in Equation [20] are evaluated at the free-stream '™ 
perature. 
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controlling. 
heating, is given by the data of Fage and Falkner (28), and The mean heat-transfer coefficient for a plate of length L is con- 
n of Jakob and Dow (29). While the results of Fage and Falkner sidered as follows: Usually laminar flow exists on the forward 
the are about 13 per cent high, attributed to the nonuniform tempera- portion of the plate which “transits” to turbulent flow when the © 
nt). @ ture of the plates used by the experimenters, the constant-tem- Reynolds modulus for transition Vg, is exceeded. If it is postu- 
perature cylindrical-probe results of Jakob and Dow agree within —_|ated that the local heat-transfer coefficient for the turbulent por- 
the accuracy of their experiments. tion of the plate is the same at a given value of z as it would be | 
For turbulent flow over a flat plate, the local heat-transfer co- jf turbulent flow had started at the leading edge, i.e., Equation — 
efficient without frictional heating is represented by the equation —_ [29] is valid, then the average heat-transfer coefficient for a plate 
Nes = 0.0296 (turbulent flow)..... [22] length L will be 
This equation results from frictional drag for turbulent flow on a l = F t a) 
flat plate, as correlated by Colburn (30), using the momentum- L + 
heat transfer analogy. Latzko (31) obtained the same result 42sec (24) 
analytically (for Prandtl modulus at unity), by applying the where L,, is the transition length or distance along the plate to 
seventh-power-law distribution of temperature and velocity, the = Naw 
based upon the measurements of Elias (32). Equation [22] was Substituting Daestions [20] (for constant property case) and 
also verified by the data of Jiirges (33), and Jakob and Dow (29), [22], Equation [24] becomes 
4 which deviate from it by plus 6 per cent and minus 14 per cent, , 
respectively. Nyum = 0.037 — + 18.0 p, /* 
"| With frictional heating and turbulent flow, analyses by (transition flow)..... (25) : 
ly —--- VON KARMAN FORNRe=10° Has! fas 
tem 


+ 0.032 M? + 0.58 


T. 

T, 
The small variation in the quantity Cp, V/ Np,., a8 based upon 
properties evaluated at the temperature defined in Equation 
[21] is illustrated in Fig. 12. Thus for laminar flow of an ideal 
gas, Equation [20] reduces to one with a constant coefficient 
(0.664), replacing the quantity Cp, Vv. Nz, Making it identical 
to that obtained by Pohlhausen for constant properties, provided 


the fluid properties are evaluated at the temperature 7’, defined 
by Equation [21]. 
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Experimental verification of Equation [20] without frictional 
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Crocco (6), Shirokow (20), and Seban (7), based on the momen- 
tum-heat transfer analogy and the modified temperature poten- 
tial, indicate that the heat-transfer coefficient without frictional 
heating applies. In fact, the heat-transfer coefficients obtained 
by Shirokow and Seban are identical with those given by Prandtl 
and von K4rmén, respectively, where frictional heating was — 


negligible. A comparison of these results is given in Equation — 
{23] and Fig. 13. 


Ny. ) 
0.0296 Col ais 
Np,0.8 Np,'/* — 
0296 N ad 
0.0296 .V p,*/* 
1 + 0.775 Nae! (Np, + In (1 + 5 Np,)] — 2.17 


(von Karman) j 


Considering that the results shown in Fig. 13 do not deviate — 
excessively for Prandtl’s modulus near 1, Equation (22] is recom- 
mended for its simplicity. Questions as te Mach-number effect — 
(see Equation {9]), and the temperature at which toevaluate the 
fluid properties cannot be answered by the cited analyses. A 
temperature equal to the surface temperature is suggested, con- | 
sidering that the laminar sublayer in turbulent flow may be 


Fig. 13 Comparison oF TURBULENT BounDARY-LAYER HEeAT-TRANSFER ANALYSES 
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or with Nag, taken at 5 X 108, a value often reported for heat- Nores. 0.595. No [30] 

= 0.767 . [31] 


Nyum = 0.037 (Np,°-* — 23,100) Np,'/* (transition flow). . [26 
(26) equations has been obtained experi- 


One set of experiments was 


Slight verification of these 
mentally in supersonic air flow. 


Nyum = 0.664 ( ‘ 50 
Nyum = 0.037 (N 
In the discussion of recovery factors for supersonic 3 35 i _ 
flow over wedges it was pointed out that potential flow over the ™ Cy | 
wedge surface for an attached shock wave is the same as for a flat es eal C,, DEFINED BY 
plate. Thus, as for the recovery factor, the potential flow be- a 25 ti 
hind the oblique attached shock is determined, and the flat- 3 | ; 
.20 


plate heat-transfer coefficients are applied. 


On the other hand, the heat-transfer coefficients for subsonic 
flow are of interest because it has been recommended (34) that 
the local velocity at the outer edge of the boundary layer be used 
in the Reynolds modulus of the flat-plate equation so that those 
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Fie. 14 MULTIPLIER FOR SUBSONIC-LAMINAR- 
Heat TRANSFER From WEDGES 


equations will apply approximately to surfaces of large radii of 


curvature. Also Eckert (35) indicates that the solution for 4 y, 
wedges may be so applied as to permit predictions for other EQUATION 28-+-” Fd 
shaped bodies. For subsonic flow then, the heat transmission pase 7 y + Semmens 
from a wedge in a laminar-fluid stream at zero angle of attack Z Be / | 26 
has been determined analytically by Eckert and Drewitz (23), 2 TURBULENT=7 4 e | 
and Tifford (24). In these calculations it was postulated that 3 / equation 
the fluid properties and the surface temperature are constant; 4 Fa . we 
- 
the results are 800 
Nuw = ~ 2 CONEN AY | EBER REF. 26 
exp \ — Np, fdn } dn 400 CONE e 10° 
0 0 AMINAR ANGLE 20° 
a 
where - 
80° 
Nyuz = h, /k, N pas = 200 | 
f = nondimensional function, representing velocity dis- 
tribution in boundary layer 6 8 2 3 
n = nondimensional function, correlating local Reynolds 
‘ = tie (BASED ON CONDITIONS TO REAR OF ATTACHED SHOCK WAVE) 


modulus and geometry of system 

a/(2x — a), where a is total apex angle of wedge in 
radians 

multiplier, defined by Equation [29], which is a func- 
tion of Prandtl modulus and wedge apex angle (see 

Fig. 14) 


Fie. 15 Supgersonic-FLow Hpat-TRANSFER FOR Cones 
ComPARED WITH FLAT-PLATE EQUATIONS 


conducted by Eber (26), who performed short-duration tests 
small cones in a blowdown wind tunnel. The data are correlated 
as shown in Fig. 15, based on flow conditions over the cone sur- 
face aft of the shock wave with viscosity arbitrarily evaluated 
Eber at the adiabatic surface temperature. In Fig. 15 it appe 
that these data confirm the application of the flat-plate equation 
in that the results are independent of cone angle and are also \ 
represented by predictions based on those equations. It shou 
be noted that the agreement shown in Fig. 15 is cited as « 
dence that there was transition flow on the cone surface. ‘ 

in the turbulent and transition region, based on cone equat 
could not be presented as the geometry factor relating flat pl: 
and cones is not known at present for the turbulent bounda 


To investigate the recommendation that the flat-plate equations, 
based upon the local potential-flow conditions at the edge of the 
boundary layer, be*used for wedges, the multiplier C,, in Equa- 
tion [29] is plotted for Prandtl modulus 0.7 (air) in Fig. 14. 
Since this multiplier for a flat plate, i.e., C, = 0.294 from Equa- 
tion [20], is only 10 per cent less than the value in Fig. 14 for a 
40-deg wedge, the suggested approximation is supported for lami- 
nar flow over wedges of less than 40-deg apex angle. As there 
are no similar analyses for the turbulent boundary layers, the 
method is arbitrarily extended for turbulent flow. 

Cones. 
sonic flow are identical with those for flow over a flat plate, 
Hantzsche and Wendt (36) showed that the laminar-flow flat- 
plate heat-transfer-coefficient equations apply when modified by 
a multiplying factor determined by the geometry of the flow. 
The factors are +/3 and (2/3) +/3 for the local and mean heat- 
ransfer coefficients, respectively, i.e., from Equations [20] and 
[27] 


indicate that flat-plate equations apply approximately 
conical tip and side plates on a V-2 missile in flight wh 
fluid properties are evaluated at the temperature 7” of Equ 
(21). 

SUMMARY 


Analytical and experimental investigations of convective 


Since the flow boundary conditions of a cone in super- 
2 pe layer. Another set of experiments by Fischer and Norris (9 
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transfer from bodies in submerged flow at high speeds, where 
frictional heating is important, have so far supported the modi- 
fied Newton’s law of cooling (Equation [8]) as a fundamental 
heat-transfer relation. These investigations also indicate that 
the heat-transfer coefficients with the modified temperature 
potential and frictional heating are identical to those without 
frictional heating. Thus the procedures differ from that nor- 
mally followed for heat-transfer calculations only in the evalua- 
tion of the adiabatic surface temperature w hich replaces the state 
temperature of the fluid. 

The recovery factor (Equation [10]), which by definition de- 
termines the adiabatic surface temperature, is well represented 
by “Np,, for laminar flow over various-shaped bodies, even for 
large Mach number, provided the temperature equalization in 
the surface is low. The recovery factor for transition and turbu- 
lent flow is not established but apparently depends on Mach 
number and is greater than that for laminar flow, exceeding the 
suggested value of Np, /* 

Heat-transfer measurements with frictional heating are at 
present limited to one set of experiments for supersonic flow over 
cones and a single V-2 flight test, the results of which support the 
extrapolation of flat-plate heat-transfer coefficients for that pur- 
pose. The use of flat-plate heat-transfer equations is indicated 
for wedges and cones at supersonic velocities when the shock 
wave is attached. For other shapes of large radius of curvature 
and for high-speed subsonic flow over wedges and cones, esti- 
mates of the heat transfer might be made based on local condi- 
tions at the edge of the flow boundary layer applied to the avail- 
able analytical solution for wedges (Fig. 14), or again to the flat 
plate. 

The temperature at which to evaluate fluid properties, as deter- 
mined from the analytical solutions for laminar flow of gases 
over flat plates, is given by Equation [21]. For turbulent 
flow, this reference temperature is much in doubt and will be 
determined eventually only by test; however, until such data are 
available the surface temperature is believed to be more suitable 
than the free-stream temperature 
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Correlation From Skin-Temperature 
Measurements on a V-2 Rocket in Fligh 


= W. W. FISCHER? R. H. NORRIS,? SCHENECTADY, N. Y. 


Coefficients of convective heat transfer have been evalu- 
ated by analysis of the skin-temperature measurements 
made at several points on the nose of a V-2 (German A-4) 
rocket during flight in New Mexico. On one side, the 
surface of the nose was smooth but on the other side, 
4 in. from the nose tip, a transverse ridge about ¥ in. 
high, was purposely provided as a turbulence promoter. 

The test results are compared in dimensionless form 
with various proposed correlations for both laminar and 
turbulent conditions of the boundary layer. The test 
results, thus correlated, seem to justify the following con- 
clusions: (1) Boundary-layer transition seems to be more 
dependent, at supersonic speed, on Mach number than on 
Reynolds number. (2) The theoretical heat-transfer cor- 
relation for a laminar layer is confirmed by the appropriate 
sets of test points to the estimated order of accuracy of the 
test. (3) For turbulent layer conditions, the subsonic 
correlation for a flat plate provides better agreement with 
the supersonic test results than does Eber’s correlation, 
but there still remains a range of uncertainty as to the best 
choice of temperature for evaluation of the air properties. 


NOMENCLATURE 


The following nomenclature is used in the paper: 
a = velocity of sound, fps 


C, = friction coefficient = ay , dimensionless 
c = specific heat, Btu/(Ib) vider F) 
/S 
h = coefficient of heat transfer = gor, Btu/(sec) (sq 
adw ~~ w 
ft) (deg F) 
J = mechanical equivalent of heat, 778 (ft-lb) /Btu pias 
h c */s 
j = heat-transfer factor = , dimensionless 
cpp V 
k = thermal conductivity of the air, Btu/(sec)(sq ft) (deg 
F/ft) 
Mo = Mach number, Vo/dam, relative to the undisturbed air, 
dimensionless 
M: = Mach number, V;/ai, locally, just outside the boundary 


layer, dimensionless 

1 This investigation was made as a part of ‘Project Hermes,”’ 
Army Ordnance Contract WS0-115-Ord 1768. 

*General Engineering and Consulting Laboratory, General Elec; 
tric Company. Jun. ASME. 

‘General Engineering and Consulting Laboratory, General Elec- 
tricCompany. Mem. ASME. 

Contributed by the Heat Transfer Division and presented at 
the Annual Meeting, New York, N. Y., November 28-December 3, 
1948, of Tae American Society OF Mecu ANICAL ENGINEERS. Much 
of the subject matter of this paper has been presented also at a meet- 
ing of the Heat Transfer and Fluid Mechanics Institute, Los Angeles, 
Calif., June 21, 1948, under the joint auspices of the ASME and other 
Organizations. 

Nore: Statements and opinions advanced in papers are to be 
Understood as individual expressions of their authors and not those 
of the No. 48—A-54. 
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exponent in relation that » is proportional to 7”, cae 
sionless 


p = absolute pressure, psf 
q = heat flow rate, Btu per pd ae has Sy | 
R = Reynolds number, = ——, for position z, dimensionless 
S = surface area, sq ft 
7 = absolute temperature, deg R (deg F abs) 
t = time, sec 
V = velocity of air, relative to surface, fps 
z = distance along surface, measured from tip of cone or nose 


unless otherwise specified, ft =)" 
thickness, see Equation [8], ft phe 
radiation emissivity of skin, dimensionless 
viscosity of air, lb/(sec ft) 
density, lb per cu ft 
Stefan-Boltzmann constant, = 
[(deg R)* (sq ft)(see)] 
7 = shear stress on surface due to friction, psf 
Subscripts: 
adw = adiabatic wall, as defined for Taw in Equation [7] 
“ambient” conditions in undisturbed atmosphere 
(static values) 
= value of cement layer, see Equation [8] 


4 


dad 


0.483 Btu/ 


= mean value, by integration over surface from tip of nose, 
cone or plate, to point z is 
= value (of V or M) referring to the undisturbed air, rela- : 
tive to surface. 
p = value at constant pressure, see definition of c 
3 = value of stainless-steel skin, see Equation [8] 
w = value at wall surface, or of material of wall itself 
z = “local’’ value at point z (as distinguished from mean 
value, denoted by subscript m) 
1 = value for air just outside boundary layer, at location xz 


value at a temperature 7’, defined by Equation [2] 


INTRODUCTION 


One of the important problems of supersonic flight is the pre- 
diction of convective heat transfer between the surface of a body 
and the air through which it moves. The available theory for 
supersonic speeds, reviewed by Johnson and Rubesin (6, 13)‘ is 
limited to laminar boundary-layer conditions. Furthermore, the 
test data heretofore available for confirmation of this theory and 
extension of the correlation to other conditions seem inadequate. 
Although some results of wind-tunnel tests have been available 
(1), the uncertain effects of nonuniformity of the heat transfer 
over the surface make the interpretation of those results ques- 
tionable. 

Another method of test is to measure the skin temperature 
versus time during the flight of a large supersonic rocket. The 
large size reduces the lengthwise heat conduction so that tem- 
perature at one spot should be dependent only on the heat- 


4 Numbers in parentheses refer to the Bibliography at.the end of 
the paper. 
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conduction from other parts of the rocket having different tem- 
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transfer conditions at that spot, without serious error from heat h, (Cy), 


peratures. The method of evaluating the convective heat 
transfer from the measured temperature data is explained later. 

A flight test df a V-2 (German A-4) rocket was made at White 
Sands Proving Ground, New Mexico, on October 9, 1947, for 
the specific purpose of obtaining skin-temperature measurements 
on a nose of appropriate configuration. Skin-temperature meas- 
urements have been made on V-2 rockets on other occasions, 
but for other purposes requiring less accuracy. 

For the present purpose, in order to obtain even fair accuracy 
in the heat-transfer coefficient, relatively high accuracy of the 
skin-temperature measurements was desired. The reason for 
this is that not only the temperature itself is needed but also its 
time rate of change. This rate is not uniform but varies widely 
with time. Furthermore, there are many other sources of error, 
as explained later, which limit the accuracy of the evaluation of 
the convective heat-transfer correlation. The present method 
was expected to be sufficiently accurate, however, for the follow- 
ing purposes: 


(a) To indicate whether the boundary layer was laminar or 
turbulent. 

(b) To indicate whether there was any serious error in the heat- 
transfer theory for laminar layers. 

(c) To justify for turbulent layers some decision as to what 
temperature basis to use for evaluation of the air properties when 
applying to supersonic speeds the subsonic correlation for con- 
vective heat transfer. It was recognized that such a decision 


would be only approximate and tentative. en) 


THEORETICAL CORRELATIONS 

For laminar boundary layers, most of the theoretical analyses 
have been for flat plates, not cones. However, these analy- 
ses can be adjusted so as to apply to cones. The relation for this 
purpose has been shown theoretically (8) to be valid for super- 
sonic as well as subsonic velocities. It is also necessary in the case 
of cones to consider, in place of the ambient temperature, the 
local static temperature 7’; and velocity V;, of the air (relative to 
the cone surface) at a point close to the cone just outside the 
boundary layer. 

Among the various forms of the theoretical heat-transfer cor- 
relation for a flat plate with laminar layers at supersonic speed, 
the form most convenient for comparison with test results is the 
one presented by Johnson and Rubesin (6). For the present 
purposes, their correlation has been modified slightly, in the 
interest of simplicity, by using 7’, instead of 7'v, for evaluating 
Cp and cpu/k (the Prandtl number); the difference in the results 
is negligible for the present tests. When adjusted, as just ex- 
plained, so as to apply to a cone, the resulting correlation can be 
written in the form * 


where the primed quantities are evaluated at the following tem- 


perature 


= iyi 
- T’ = 0.42 7; (1 + 0.076 M,?) + 0.58 Tw........ [2] 


For turbulent boundary layer on flat plates, no theoretical 
solution for either heat transfer or friction is available for super- 
sonic speeds. Thus in the absence of any conclusive test evi- 
dence, it is not unreasonable to consider whether the usual semi- 
empirical correlation for subsonic flow over flat plates (7) will 
remain valid at supersonic speeds. This relation can be written 
in the form 


where (C,), can be evaluated from a relation (15) involving log 
R(C;)z. An approximation to this relation, which is very close 
for Reynolds number from 100,000 to 4,000,000 and only a little 
too low for still higher values is 


—0.2 


This factor 0.056 used for (C,), can be shown to correspond to 
the factor 0.070 in the analogous equation for the more customary 


quantity (C;),,.. Combination of Equations [3] and [4] yields 


h 3/3 Vr\—92 
Cp p k 


It can be seen from Equation [2] that the 7’ temperature is 
an intermediate temperature which gives 58 per cent weight to 
the surface temperature 7’,, and 42 per cent weight to a tem- 
perature about halfway’ between the local static temperature 
T;, and the adiabatic-wall temperature, 7'saw. Therefore, this 
T’ temperature seems a reasonable temperature to pick for a 
trial correlation of the turbulent-layer data as well. 

In applying the flat-plate correlation to cones, the local values 
T, and V; seem appropriate as in the case of the laminar layer. 
It remains uncertain whether the factor 0.056 of Equation [4] 
will require adjustment for the case of cones, but in the absence 
of evidence to the contrary, the correlation is here considered 
without attempting any adjustment. 

The skin temperature versus time data were recorded on the 
ground by means of a telemetering system. Such a system 
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consists of electronic equipment aboard the missile which auto- 
matically measures and transmits the data, by means of radio 
waves, to ground receivers which recu‘d these data on micro- 
film. The telemetering system (23) of the authors’ company, 
used in this flight, sampled each of its 27 channels 30 times per sec. 

General Arrangement of Temperature-Measurement Equipment. 
Temperature measurements were made at six locations on the 
skin of the missile. Four locations were on a special nosepiece, 
shown in Fig. 1, installed on an old-type NRL warhead (10). 
The other two locations were on the left door of the instrument 
section of the missile; one of them is shown in Fig. 2. 

Stations A, C, and G were. located one behind another, respec- 
tively, 2'/2 in., 6 in., and 12 in. from the tip of the nose cone. 
Station H was located 12 in. from the tip of the nose cone but 
diametrically opposite station G. Stations AK and M were lo- 
cated at 84.4 in. and 121.4 in., respectively, from the tip of the 
nose cone. Distance to all stations was measured along the skin. 

The special nose cone was constructed with a total included 
angle of 45 deg. The first */, in. of the cone, measured axially, 
was machined from solid stainless steel. A support ring was 
located 4 in. from the tip, also measured axially. The tip and 
ring were supported by brackets from a 1-in. axial tube. Supports 
were designed to minimize heat conduction. The section be- 
tween the tip piece and the support ring together with a half- 
circular part of the remainder of the cone was formed of a single 
piece of !/;. in. nominal thickness type 302 stainless-steel sheet. 
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Stations A, C, and G were on the line of symmetry of this 
sheet. The other half of the base section was formed from a 
1/\s-in. nominal thickness type 302 stainless-steel sheet. The 
base of the cone was machined from steel stock. 

The instrument-section door stations were constructed by 
modifying the original door. The modification consisted of cut- 
ting out rectangular sections of the skin and replacing them with 
5-in. (axially) X 7-in. type 302 stainless-steel inserts 1/32 in. 
thick. Steel strips approximately */, in. wide and 2/32 in. thick 
were spot-welded to the inner surface of the door around the 
opening, forming a lip to support the stainless-steel insert. The 
insert was then spot-welded to the strip, making the outside sur- 
face of the insert flush with the outside surface of the original 
skin. 

To minimize radiation effects, particularly at the high skin 
temperatures, the stainless-steel nose cone and instrument- 
section door inserts were polished to a mirror finish. Next, 
they were plated with 0.5 mil of nickel, followed by 0.1 mil of 
rhodium. Light buffing of the rhodium surface completed the 
operation. Rhodium was used because its emissivity remained 
unchanged (judged by appearance of the surface) when exposed 
to air at a temperature over 700 F for 6 hr. The nose cone, as 
well as the inserts, were polished shortly before the launching. 

Thicknesses, including the plating, at the various stations were 


as follows: le 
A G 
0.0295 in. 0.0294 in. 0.0300 in. 
2p is H K 
0.0637 in. 0.0324 in. 0.0324 in. 
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Output VoLts Versus TEMPERATURE AT A TYPICAL STATION 
(Ranges of a, 8, and y bridges are shown.) 
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a and 8 multiply seale reading by 100 
5000 } 


y multiply scale reading by ohms 


Fig. 4 Typicat TEMPERATURE VeRsUS RESISTANCE CURVE FOR 
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Temperature-Sensing Elements. The temperature-sensing ele- 
ments were Western Electric “thermistor’’ beads (22), connected 
as one pair of bridge arms. The other two arms were fixed re- 
sistances. By proper choice of the resistances and the size and 
number of beads installed, such a bridge was made to balance at 
any selected temperature. Over a range near the balance 
point, the output versus temperature relation was V-shaped 
with almost linear response on each side as shown in Figs. 3 and 
4. Usable output was 0 to 5 volts although the output reached | 
14 volts for conditions of very large unbalance. 

The bridges were selected to provide three temperature ranges, 
thereby providing higher accuracy over the entire range covered. 
The nominal balance points of these were alpha bridge 120 F, 
beta bridge 300 F, and gamma bridge 570 F. 

The alte ruating Garvent input to the bridges was supplied by 


ing system. 
reduce to a negligible amount the heating of the thermistors by 
the arm current. The design criterion was a maximum tempera- 
ture rise of 2.5 deg F based on the power at the point of 
crossover from one bridge to another. y 

The ratio-arm resistors, 
were mounted remotely from the temperature-sensing beads in- 
side of metal containers. Attention was paid to shielding and 
elimination of common leads in consideration of the 10-ke fre- 
quency. 

Mounting of Thermistor Beads. The thermistor beads were 
embedded in the stainless-steel skin to reduce the thermal time 
lag of response. This was accomplished by engraving to a depth 
of 20 mils either a trough or a wedge-shaped groove whose nominal 
dimensions were 0.042 in. X 0.075 in., and 0.020 in. X 0.040 in., 
respectively. One bead was mounted in each engraved hole, the 
larger holes being used for the beads of the gamma bridges. 
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the 10-volt 10-ke regulated generator contained in the ~ encll 
The bridge elements and voltages were selected to — 


transformers, and output circuits” 
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typical station consisted of 16 beads, of which two were for the 
gamma bridge (type No. V668 0.040 in. diam), eight were for the 
beta bridge (type No. D170575 0.015 in. diam), and six were for 
the alpha bridge (type No. D170575 0.015 in. diam). All beads 
at a particular station were the same distance from the tip of 
the missile. 

Prior to mounting t the beads, the engravi ed area of the skin was 
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coated with a layer of cement (type GH-2155, sodium silicate 
base) approximately 2 mils thick. This was found to be necessary 
to avoid danger of short circuits from the bead leads to the skin. 

After the skin insulation had set, the beads were placed in the 
grooves and troughs and cemented in place by means of a layer 
of the same cement. Figs. 5 and 6 show the details of a typical 
installation. The delicate 1-mil leads were embedded in the ce- 
ment to prevent later damage from vibration. During assembly, 
in the effort to hold these leads in place, this second cement layer 
unfortunately was allowed to reach an average thickness of 
about 20 mils. The undesirability of so thick a layer was not 
appreciated until too late, after all the beads had been 
cemented. Lack of time before the scheduled flight date 
prevented a second attempt. 


stainless-steel skin. These leads were 3/2 in. in length 


LOCAL HEAT TRANSFER FACTOR, 


and the door to secure a more even distribution of heat 


across the thermistor location. 
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Calibration Provisions for Thermal Equipment. To allow STATION SYMBOL 
for calibration of the bridges, each station was fitted with é = : 7 
two thermocouples. These couples were mounted in line 
with the thermistor beads; one couple at each end of 4 ° tT 
the line. The couples were constructed by spot-welding ~ 
a 5-mil iron-copnic junction to the inside surface of the one. 


and were silver-soldered to the longer 20-mil iron-copnic a FA 5164t- 
leads. 7s 
A conical oven for heating the nose cone was con- A + L 
structed, using distributed coils of Calrod, arranged in ~ » 
three circuits to provide more uniform temperature dis- 210010" 108 10" 
tribution. REYNOLDS NUMBER, R op 
Electrical hot-plate elements were used in an oven con- a le t | 
structed for heating stations K and M. A !/¢-in-thick ‘ 
copper plate was mounted between the heater element '!9- 5, Comparison or Locat Heat-Transrer Factor Versus 


Reynotps Numper Ustna Two TemPeRATURE Bases FOR EVALUATION 
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Advantages of Thermistors. Thermistors were chosen as the 
temperature-sensing elements primarily because of the rela- 
tively high voltage output of the thermistor bridge circuit, which 
allows input directly to the telemetering system without the use 
of intermediate amplification, thereby providing a desirably 
stable system. A second outstanding advantage of the ther- 
mistors is the ease with which the sensitivity of response (volts 
per degree) and the nominal range can be adjusted to desirable 
values, see Fig. 4. 

Furthermore, the size of the thermistor is small, thus allowing 
local readings to be obtained easily. It is recognized that the 
thermal-insulating property of the electrical-insulating cement 
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ATMOSPHERIC TEMPERATURE VERSUS ALTITUDE 


using the solid curve except where specified otherwise. 1 
solid curve was chosen to represent a reasonable compromis 
the available data, also shown in Fig. 11, with realization t! 
these data were not all equally significant. The pressure values 
corresponding to this solid line, calculated by means of the *‘! 
sometric equation” (12), are shown as the solid curve in Fig 
These pressure values were used for evaluation of pam. 

12 shows also the significance of the data of absolute pres 

on the nose-cone tap shown in Fig. 13. 

The quantities 7), p:, Mi, p:, and V,, were evaluated for 
ditions of the air immediately outside of the boundary lay¢ 
the station considered. For the stations on the nose cone, t 
quantities were evaluated from Tam, Pam, Mo, and Vo, by app 
ing the theoretical relations based upon Taylor and 
coll’s solution (9) for supersonic flow over a cone at zero angi 


| 

510° 10° 107 
REYNOLDS NUMBER ON EBER BASIS,R: 


Fic. 10 Exserr’s Locat NusseELt NuMBER VERSUS 
REYNOLDS NUMBER; TURBULENT-LAYER TEsT PoINTs 


between the thermistor bead and the skin introduces some uncer- 
tainty. While use of a thermocouple could eliminate need for 
‘insulation, its output is a very small direct-current voltage, thus 
requiring use of a direct-current amplifier “ahead” of the tele- 
metering equipment. In addition, the fact that a thermocouple 
is grounded is undesirable. 


EVALUATION OF CORRELATIONS FOR LocAL CONVECTIVE HEAT 


TRANSFER 


In the dimensionless correlations of the test results presented 
in Figs. 7, 8, 9, and 10, the various factors were evaluated as fol- 
lows: 

The atmospheric temperature 7am, was evaluated from Fig. 11, 


attack. For the stations K and M, which were farther aft o1 
part of the nose having an ogival profile, the local pressure v: 


pi, Were evaluated from the German wind-tunnel test result 


(20) for the model of the V-2 rocket. The values of local stat 
temperature 7, were then evaluated as the temperatures 
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MAR. 7, 1947 
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BASED ON TEMPERATURES FROM FIG Ii 
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(A) UNCORRECTED DATA AS 4 AND 
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IN PRESSURE MEASURING SYSTEM AS @— 
(3) ESTIMATED ACCURACY OF NOSE TAP PRESSURE 
INDICATING DEVICE = * 0.2 psiz 2% AT FULL SCALE. 
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Fig. 12 AtmospHeRic Pressure VERSUS ALTITUDE 


FISCHER, NORRIS—SUPERSONIC CONVECTIVE HEAT-TRANSFER 


where the constants are, respectively 


Cy = 0.12 Btu/ (lb) (deg F) 
6, = equivalent skin thickness (discussed in next section) 
Pw 496 lb per cu ft 

€ = 0.25 (discussed later) 


The adiabatic-wall temperature 7saw, was evaluated from the 


relation 
n 
Cpl M1 
Teaw = T, + | 
ky 2 
n '/, for a laminar boundary layer (by references 6 and 


where 
13) 


n = fora turbulent boundary layer (by reference 13) 
difference in enthalpy (by reference 17) between T'saw 
and 7';, divided by (Tsaw — 7). 


g (cy)av 


(Cy avg = 


For the correlation in both Figs. 7 and 8, the choice of n was 
made as follows: The value !/2 was used if the test point proved, 
upon trial, to be closer to the correlation line for the laminar- 
laver theory than it was to the line for the turbulent layer; the 
value '/; was used if it lay closer to the turbulent-layer correla- 
tion. 

Composite time-temperature plots of the stations are shown 

in Figs. 13(a) and 13(b). These figures show the points for each 

bridge at each station. The faired curves were used to evaluate 
both 7, and d7’,,/dt. 

Missile altitude and velocity versus time were evaluated from 

Fig. 14. 


Equivalent Thickness of Skin. In order to allow for the thermal 


capacity of the cement, the effective thickness 5,, of the skin was 


evaluated as follows 
« 


Ww here the constants are, respectively, 


= 


tabulatedelsewhereinthispaper 
estimated as 0.022in. (0.00183 ft) 
0.20 Btu/ (Ib) (deg F) 
0.12 Btu/ (lb) (deg F) 
119 lb per cu ft 

496 lb per cu ft 


The second term of the Equation [8] thereby contributed 8.8 


mils to the equivalent thickness. 


For the alpha and beta 


AccurAcy OF RESULTS 


Experimental Temperature Data. 


bridges, covering temperatures to 550 F, it has been estimated 
7 _ that the probable errors in the menvenenaent of the temperature 


are as follows: 


responding to an-isentropic change to the local pressure p:, from 
the ambient pressure pam, after the nonisentropic change through 
the shock wave from the nose tip was appropriately accounted 
for. The quantities V,; and M, were evaluated in a similar man- 
ner. 

The properties Coo 0's B's and, k’ were evaluated from reference 
(17) for the temperature 7”, “defined by Equation [2]. The 
coefficient hz was evaluated 


+ecT',,' 


(Taaw Fe) 


Calibration 

Allowance for hysteresis of thermistors 
Telemetry error per bridge (1 per cent) 
Reading error per bridge {1 per cent) 
Rms error from foregoing sources 


The random scatter of the plotted temperature results in Fig. 


13 is satisfactorily small, yell within this estimated error, with 
the following exceptions: 
the crossover from the alpha to the beta bridge occurred, there 


For station M at about 200 F, where 


is an inconsistency of about 30 deg F between the results from 
the two bridges. For station K, which had only one bridge, there 


463 
. | | 
} 
| | | | | 
= 100 | | o — 4 
| | | ~ 
j | | | 
| | | | | | 
Ge 
— 
| | ts | | 
6 \a 4 | | | 
| a’ ; 
| 
* 
of 
es 
ig. 
ly- 
a | 
-of 
ues 
ie 


T 


| STATION SYMBOL BRIDGE 
A 


. | T 


DEG F 


SKIN TEMPERATURE 


8 


PRESSURE-PSIA 


8 


60 


SECONDS AFTER TAKEOFF 


Fie. 13(a) 
AND ABSOLUTE PrREssSURE AT Tap Versus SEconps 
Arter TaKE-Orr FoR V-2 FLIGHT oF OcTOoBER 9, 1947. 


is irregular scatter at about 300 F. Inspection of the calibration 
of station K showed considerable inconsistency between repeated 
calibrations around this temperature. Therefore results for 
station K for times greater than 52 sec have not been included 
in Fig. 7, although at the lower temperatures they are reasonably 
consistent with those for station M. 

The temperature for the crossover from the beta to the less 
accurate gamma bridge was 550 F. Thus it was not necessary 
to use the gamma bridge except for station A points beyond 59 
sec, where the temperature appreciably exceeded 550 F. 

Sources of Error in Correlation. In the evaluation of the di- 
mensionless correlation from the measured skin temperatures, 
several additional sources of error deserve comment. 

One source is the uncertainty in the atmospheric temperature 
and pressure. Fortunately, the effect of the temperature uncer- 
tainty proves to be relatively negligible, provided the pressure 
is assumed fixed. For example, even an error of 50 deg F in at- 
mospheric temperature, which is more than seems reasonable, 
can be shown to produce a change of not more than 4 per cent 
in either the ordinate or abscissa of Fig. 7. 

The probable errorén pressure might well be +5 per cent or pos- 
sibly +10 percent. Any error in pressure produces a proportional 
error on both the ordinate and abscissa of Fig. 7, or Fig. 8, if the 
temperature is fixed. The effect on any discrepancy between a 
test point and the correlation line is less than this, however, since 
an increase in pressure moves a test point both downward and to 
the right, in a direction nearly parallel to the correlation line. 

The error from uncertainty in the assumed value of 0.25 
for the emissivity « in Equation [6] is small. If, as extreme 
values, it were assumed to be 0.50 or 0.00, it would change the 
heat-transfer results by not more than +7 per cent, for the 62.5- 
sec points. Furthermore, the amount decreases rapidly with 
decreasing time from takeoff. 

Another source of error is in the determination of the slope 
of the time versus temperature curve at each station. Although 
much care was exercised in drawing the tangents to the time 
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versus temperature curve, it is estimated that the error in the 
evaluation of the slopes (dT’,,/dt) is of the order of +5 per cent. 
The probable error in the estimate of the cement thickness 
is estimated as of the order of *7 mils. This uncertainty corre 
sponds to 3 mils in the equivalent steel thickness, or about 10 per 
cent for stations A, C, G, K, and M, and 5 per cent for station 1 
The magnitude of the effect on the correlations produced by 
nonuniformity of skin temperature upstream from any particu 
lar station is not known. Most of the skin area upstream from 
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stations C, G, and H is likely to have been more uniform in tem- 
perature than for stations A, K, and M, however. The correla- 
tions for C, G, and H do seem the best of the six. 

The time-lag effects of the skin temperature versus time data 
will be discussed later. 

Temperature Nonuniformity in the Cement. One of the as- 
sumptions used to justify Equation [6] is that the thermal capac- 
ity of the cement can be considered as lumped with that of the 
steel, thus assuming negligible nonuniformity of temperature 
through the cement. 

An approximate anaysis indicates that the nonuniformity was 
of such a magnitude that-the temperature halfway through the 
cement lags behind the steel temperature by about !/; sec. Even 
at the maximum rate of temperature rise, this corresponds to 
only about 8 deg F. The thermistor element is much closer to 
the steel than this mid-point of the cement layer, so the error 
from the nonuniformity is considered relatively negligible com- 
pared to the other errors already discussed. 

Over-All Accuracy. The probable absolute error from all the 
toregoing sources is estimated as of the order of +15 per cent on 
the average. However, cumulative errors for any one point 
might well raise the error for that point to +25 per cent in some 
Cases, 


RESULTS 


The results are presented in two different dimensionless cor- 
relation forms in Figs. 7, 8,9, and 10. The significant features of 
the results are discussed in the next section. These results 
cover a range of free-stream Mach numbers from 1.40 to 4.83. 
This corresponds to local Mach numbers, just outside the bound- 
ary layer, of 1.0 to 3.1 for the nose-cone stations, and 1.3 to 4.2 
for stations & and M, respectively. 


Concuusions 


The results of the correlation as plotted in Fig. 7 indicate 
the existence of three distinct conditions of the boundary layer, 
namely, laminar Jayer, transition, and turbulent layer. The 
results for these conditions will be discussed in turn. 

Laminar Layer. The existence of a laminar boundary layer is 
clearly evident for stations A, C, G, for the period from 48 to 
about 61 sec. The plotted points for all three stations could be 
approximated by a single curve about parallel to the theoretical 
line for a laminar layer, but about 17 per cent above it. This_ 
discrepancy does not seem unreasonable compared to the proba- 
ble test accuracy of about +15 per cent. The 62.5-see point for 
stations C and G, and the points for 60, 61, and 62.5 sec for station 
A all drop considerably below the theoretical line. For station A, 
the three points concerned had to be obtained from the gamma 
bridge which is believed to give less accuracy than the beta bridge, 
since the calibration, Fig. 3, showed an unusual and unexplaina- 
ble scatter above 575 F. For stations C and G, the 62.5-sec 
point was at the end of the range of the beta bridge where the 
accuracy is considerably reduced. 

The “hump” of the test points near 56 sec is perhaps attributa- 
ble to an accidental change of 39 deg in the direction of the 
rocket’s flight which occurred between 49 and 59 sec, and to a 
slow roll of 0.55 revolutions per sec, which began at 56 sec. The 
average angle of attack aerodynamically required for this change 
of direction has been calculated, and its calculated effect on the 


heat transfer is of an order of magnitude which could account for 
the hump. 


Transition. 


For the “smooth” conical surface, i.e., stations 
A, C, and G, the location, and the rapid drop, of the j-values be- 
tween the 40-sec and the 48-sec readings strongly indicate a transi- 
tion from turbulent to laminar boundary layer. 
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ss ridge, the turbulent nature of the boundary layer is indicated, as 
expected, by the trend of the results. It had been hoped that the 
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at three widely different Reynolds numbers seems significantly 
consistent with the recent theory (11) whereby combinations of 
Mach number and surface-temperature conditions, not Reynolds 
number, determine the stability of the boundary layer when 
the Mach number is considerably above sonic. Fig. 7 of ref- 
erence (11) shows, as a function of surface temperature, the 
particular Mach number above which a laminar layer becomes 
theoretically stable for very high (and even infinite) Reynolds 
number. This Mach number when evaluated for station A, C, 
orG, is found to be approximately 1.5, which corresponds quite 
closely to the local Mach number M,, at the 37-see point where 
transition seems to have begun. 

The results for station H, which was preceded by a turbulence 
promoter, show no significant evidence of a transition until much 
later—near 62 sec. Since station G definitely did show early 
transition, evidently the turbulence promoter performed as in- 
tended in spite of the theoretical stability of a laminar layer. 

An unexpected feature of the transition data is that partial 
transition is not confined, at any one instant (for example, the 
44-sec point), to a small region on the cone, but exists simul- 
taneously at all three stations (A, C,andG@). Perhaps the bound- 
ary layer, over a large area, pulsates between a turbulent condi- 
tion and a laminar condition. : 

Turbulent Layer. In spite of the relative smoothness of the 
surface at stations A, C, and G, apparently a turbulent layer 
existed at the beginning of the test period, i.e., at 30 sec after 
take-off. This is indicated by the approximate consistency be- 
tween the results, at the higher Reynolds numbers, for these 
three stations and those for stations H and M; in particular, in 
the interval of 30 to 36 sec for A, and from 30 to 40 seconds for 
Cand G. 

For the stations H and M, each of which is aft of a transverse 


supersonic results represented by these tests would follow the 
subsonic correlation for a flat plate with a turbulent boundary 
layer. The major uncertainty lay in the choice of the temperature 
basis for evaluation of the air properties. Comparison of the two 
sets of test points in Fig. 8, representing two considerably differ- 
ent temperature bases, appears to justify the following’ con- 
clusions: 

1 On the 7” basis of correlation, the trend of the test points 
from both station H and station M is the same; the points lie 
approximately along the straight line which represents the sub- 
sonic correlation, except for the last few seconds of the test 
period. During these last seconds the boundary layer may have 
begun to become laminar, and also the accuracy is reduced. Al- 
though there is appreciable scatter, probably attributable to limi- 
tations of test accuracy, the consistent trend of the points covers 
an unusually large range of Reynolds numbers and therefore 
may be considered reasonably significant, although not satis- 
factorily conclusive. 

2 When correlated on the basis of the local static temperature 
T, (just outside the boundary layer), however, comparison of the 
test points with the curve for subsonic conditions seems even less 
conclusive. The points for station M drop off toward the laminar- 
layer line earlier in the flight, and more gradually, than those for 
station H, in spite of the much higher Reynolds number at sta- 
tion M. This drop might be ascribable to less effect of the turbu- 
lence promotion at station M than at station H, which in turn 
might result in earlier transition at M, but if so, the transition 
seems surprisingly gradual. Unfortunately, the test points previ- 
ous to this possible transition seem also to be inconclusive. This 
is because in this region the difference between the corresponding 
points for the 7’ and the 7, bases is small—of the same order of 
magnitude as the test accuracy. 
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3 The slope of the subsonic turbulent-correlation curve seems 
about right for the 7” basis, but apparently a little too flat for the 
T, basis. The coefficient 0.056 in Equation [4], which represents 
this curve, also seems about right for the 7” basis, but a little too 
high for the 7, basis, if the slope remains unchanged. 
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; a 4 The practical question remains as to what basis should be 
used for engineering estimates until more conclusive test results 
become available. In the authors’ judgment, the 7’ basis is the 
more probable of the two. It seems safe to consider the 7’; basis 
as one limit to the range of uncertainty of the j-values. 

5 The surface temperature 7’, was also considered as a pos- 
sible basis of correlation. It was found to give about the same 
correlation as 7’, since it just so happened in this particular 
flight that 7, lay fairly close to 7’ for the test points most sig- 
nificant for the comparison of the alternative temperature bases. 
This is indicated in Fig. 15. 

The Eber Correlation. The empirical correlation proposed by 
Eber (1) deserves comment, since, heretofore, it has been widely 


used. When expressed for a cone in terms of h, instead of h,,, it 
becomes 
haz Vi 
kaaw Madw 


In comparing this relation with the present test results, it is 
helpful to consider first only those test points which seem, from 
Fig. 7, to indicate clearly a laminar-layer condition, namely, 
the points for station A, C, and G for 50 to 60 sec, inclusive. 
These points are compared with Eber’s correlation in Fig. 9. 
Not only is the line of Eber’s correlation too high, but its slope 
is clearly much steeper than the trend of these test points. 


’ group directed by Dr. L. A. del Sasso; U 
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For the turbulent layer it seems appropriate, judging from 
Fig. 7, to ignore test points which clearly seem to be for transition 
or laminar layer, and therefore to consider only the test points 
for station H, K, and M, and the 30 to 40-sec points for stations 
A, C, and G. These are compared with Eber’s correlation in 
Fig. 10. It is evident that the test points for stations H and the 
selected points for stations A, C, and G are consistently above 
the Eber line, by the order of 40 per cent, while the points for 
stations K and M also start above the Eber line, but decrease 
more rapidly with Reynolds number, probably thus indicating 
gradual transition toward the laminar condition. 

The test results here reported appear to satisfy the limited 
objectives listed in the introduction of this paper. 

Need remains, however, for further research to provide more 
accurate test data with turbulent layers, and to establish experi- 
mentally the criteria for transition, including the effect thereon 
of pressure gradient which was believed negligible in the tests 
here reported. For laminar layers, the authors know of no 
reason to doubt the validity of the theoretical correlation even 
though the present confirmation was limited in accuracy. 
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Discussion 


H. A. Jounson.’ It is mentioned in the paper that skin tem- 
peratures have been measured on V-2 rockets on occasions other 
than the particular flight reported in the paper. The results of 
these «other measurements 
would be of considerable in- 


alee terest, even though the ac- 
> DATA EVALUATED - curacy may be limited. It 
ON T BASIS is hoped that the authors 
a ox can supply these results in 
Lio their closure. 
° In accordance with Profes- 
sor Johnson’s suggestions, 
additional figures (Figs. 16- 
= q 18), are supplied with this 
ata on other rockets and to 
210° 510° 10° 510° 10° lo* 10’ S10" facilitate interpretations of 
REYNOLDS NUMBER, R= their significance. 
we Figs. 16 and 17 show the 
results of correlation of skin- 
V-2 NO ¥ LOCAL MACH NO.M, temperature data from these 
. ii | | 60 | | | | 52 | 44 | [30 SECONDS AF TER TAKEOFF other rockets on the basis of 
NRL MAR 7, 47 66 62 58 | 54 50 46,42 35 intermediate temperature 7’, 
STATION |, ALUMINUM 64 56 48 40 and on the basis of local 
M, static temperature 7, (just 


| 62 | | | 
NRL MAR 7,'47 64 60 | 56 


outside the beundary layer), 
respectively. Information on 


aide these rockets is as follows: 
66 58 V-2 No. 21: Temperatures 
WAC CORPORAL NO 26, were measured at two sta- 
48 | SECONDS _ tions on the nose cone, one 
JPL/GALCIT DEC 13,'46 50 46 ni on a 0.091-in-thick aluminum 
52 44 36 28 skin section, the other on a 
0.102-in-thick steel skin sec- 
“2 NO. 12 © AND x Pa tion, at 18 in. and 32 in. from 
NRL OCT. 10,'46 ia 50 the apex, respectively. (24) 
5 General Electric Company, 


Fig. 16 Locat Heat-TRANSFER Factor Versus Reyno_tps NuMBER FoR OTHER Rockets; 
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Schenectady, N. Y. 
* Bibliography at end of clo- 
sure. 
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Fria. 17 
a V-2 No. 12: Temperature was measured at one station where 
the steel wall was 0.020 in. thick. This station was 109 in. from 
the apex and had two different types of temperature-sensing 
elements. For details see reference (10) of the paper and (24) 

of this closure. 

Wac Corporal No. 26: Temperature was measured at one 
station on the 0.076-in-thick aluminum nose cone 30 in, aft of the 
apex. For details see reference (25) of this closure. 

It seems evident from comparisons between Fig. 16 and 17 
herewith, and of these in turn with Fig. 7 and Fig. 8 of the paper, 
that the T’ basis gives a more consistent correlation than the 
T; basis, particularly for points which seem to represent turbulent- 
layer conditions. Comparison of the two sets of test points 
for V-2 No. 21 provide particularly significant evidence, since 
station 2 was somewhat aft of a joint on the skin which was likely 
to promote turbulence, whereas station 1 was preceded by no 
appreciable roughness (except that the very tip of the nose was 
cut off blunt). Accordingly, where they differ from each other, 
the points for station 2 and the points for station 1 might be 
expected to follow the correlation curves for turbulent layer, and 
laminar layer, respectively. In Fig. 16, this expectation is con- 

firmed fairly well, whereas Fig. 17 shows seemingly erratic devia- 
tions between the two sets of points. 

Furthermore, the range of scatter of all the test points in 
Fig. 16 seems less than the scatter in Fig. 17, and the points 
average somewhat higher and hence closer to the turbulent- 
layer test-point results in Fig. 7 and Fig. 8 of the paper. The 
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Locat HEAT-TRANSFER Factor Versus REYNOLDS NUMBER FOR OTHER Rockets; Data EVALUATED ON 7; Basis 


scatter which is present even in Fig. 16, and which seems worst for 
V-2 No 12, probably is not unreasonable in consideration of 
the limitations of test accuracy. 

Additional comment seems warranted also for the wall tempera- 
ture 7, basis. Fig. 18, herewith, shows the test results on this 
basis for V-2 No. 19 and V-2 No. 27. The results for the other 
rockets would show little or no significant difference between the 
T,, basis and the 7” basis, so no separate plot of them on the 7’, 
basis is presented. 

Comparison of Fig. 7 and Fig. 8 of the paper, with Fig. 18 
seems to warrant the following remarks: 


1 The differences between the results on the T,, basis and 
those on the 7” basis are not large enough to be conclusive, but 
some of them seem to have some significance, as will be explained. 

2 Those points for station M which seem to represent condi- 
tions of boundary-layer transition show a distinctly steeper slope 
on the 7’, basis, and therefore become more consistent with the 
corresponding test points for stations A, C, and G. 

3 Many of the test points for station H, which are appreciably 
above the upper correlation line on the 7” basis, are lower on the 
T,, basis so that the trend for all the station H-points approxi- 
mates that correlation line quite well. 


There are also some theoretical grounds (26) which seem to 
favor the 7’, basis for the correlations for the turbulent-layer 
conditions. 

On the whole, therefore, the limited evidence now available 
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seems slightly—by no means conclusively—in favor of the 
T,, basis in preference to the 7” basis for the turbulent-layer 
heat-transfer correlation. Both the 7,, basis and the 7” basis 
seem preferable to the 7; basis. 
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By R. J. 


There is a definite need for information about the 
value of chemical and petrographic analyses in predicting 
the behavior of stoker coals in domestic stokers. In order 
to obtain this information in our Illinois studies, per- 
formance characteristics of a large number of coals were 
determined and correlated with the various items of the 
proximate and ultimate analyses, heating value, varieties 
of sulphur, ash analysis, ash-fusion temperatures, free- 
swelling index, petrographic analysis, and Gieseler plas- 
ticity. A brief report on the results, including some 
graphs of the more useful correlations, are given. 


INTRODUCTION 


NE of the most urgent needs in the field of coal com- 
() bustion is the ability to predict the performance of a coal 

from knowledge gained from small-scale tests. Nu- 
merous types of analysesand tests are conducted on coal, including 
the proximate and ultimate analyses, heating value, varieties of 
sulphur, ash analysis, ash-fusion temperatures, free-swelling index, 
petrographic analysis, and Gieseler plasticity. The Illinois 
State Geological Survey has made an intensive study of the 
value of these tests for judging the performance characteristics 
of the coal as actually utilized. To date, three reports (1, 2, 3, )* 
have been issued, and another is being prepared. The present 
paper briefly summarizes some of the results found in the studies. 


EquipMENT Usep For TEstTs 


The equipment used for the tests is described in some detail 
in the publications mentioned. Briefly, it consisted of a domestic 
stoker, cast-iron boiler, and water-cooled heat exchanger, which 
were operated as a forced-circulation hot-water system. The 
entire unit was mounted on scales. 

Instruments for recording the performance of the coal included 
a hot-water meter to indicate the quantity of water flowing 
through the boiler; a two-pen, mercury-actuated thermometer 
to record the temperatures of the water entering and leaving 
the boiler; a chemical-type meter to record the percentage of 
CO, in the stack gases; a pressure gage to record the static pres- 
sure in the stoker air duct; and a multipoint potentiometer to 
record thé temperatures in the stack and room, and the opacity 
of the stack gases. A 16-mm motion-picture camera was availa- 
ble for taking pictures of either the fuel bed or the scale dial. 


! Published by permission of the Chief, Illinois State Geological 
urvey, 

* Mechanical Engineer, Illinois State Geological Survey. 

* Senior Geologist and Head of Coal Division, Illinois State Geo- 
logical Survey. 
ie Numbers in parentheses refer to the Bibliography at the end of 

paper; 
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Test PROCEDURE 


The tests described in this report can be conveniently divided 
into three phases. For the first phase, a load of 5 or 6 tons of 
unwashed coal (usually screenings) was obtained from fourteen 
Illinois mines. These coals were all crushed and screened to a 
size of '/2 in. (square hole) by 8 mesh. Combustion tests were 
made on a part of this raw screened coal. Another portion was 
passed over a concentrating table to reduce the ash to what was 
considered to be commercially reasonable, and combustion tests 
were made on this upgraded coal. The ash content of the re- 
maining coal was reduced to a still lower figure by passing it over 
the washing table with greater reject, or by standard float-sink 
procedure. This cleaned fraction was then tested in the stoker- 
boiler unit. Thus three coals with varying ash content were 
tested from each mine. 

For the next phase reported herein, coals were obtained from 
four Arkansas mines and tested as received and after passing over 
the concentrating table with a normal reject. One [Illinois 
coal was tested in the ‘“‘washed”’ condition only. 

The last phase included tests on commercially prepared stoker 
coals from J}linois and several other states, and from numerous 
coal seams. If feasible, they were obtained directly from the 
mine; if not, they were obtained from a retail coal dealer. There 
is a possibility of improper identification of the coals obtained in 
this latter manner, but all reasonable precautions were taken. 
Table 1 gives information about the source of coals tested in the 
second and third phase. A previous report (2) gives similar 
information about the first phase. 


TABLE 1 SOURCE OF onaee aN SECOND AND THIRD PHASE 
ESTS 
State County Seam Jad 
inois. . ulton No. 5 
Illinois. . Knox No. 6 
Illinois. . Grundy No.7 
Illinois... . . Christian No. 6 
Ilinois. Saline Np. 5 
Saline No. 
Illinois... Randolph No. 6 
Illinois. Jackson No. 6 
Illinois... .. Bureau No. 6 
Illinois. . St. Clair No. 6 
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The sample obtained is not considered as representative of the 
seam or even of the unnamed mine. Obviously, it was im- 
practical, and of no particular importance, to obtain a repre- 
sentative sample for this study. The coals were obtained from 
a large number of sources in order to have coals of widely varying 
characteristics. 

Considerable care was used in obtaining a representative 
sample of the coals as burned for chemical and petrographic 
analyses. Standard or proposed methods of the American 
Society for Testing Materials were used wherever they were 
applicable. 

The petrographic composition was obtained for only the Illinois 
coals in the first phase. Those listed in this report were made by 
microscopic examination of closely sized fractions. The analyst 
considered all vitrain bands less than !/j in. thick as part of the 
clarain. 

The combustion-testing schedule included five stoker-operation 
rates varying from hold-fire to continuous. About 300 Ib of 
coal were burned during each of the operation rates, except hold- 
fire. No attention was given to the fire during each of these 
tests with a fixed operation rate. 


There are many factors which govern the suitability of coals 
for domestic stokers, including the following: 


1 Amount of heat obtained per dollar. 
2 Attention required by heating plant. 
_ 3 Ability to maintain the desired temperature in the home. 
4 Smoke emitted. 

ee Ability to maintain fire at low rates of operation. 
Cleanliness. 

7 Appearance of the fuel bed and fire. 

8 Odors given off by clinkers during their removal. 
9 Quietness of operation. 

10 Appearance of the coal. 


The foregoing factors vary in relative importance, depending 
upon the heating system being used and also upon personal prefer- 
ences of the operator. 

Objective measures of all of these factors would be highly 
desirable. Unfortunately, only the cost of heat can be deter- 
mined by generally recognized standard tests and this only 
under arbitrarily fixed conditions. While the cost of heat may 
be of major importance with large stoker-fired heating plants, 
it is considered to be of minor importance to many domestic- 
stoker owners. 

Some objective criteria of the first five of the factors listed were 
devised and determined for all the coals tested. The chief cri- 
terion of the attention required is considered to be the quantity 
of ash which can be obtained from the proximate analysis. The 
percentage of ash per million Btu is a more precise measure. 
Other criteria used were the density and friability of the clinker, 
and the relative amount of ash removed in the form of clinkers. 
A subjective clinker rating was also made. 

The ability of a heating plant to maintain the desired tempera- 
ture in a house will depend upon many other factors besides the 
coal being burned. However, certain performance characteris- 
ties of the coal are thought to be influential and: were determined 
for all coals tested. These were the uniformity of heat release, 
ratio of the minimum and average rates of heat release with con- 
tinuous stoker operation, responsiveness of the fire after a pro- 
longed hold-fire period, the “pickup” after a relatively short 
“off” period, and the rate of heat output after the stoker shutoff 
(called “overrun” in this paper). 

Although no discussion of smoke and hold-fire ability is given 
in this paper, objective data were obtained. Motion pictures 
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were taken of the fuel bed at fixed intervals, and a considerable 
quantity of color film showing this action is available for study. 


RESULTS 


Heat Obtained. The amount of heat obtained from each coal 
tested was very nearly directly proportional to the heating value 
of the coal, on the as-fired basis, Fig. 1. The solid line in this 
diagram appears to be the best single line to represent the points 
shown. All points falling within the dotted lines are within 5 
per cent of the value indicated by the solid line. 

The heat obtained from the coals tested was also nearly directly 
proportional to the percentage of carbon as given in the ultimate 
analysis, Fig. 2. Most of the points are within 5 per cent of the 
indicated line. 
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A fair correlation between the ash and heat obtained was 
found, Fig. 3. This relationship is of particular interest because 
the percentage of ash is also a criterion of the attention required. 
Ash is not the sole diluent in coal, and as expected, a better 
correlation with the sum of noncombustibles is shown in Fig. 4. 

Numerous other items, and combination of items, gave good 
correlation with the heat obtained. However, none appears 
to be as useful as the relationships mentioned, particularly the 
one with heating value. 

Uniformity of Rate of Heai Release. None of the items included 
in the chemical or petrographic analyses gave a good correlation 
with the uniformity of rate of heat release. One of the better 
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correlations appeared to be with the percentage of ash, Fig. 5. 
The performance of several coals failed to follow the general 
trend of increasing variability in rate of heat release with an 
increase in percentage of ash. One example of nonconformity 
was the Pittsburgh seam coal from West Virginia which had 
about 17 per cent variation, although its ash content was only 


that the correlation is very low. Five coals with swelling indexes 
Fic.5 Re.ationsuip or Un1ForMtry oF Rate oF Heat RELEASE TO 


7.5 percent. An unprepared coal from Wabash County, Illinois, 
burned with only 8.3 per cent variation, yet its ash content was 
20.8 per cent. 

Fig. 6 shows the correlation of the uniformity of rate of heat 
release and the maximum fluidity, in dial divisions per minute, 
as determined by the Gieseler test. Although the degree of cor- 
relation is probably poorer than that exhibited with ash, the 
Pittsburgh seam coal (abscissa of 6000) conforms to the general 
relationship shown. The Wabash County (Illinois) coal is not 
shown because no plastic properties were indicated by the Gieseler 
procedure. 

The coking characteristics of coals are usually thought to exert 
considerable influence upon the uniformity of combustion in 
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domestic stokers. One of the best indicators of coking tendency 
is thought to be the free-swelling index. However, Fig. 7 shows 


of 8 or greater burned quite uniformly. cd 
The banded ingredients were not determined for all of the coals 
burned because of lack of suitably trained analysts. Fig. 8 2 
shows the relationship between the uniformity of rate of heat 
release and vitrain for all coals analyzed. The general tendency 
seems to be for more uniform combustion with the higher-vitrain 
coals. This may be a reflection of ash content, because the coals 
with more vitrain usually had lower percentages of ash. 

As stated, the percentage of vitrain reported did not include 
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any bands less than 0.1 in. in thickness. The coals with “bright”’ - 
clarain might have considerably more vitrain than reported, if no ‘ Le . 
limit were placed upon the thickness of the bands. Therefore 4 P 1. 
the correlations with the banded ingredients are considered to be Pas q he 
incomplete. It is hoped that further investigations can be made. Fi sie . 
Responsiveness of Fire to Heat Demands. No useful correlation +20 = 
was found between any of the chemical or petrographic tests and oH . " . 
the responsiveness of the fire after a prolonged hold-fire period. & 40 5 : 
The relationship of responsiveness and volatile matter is shown 
in Fig. 9. The widely scattered points were typical of all plots 3 ios : ‘ > 
made. 
The correlation of the responsiveness of the fire after a 45-min ‘ 
off period (called pickup) with any chemical or petrographic .20 - 
item was likewise poor. Fig. 10 shows a typical example. 
The rate of heat release after the stoker shutoff did not exhibit eR eer a 
a useful correlation with any of the chemical or petrographic tests Fic. 12 Revationsnip or Cumnker-AsH Ratio TO SorrTeniNé 


made. A slight tendency for an increase in overrun to accom- 
pany an increase in the Gieseler softening temperature is shown in 
Fig. 11. 

Clinker Characteristics. One of the primary requisites for a 
stoker coal is the ability to remove the ash in the form of clinker. 
This characteristic was indicated as the ratio of the weight of 
clinker removed during the tests and the total weight of ash 
formed. The ratio was always less than unity because the tests 
were started with no ash in the combustion chamber. A bed of 


TEMPERATURE OF ASH 
loose ash had to be accumulated before clinker was formed. Less 
than unit values do not mean that all the ash could not be re- 
moved in the form of clinker with normal home operation. 
Fig. 12 shows that the correlation of the softening temperature 
of the ash and the clinker-ash ratio is very poor. The clinker 
ash ratio for several coals in the 2000 F range were lower thao 


some in the 2600 F range. 
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7 100 useful relationship was with the heating value, on the as-fired 
90 NN - No single item, or combination of items, in the chemical or 
N\ petrographic analyses gave good correlations with any of the 
x 80 -" ‘ other measured combustion characteristics. The percentage of 
e ’ ash, the fluidity of the coal as determined by the Gieseler test, 
and the percentage of vitrain exhibited a fair correlation with the 
uniformity of combustion. 
a 60 o The clinker-ash ratio appeared to have a fair correlation with 
c Nes, the shattering characteristics of the clinker. 
Sufficient space is not available to show additional graphs or to 
) 1 : discuss the lack of correlation exhibited by more than one hundred 
ite dill combinations of chemical and combustion characteristics that 
aa were studied. Little or no useful correlation was exhibited by 
IS .20 .25 .30 38 40 SO 5S 60 65 70 75 .80 any except those mentioned in this paper. 
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There appears to be a slight correlation between the clinker- Report of 78, 
ash rati > clinker-shatter i x.5 Fig. 13. 2 “Correlation of Domestic Stoker ombustion With Laboratory 
ach matio and the ellakerchatter inex,” Fig, 18 Tests and Types of Fuels. II. Combustion Tests and Preparation 
Studies of Representative Illinois Coals,’’ by R. J. Helfinstine and 
ONCLUSION 
Cosrouamansens C. C. Boley, Illinois Geological Survey, Report of Investigations 120, 
The heat obtained from the coals tested exhibited a good corre- 1946, 62 pp. italia 
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This paper is based upon experience gained from evalua- 
tion tests, sponsored by individual coal producers during 
the past 12 years, to determine the suitability of various 
coals for use in residential underfeed stokers of the clinker- 
ing type. The conclusions reached through the evaluation 
tests are in general agreement with the marketing experi- 
ences of the producers in the field. Comparisons are also 
made between the characteristics of the coals as deter- 
mined by the evaluation tests and data determined by 
standard laboratory-test methods. Correlation in this 
regard was not good. 


HE great majority of stokers used in residential heating 
installations are of the clinkering type. Because of inher- 
ent characteristics of the underfeed combustion process as 
it occurs in these small stokers, and because of the wide range of 
operating conditions encountered in residential heating schedules, 
not all bituminous coals can be used successfully in residential 
underfeed units. The problem of providing consumer satisfac- 
tion has been attacked by the joint efforts of the stoker manufac- 
turers and the coal industry; the stoker manufacturers have been 
concerned with improving their product to permit the use of a 
wider range of coals, and coal operators have made every effort 
to market selected and better-prepared coals. In view of the wide 
range of physical characteristics and chemical 
properties of bituminous coals, the problems are real 
and are receiving increased attention. 
Some 12 years ago a laboratory method was 
developed at Battelle Memorial Institute for the 


Three Residential-Stoker Coals 
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EqQuIpMENT UseEp IN TESTS 


Fig. 1 shows schematically the equipment used in the evalua- 
tion tests. The stoker is a commercial model of conventional de- 
sign, having a nominal feed rate of 30lb perhr. A special labora- 
tory furnace is used, which is sealed tightly to prevent the en- 
trance of secondary air. The complete stoker-furnace assembly 
is mounted on platform scales, which permits the measurement 
of combustible weight losses occurring during the test. The fur- 
nace stack, in which are located a thermocouple, flue-gas sampling 
tube, and smoke meter, is connected to the laboratory exhaust 
breeching through a frictionless connection. 

Through use of an auxiliary blower system, provision is made 
for the measurement of the air delivered by the stoker fan to the 
wind box. A water seal in the ductwork eliminates interference 
with the process of weighing the stoker-furnace unit. A baro- 
metric damper is located in the furnace stack to assist in main- 
taining a constant draft. The damper is adjusted to give a draft 
of 0.05 in. of water during ‘‘off” periods of the stoker. 

Smoke concentrations are measured by means of a smoke- 
density meter. The meter consists of a light source and photo- 
electric cell between which a sample of the flue gases is drawn at 
a constant rate. Variations in the absorption of light by smoke 
varies the output of the photoelectric cell, and the voltage is’re- 
corded continuously on a recording potentiometer. 


BREECHING 


relative evaluation of coals for use in residential ELECTRIC 
underfeed stokers. The method was developed in -_— aa 
conjunction with work being done at that time for SMOKE METER SWITCH 
Bituminous Coal Research, Inc., and for individual TUBE 
coal producers, to obtain information on the charac- * THERMOCOUPLE faaet wou me 
teristics of coal that determined the successful per- METER 
formance of the small stoker. Details of the equip- we “4 
ment and test procedure were given by R. A. Sher- | F 
man* in a paper presented at the University of Illinois Aap ; or STOKER 
Fifth Short Course in Coal Utilization. ' 

During the past several years the evaluation aitetaie = 7 
over forty different coals has been determined by 
investigations sponsored at Battelle by coal operators a nae 


in the eastern producing districts. The purpose of eet 


WATER SEAL/ 


this paper is to compare the results and con- 

clusions derived from the various tests with 

marketing experiences of the operators, and to discuss 

briefly the relationship of test results to standard laboratory 
determinations. 


‘Research Engineer, 
Jun. ASME, 
: Supervisor, Fuels Research, Battelle Memorial Institute. 

“The Evaluation of Coal for Use in Domestic Stokers,’’ by R. A. 
Sherman, Circular No. 39, University of Illinois, Engineering Ex- 
periment Station, 1939. 

Presented at the ASME-AIME Joint Fuels Conference, White 
‘ulphur Springs, West Va., November 3-4, 1948. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. No. 48-—FU-1. 


Fuels Division, Battelle Memorial Institute. 


tested, and the stoker is run until the retort is filled and coal is 
level with the top of the tuyéres. The feed of coal is then stop- 


Fig. 1 Dracram or Test EquipMENT 


Appropriate instruments are provided for control of hold-fire 
operation, for recording stoker running time and power con- 
sumption, and for measurement of overfire and wind-box pres- 


sures. Flue-gas analyses are made at appropriate intervals 
throughout the test. 


Test PrRoceDURE 


At the start of the test the hopper is filled with the coal to be 


ped, and 1 Ib of charecal i is mean on top of the coal. Just prior 
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to lighting the fire, '/2 pt of kerosene is poured over the charcoal. | an j } ‘) | 
4 


The charcoal is then ignited, and for a period of 5 minutes no coal 
is fed, but the stoker fan is permitted to run. At the end of 5 
min the coal feed is turned on and allowed to run for the balance 
of the hour. 

The air control on the stoker is set to furnish air at a rate 30 per 
cent in excess of that theoretically required by the rate at which 
the coal under test is being fed. Any correction necessary to ob- 
tain this rate of air delivery is made during the first hour by means 
of the stoker air control. No further adjustment of the air is 
made throughout the test. 

The schedule of operation for an evaluation test is designed to 
simulate the operation of a stoker under conditions of varying 
heat demand, as would be expected during a typical heating sea- 
son. The test is normally of 5 days’ duration. During the first 
and second days, operation consists of alternate periods of con- 
tinuous and hold-fire operation; alternate periods of intermittent 
and hold-fire operation occupy the third day, and the fourth day 
consists wholly of hold-fire operation. Intermittent operation 
is scheduled for the whole of the fifth day. 

For the parts of the schedule indicating continuous operation, 
the stoker is started and stopped manually. For hold-fire opera- 
tion, the stoker is started once each hour by a timer control and 
is stopped by a potentiometer controller when the temperature 
of the flue gases has reached 20 millivolts, or approximately 900 
F. During intermittent operation, the stoker is started manually 
at intervals of 20 min, the duration of each period of operation 
being determined by the time required to burn one third of the 
quantity of coal necessary to release 187,500 Btu per hr. The 
stoker is stopped when the required weight loss is attained, and 
remains idle until the start of the next 20-min period. 

As a test is always started with a completely clean hearth, the 
fuel bed is not disturbed until the evening of the fourth day, when 
a probe is made with clinker tongs to remove any clinker from 

the fuel bed. At the conclusion of the test the fire is quenched 
with water and the fuel bed is removed from the furnace. Pieces 
of clinker larger than 3 in. in size, and all coke retained on a 1- 
in. round-hole screen, are separated from the fuel bed and 
weighed. 


In evaluating a stoker coal, certain tangible factors must be 
selected on which a judgment of the coal may be based. These 
factors are chosen because of their importance in determining the 
degree of satisfaction that the consumer will obtain in using the 
coal, from the standpoint of manual attention, uniformity of heat- 
ing, comfort, cleanliness, and cost. The main factors used as a 
basis for evaluation in this test are as follows: (1) Initial igni- 
tion; (2) clinker formation; (3) coke formation; (4) rate of fuel 
consumption during hold-fire operation; (5) resistance of fuel 
bed to flow of air; (6) uniformity of burning during intermittent 


operation; (7) smoke concentration. 


Coats TESTED 


Over forty tests have been conducted, and their results evalu- 
ated by the method described. A few of these were short-term 
tests, consisting of only the first and last days of operation. Of 
the 5-day tests, the results of thirty-three are included in the 
present study. With one exception, the coals were all high-vola- 
tile, and were largely from the eastern producing districts. 

Table 1 presents the laboratory-determined characteristics of 
the coals used in these tests. In addition to the proximate 
analvsis, the sulphur, calorific value, ash-softening temperature, 
and free-swelling index are given. The nominal size of the coal is 
indicated. 
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At the conclusion of each test, average values are determined 
for components of the flue-gas analysis, pressure measurements, 
smoke concentrations during “‘off,’ periods, and length of hold- 
fire running periods. These and other directly determined 
values are then subjected to analysis. 

Table 2 lists values of many of these data for the coals tested. 
When reporting the results of tests, in addition to listing data 
shown in the table, plots of some groups of data are made for 
purposes of showing their degree of variability during the course 
of the test. Wide variations in the length of operating times dur- 
ing intermittent operation, for example, are indicative of exces- 
sive coke-tree formation, dirty fuel bed, or general lack of response 
to heat-demand operation, but average values alone do not indi- 
cate this variability. Supplementary data and information, 
including photographs and visual observation of the fuel bed, 
strength of the clinker formed, and the height and type of coke 
trees, are not subject to numerical evaluation but are useful in 
making an over-all interpretation of results. 

The ratings of initial ignition shown in Table 2 represent ap- 
proximate evaluations of the curve of flue-gas temperatures re- 
corded during the first hour of the test. The word descriptions 
shown furnish an initial indication of the ignitibility and cok- 
ing characteristics of the coal under test. The curves for 
initial ignition are discussed more fully in a later section of the 


REsuLTs oF TESTS 


paper. 

For the coals tested, the range of values for the drop in pressure 
through the fuel bed was from 0.52 to 1.54 in. of water. The 
values are indicative of the general condition of the fuel bed, and 
any coal that has a fuel-bed resistance greater than 1.5 in. of 
water is considered to give difficulty in*burning. Of the coals 
tested, only one showed values above this maximum. 

As previously stated, during hold-fire operation the stoker is 
started once each hour and allowed to run until a stack tempera- 
ture of 900 F is reached. Under this procedure the time of opera- 
tion is governed by characteristics of the coal. A cutoff tempera- 
ture of 900 F may be too high, as many coals will be capable of 
holding the fire at a lower temperature; however, time would 
not permit trial of minimum settings, and the results may be 
compared on a relative basis. For purposes of evaluation, coals 
having time values below 5 min per hr are considered satisfactory. 
The range of values shown in Table 2 was from 4.1 to 7.1 min per 
hr. Values of less than 5 min were determined for fourteen of 
the coals tested, and six required operating periods averaging 
over 6 min. 

The values of smoke concentration were determined as the 
average density of smoke during the ‘‘off’’ periods of intermittent 
operation. Only coals showing average values above 20 on the 
logarithmic seale of densities would be apt to produce troublesome 
smoke during “off” periods, as combustion of volatile gases and 
dilution of smoke by air admitted over the fire would reduce sub- 
stantially the smoke concentrations in a residential heating in- 
stallation. 

Values of the weight of coke remaining in the fuel bed at the 
end of a test give a numerical indication of the extent of coke for- 
mation and the depth of the fuel bed. Comparisons are signifi- 
cant only when all tests are run with closely similar percentages of 
excess air. The range of values found during the present tests 
was from 2.6 to 42.8 lb; eight of the coals produced 15 lb or more 
of coke. 

The measure of clinker formation represented by data listed 
in Table 2 is the percentage of the total ash released during the 
test, which is formed into clinker. Percentage values of 20 pe! 
cent or more are considered to indicate satisfactory clinker for 
mation. 
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s= 
TABLE 1 ANALYSES OF COALS TESTED ‘ae 


Proximate analysis, 


per cent Calorific Ash Free- 
Test Nominal Volatile Fixed Sulphur, value, softening swelling index, 
Wo. Bed jtate size, in, Moisture matter carbon Ash Total per cent Btu/tb temp, F nuaber 
Wallins Ky. 2.$ 51.8 $.6 100.0 0.8 13,630 2660 
2 Wallins Ky. 2.8 40.0 4.8 100.0 0.8 13,700 2250 
3 Upper Freeport Pa. 3/axi/s '.1 33.8 56.0 9.1 100.0 1.6 13,800 2360 a 
4 Pittsdurgh W. Va. mesh 3.0 37.5 $3.3 6.2 100.0 13,3860 2380 4.5 
5 No. 2 gas WwW. Va. mesh 0.9 34.6 61.2 3.3 100.0 0.8 i4,760 2290 
3 Taggart Va. 3/4x0 3.1 _ 2210 8.5 
8 Chilton W. Va. 3/4x3/8 31.9 $8.5 8.5 100.0 2700 7.0 
9 Sewell WwW. Va. 0.2 23.2 72.6 4.0 100.0 15,140 2440 
10 Pittsburgh WwW. Va. 3/4x3/8 2.7 38.1 54.4 4.8 100.0 14,050 8.0 
Elkhorn Mo, 3 Ky. int/8 1.6 37.2 $4.6 6.6 100.0 13,920 6.0 
12 Elkhorn Ky. 1x3/8 0.9 35.4 60.5 3.2 100.0 2630 6.0 
13 Elkhorn Ky. 3/6xi/8 1.6 32.9 $9.8 5.7 100.0 oe — 2660 5.5 
14 Elkhorn Ky. 34.8 60.0 3.8 100.0 - 2530 6.0 
1$ Elkhorn Ky. 1X50 mesh 1.3 34.1 $9.5 5.1 100.0 ws = 2670 6.0 
16 Mason Ky ixi/s 0.6 37.8 56.4% $5.2 100.0 1.6 14,160 2420 5.0 
17 Mason Ky. 1.7 36.3 58.3 3.7 100.0 14,089 2530 %.0 
i8 No. Ky. 3/4X48 mesh 6.1 2200 *.0 
19 High Splint Ky. 145/16 0.7 39.0 $2.5 7.8 100.0 1.0 13,400 2730 3.5 
20 Blue Gea Qs. 1-1 /9x3/8 1.9 6.0 1.6 13,680 3.5 
21 No. 2 gas Va. 1.7 35.7 $5.7 6.9 100.0 13,95! 2680 8.5 
22 (Unknown) Ind, 3/4x3/8 7.5 41.0 44.0 7.5 100.0 3.0 12,397 2180 — 
23 Hazard Mo. 4 Ky. 1x3/8 1.9 37.6 $5.2 5.3 100.0 0.8 13,961 +2700 5.9 
24 Wezard Ho. 4 Ky. 1x3/8 2.2 37.5 $5.2 5.1 100.0 0.8 13,940 2410 9.5 
25 Elkhorn Mo. Ky. 1x3/8 36.5 55.6 4.8 100.0 1.0 13,970 2500 5.0 
26 Hernshaw W. Ve. (43/8 0.8 32.3 63.6 3.3 100.0 0.7 14,690 2750 7.5 
27 Rich Mountein Tenn, 1-1/4K3/16 1.3 35.7 56.1 6.9 100.0 1.0 13,730 +2800 *.5 
28 Shannon Ya. 1.9 33.6 53.4 100.0 13,283 2280 6.5 
29 Mo. 2 Ky. 1x3/8 1.3 37.3 46.5 14.9 100.0 5.1 12,470 2310 3.5 
30 Wo. 7 Ky. ini/s 6.0 38.0 4.6 100.0 1.8 12,780 2190 
$i Powellton W. We. 1.8 35.5 57.1 5.6 100.0 14,330 2420 8.5 
32 Warard Mo. 4 Ky. ixi/s 1.2 38.9 55.2 4.7 100.0 2.6 14,130 2380 5.0 
33 Clintwood Ky. 1k% mesh 0.48 29.1 63.9 6.6 100.0 i,t 14,360 2700 8.0 


TABLE 2 SUMMARY OF RESULTS FROM 


EVALUATION TESTS 


Pressure drop Saoke Coke in fuel Clinker removed, 
Test Initial through fuel Hold-fire concentration, bed, end of test, per cent of 
Wo. Bed State ignition bed, inches 420 time, minutes average lo ash released 


f 
Wallins 1.8 16.8 
1 2 Wallins Ky. z 0.86 13.6 2.6 27.2 
e 3 Upper Freeport Pa. 1.54 27.6 24.0 
Pittsburgh Ve. 1.08 5.4 21.6 9.6 47.6 
I. 6 Taggert Ve. Satiefactory 0.76 4.3 12.0 13.8 
? Taggart ve. Very eatisfectery 0.9! 5.3 16.7 214.0 
if Chilton Ves Satisfactory 1.26 6.8 14.0 14.0 
Elkhorn 40, 3 Ky. Very satisfactory 1.08 4.7 28.4 
42 Elkhorn Ky. Very satisfactory (4.7 12.5 
13 Elkhorn Ky. Satisfactory 0.85 4.3 9.4 16.4 39.8 
nt Elkhorn ty. Satisfactory 0.65 10.9 7.8 26.2 
15 Elkhorn Ky. Satisfactory 0.86 4.3 14.4 36.6 
he 16 Mason ty. Poor 1.05 15.8 Ma 37.1 
ne 17 Mason ty. Yery satisfactory 4.1 10.6 %.! 21.3 
d 18 Wo. Ky. Satisfactory 0.97 4.3 17.9 8.4 31.0 
High Splint Ky. Very satisfactory 0.77 4.8 5.0 3.6 17.8 
b- 20 Blue Gem Ky. Very satisfactory 0.77 4.9 12.8 $3.3 
in- No. 2 gas W. Ve. Poor 0.81 6.0 19.0 16.2 
22 (Unknown) Ing. Satisfactory 0.68 16.0 21.2 
23 Harard Ho. 4 ty. Satisfactory 1.09 5.4 12.0 7.2 23.5 
he 24 Hazard Mo. ty. Very satisfsctory 0.97 ¥.5 16.0 14.9 
25 Elkhorn Mo, Ky. Satisfactory 0.82 5.7 20.0 14.0 
- 
26 Hernshew Ww. Va. Very satisfactory 4.6 11.0 5.4 11.6 
ifi- 27 Rich Mountain Tenn, Poor 21.0 17.5 
of 28 Shannon Va. Poor 0.90 5.9 15.0 7.5 26.0 
29 Mo. 2 Ky. Poor 7.1 17.0 42.8 F 45.4 
sts 30 No. 7 ty. Very satisfactory 0.63 5.1 15.0 3.9 18.4 
ore 3 Powellton W. Va. Poor 22.0 36.0 
32 Hazard No. 4 ty. Satisfactory fis 0,63 20.7 10.2 28.6 
a3 Clintwood ty. Poor 6.2 18.6 30.5 
the 
per 
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RELATION OF CoNncLUsIONS Drawn From Test ReEsutts To 
MARKETING EXPERIENCE OF OPERATORS 
From consideration of the test results, conclusions are drawn 
with regard to the degree of satisfaction to be expected if the coal 
under test were to be marketed. Many of the coals tested could 
be classed immediately as satisfactory or unsatisfactory beyond 


TABLE 
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reasonable doubt; others were deficient in performance by one 
or more criteria, and were given an intermediate or limited classi- 
fication. 

Table 3 lists the coals tested, their classification based on test 
results, the principal reasons for the classification, if unsatisfac- 
tory or not completely satisfactory, and the marketing experience 


3 SUMMARY INFORMATION REGARDING CONCLUSIONS FROM EVALUATION TESTS AND MARKETING 


EXPERIENCE OF COAL OPERATORS 


Classi fication of 
laboratory test * 


Reason for classification 


Experience in marketing 
by Sponsor operator 


Wallins 
Wallins 
Upper Freeport 
Pittsburgh 

No. 2 gas 
Taggart 
Taggart 

Chil ton 


Sewell 
Pittsburgh 


age; 


Elkhorn wo. 3 
Elkhorn 
Elkhorn 


ste 


Elkhorn 
Elkhorn 


Mason 


formation 


Relatively poor clinker 


High Splint 


Blue Gea 


No. 2 gas 


«Strong coke-tree formation 


Poor clinker formation and 
hold-fire characteristics 


ignition; Jength of 


Poor clinker formation 


Clinker formation questionable 


Sluggish ignition, strong coke 


No information 

No information 

Does not market residential 

ho information 

Marketed successfully 

Marketed successfully 

Marketed successfully 

Not marketed for use in residential stokers 


© 


no information 
“ee 


ho information 


hold-fire periods above aver- 


low clinker formation 


Marketed successfully 


Wo information 


No information 


No information 

No information | 

Marketed successfully, principally in 
northern markets 

Facilities not yet available for preparation 
of stoker coal 

Marketed successfully 

Marketed successfully 

Mine now closed; plan to prepare stoker coa! 
when reopened~ 


Wo information 


formations, clinker fermation 


low 
(Unknown) 

hazerd No. % 
Hazard Ho. 
Elkhorn ho. 


Hernshew 


Rich mountain 


characteristics; 


inadequate clinker formation 
Inadequate clinker formation 


Poor clinker formation 


Sluggish ignition and hold-fire 


New mine; upon completion of tipple will 


market stoker coal 


Small mine; output not yet justifies ore- 
paration of stoker sizes 

Has been marketed successfully 

no stoker coal prepared for market 

Preparation facilities lacking; no stoker 
sizes prepared 

Only run-of-mine deing marketed 


high in coke 


formation; low in clinker forma- 


tion 
Shannon 


characteristics; 


tent 


Poor ignition and hold-fire 
characteristics; sluggish fuel 
bed, high ash content, heavy 


coke formation 


No. 7 
Powel! ton 
Hazerd Ko. 


Clintwood 


Sluggish ignition and hold-fire 


ho stoker sizes prepared 


high ash con- 


Decision made not to prepare stoker coal 


2, sizes not prepared at present tine 


‘Stoker sizes not being prepared at present tine 


= for preparation of stoker sizes not 


yet installed 


will be prepared 


$ Satisfactory Wot completely satisfactory 


U Unsatisfactory 
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of the coal operators sponsoring the tests. Of the 33 coals tested, 
20 were determined to be satisfactory for use in residential stok- 
ers, 5 were listed as being unsatisfactory, and 8 were given limited 
ratings. 

The chief cause for limited ratings was inadequate clinker for- 
mation. Although satisfactory in other respects, use of coals in 
the restricted classification might be expected to result in com- 
plaints from consumers because of the accumulation of unfused 
ash in the furnace. Such coals might be marketed successfully 
in the northern regions, but might prove unsatisfactory in regions 
where climatic conditions require frequent and prolonged opera- 
tion at low or hold-fire rates. Other factors affecting the evalua- 
tion of the coals adversely were excessive coke-tree formation, 
sluggish ignition and response during intermittent operation, 
high ash content, and high average smoke concentrations during 
“off”’ periods of stoker operation. 

As shown in Table 3, there was general agreement between con- 
clusions drawn from results of evaluation tests and the marketing 
experiences of the coal operators. Those coals classed as unsatis- 
factory have not been prepared by the respective operators in 
residential-stoker sizes. Most of the coals rated as beipg satis- 
factory are either being marketed successfully, or will be mar- 
keted when preparation facilities become available. Of those 
rated as not being completely satisfactory, three have been 
marketed successfully; the others are not now being prepared in 
residential-stoker sizes, or information regarding them is lacking. 

The agreement between results of the evaluation tests and 
marketing information is reasonably good and appears to justify 
use of the method. Because it is a relatively short-time test, an 
appraisal of a coal can be accomplished much more quickly than 
if adequate field tests were attempted. Many of the requests for 
tests come in summer months when operators are interested in 
the market for the following heating season. 

The method possesses limitations, particularly in regard to the 
evaluation of clinker formation with coals of intermediate ash- 
fusion characteristics. With coals of this class having low ash con- 
tent, the fraction of the ash formed into clinker may be un- 
duly low, although if the test were continued, the fraction would 
become greater. Admittedly, judgment of clinker formation is 
less susceptible to evaluation than any other factor involved in 
the test. 


RELATION OF RESULTS OF TEST TO STANDARD LABORATORY 
DETERMINATIONS 


Analysis of the data from the evaluation tests has furnished 
an opportunity for attempts to relate these results to data deter- 
mined for the coals by standard laboratory determinations. 
Studies of this kind have been made by Shotts,‘ on Alabama coals, 
and by Helfinstine and Boley,' on Illinois coals. There is a natu- 
ral interest in correlations of this kind, because of the possi- 
bility for simplification of an evaluation-test procedure. 

Initial Ignition. The variation in the time required for the flue- 
gas temperature to reach an equilibrium value, as shown by the 
record of temperature during the first hour of the test, is consid- 
ered an indication of the performance of the coal with respect to 
ignitibility and coking characteristics of the coal. Although not 
ameasure of individual characteristics, it gives a preliminary in- 
dication of difficulties to be expected in maintaining ignition dur- 
ing operation under hold-fire conditions. 

‘The Relation of Free-Swelling Indexes to Other Characteristics 
of Some Alabama Domestic Stoker Coals,” by R. Q. Shotts, AIME 
Technical Publication No. 2314, Feb., 1948. 

*“Correlation of Domestic Stoker Combustion With Laboratory 
Tests and Types of Fuels 11. Combustion Tests and Preparation 
Studies of Representative Illinois Coals,” by R. J. Helfinstine and 


C. C. Boley, Illinois State Geological Survey, Report of Investiga- 
ions No. 120, 1946, p. 35. 


Fig. 2 presents three examples of initial ignition curves from 
among the coals tested. These curves emphasize the difference 
that can exist between bituminous coals, in reaching an equilib- 
rium flue-gas-temperature value during the initial ignition pe- 
riod. The top curve represents a coal having very good ignition 
characteristics; the maximum flue-gas temperature was reached 
early in the hour and declined only slightly during the balance of 
the hour. The middle curve, shown as a broken line, represents 
a coal having sluggish ignition characteristics; the flue-gas 
temperature declined sharply during the first 25 min and did not 7 
recover to its maximum value until the end of the first hour. The = 
bottom curve represents unsatisfactory ignition, in that the fire 
had gone completely out at the end of 30 min of operation. 

An attempt was made to relate data from curves of initial | 
ignition to free-swelling indexes and to the time required for opera- _ 
tion of the stoker during periods of hold-fire. This was done © 
by plotting the variance of the flue-gas temperature during the | 
initial ignition period against the free-swelling index, and against — 
the average running time during hold-fire operation. No direct | 
relationship was found to exist between these data, hence the 
temperature variation during ignition cannot be used alone asa 
criterion of coking or hold-fire characteristics. ; 
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residential stokers was compared with ignition temperatures de- 
termined by the method developed by The Coal Research Labora- 
tory at the Carnegie Institute of Technology. The correlation : 
between these properties was not good. It is concluded thatease  — 
of ignition depends not only on ignition temperature, but also - 
on other factors, chiefly coking characteristics and size variation. c< . 

Clinker Formation. Results of clinker formation in the evalua- _ 

tion test are expressed as the percentage by weight of the total _ 
ash released during the test which is formed into plus 3-in. clinker, 
If values for these percentages are 20 per cent or higher, the coals 

may be expected to give satisfactory service to the consumer in _ 
this respect; below this value, the clinkering characteristics of — ‘5 


the coal are open to question. : 
Comparison of clinker values obtained in these tests and ash- — 
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softening temperature show no correlation. Fig. 3 presents a 
graph of the relation between ash-softening temperature, as de- 
termined by the standard laboratory method, and the clinker re- 
moved from the fuel bed in the burning tests. Poor correlation 
is evident between these data. Similar results have been ob- 
tained by Helfinstine and Boley.’ 

The ash content of the coal, as determined by the proximate 
analysis, definitely predicts the degree of manual attention that 
will be required when burning the coal, due to the removal of 
clinker and unfused ash. 

Fig. 4 presents the relation between the ash content of the coal 
and the clinker formation. The relationship here is little better 
than that shown in Fig. 3; however, no single laboratory-deter- 
mined characteristic can predict accurately the performance of a 
stoker coal with respect to clinker formation. 
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Coke Formation. In the evaluation test, a numerical measure 
of coke formation is obtained by the weight of plus 1-in. coke 
remaining in the fuel bed at the end of the test. The standard 
laboratory test used to obtain an indication of the coking tend- 
encies of a coal is the free-swelling test as prescribed by ASTM 
designation D-720-46. . 

Fig. 5 shows the relation between these two methods. The cor- 
relation is not so close as might be expected, although the results 
are in agreement with those of Shotts.4 The reason for this lack 
of correlation is due largely to variations in the reactivity of the 
coke formed. 

Rate of Fuel Consumption During Hold-Fire Operation. The 
stoker running time necessary to maintain the fuel bed in good 
condition is of importance to the consumer for reasons of economy 
and comfort, as it determines the amount of coal that will be 
burned during periods when there is no defnand for heat. 

An investigation was made of the relation between the time 
required to hold fire and laboratory-determined characteristics. 
Between time required to hold fire and the free-swelling index no 
relationship could be determined. A plot of the relation between 
hold-fire time and the ash content is shown in Fig. 6. These data 
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indicate that, in general, the hold-fire time is increased slightly 
with increase in the ash content of the coal. 

Resistance of Fuel Bed to Flow of Air. The resistance of the 
fuel bed to the flow of air is of interest as it may reflect the general 
condition of the fuel bed and the ability of the stoker fan to fur- 
nish the necessary volume of air. The fan capacity of residential 
stokers is sufficient to overcome maximum fuel-bed resistance 
of 1.50 to 1.75 in. of water. With suitable automatic air controls 
the delivery of air will be maintained up to this pressure. The 
highest resistance found during the present study was 1.54, and 
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for most of the coals tested values were well below the limiting 
pressure. 

The principal factors contributing to fuel-bed resistance are 
coking properties, size of the coal, and ash content. No correla- 
tion was found between free-swelling index, as indicative of cok- 
ing properties and fuel-bed resistance. Fig. 7 presents a plot 
showing the relation of fuel-bed resistance to the ash content of 
the coals. The effect of increasing ash content upon the resist- 
ance offered by the fuel bed is evident in this graph. 

Uniformity of Burning. The ability of a stoker coal to respond 
to abrupt demands for heat, and to burn uniformly during peri- 
ods of heat demand are very important factors in providing satis- 
factory operation for the consumer. The uniformity of burning 
is judged mainly by the performance of the coal during the period 
of intermittent operation on the last day of the test. A measure of 
the performance during this period is obtained by the operating 
time necessary to liberate a given quantity of heat, and the uni- 
formity of these values for successive operating intervals. 


n”’ period during intermittent operation showed a complete lack 
of 


a study of data relating the free-swelling index and the ete 


Smoke Concentration. When the stoker is in operation during 


a test, under conditions of at least 30 per cent excess air as nor- 
mally employed, smoke concentrations are of no consequence, 
even when burning high-volatile coals. Smoke emission is 
noticeable only for a brief period after the stoker shuts off. 

Of the laboratory-determined characteristics, volatile matter 
would appear to be the most closely related to smoke concentra- 
tion; the volatile-matter content usually is associated with the 
relative smokiness of a coal. 

Fig. 10 shows in graphic form the relation of volatile matter 
and smoke concentration for the coals tested. In general, the cor- 
relation of the data for these two characteristics is poor, indicat- 
ing that volatile matter alone cannot determine the amount of 
smoke that will result from burning a coal in residential stokers. 


CONCLUSIONS 
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1 Performance data obtained during the test furnish useful and 
practical information upon which to judge the performance of 
stoker coals. 

2 Conclusions derived from the results of evaluation tests are 
in general agreement with use experience of the coals in the field. 
The method is of practical use in this regard. 

3 Few direct relationships were found between data furnished 
by the evaluation test and determinations by standard laboratory 
tests. This is particularly true with regard to coke formation 
and clinker formation, two of the most important factors in de- 
termining the degree of satisfaction to be obtained in applications 
of the small underfeed stoker. 


It has not been the intention in this paper to prescribe this 
evaluation test as the best method for the evaluation of coals for 
use in residential stokers. That there are other test methods 
having similar objectives serves to point out the necessity for full- 
scale laboratory tests. 

At the present time, a standard test procedure for the evalua- 
tion of coals for use in residential stokers is not available. For 
the past several years a joint committee, appointed from the 
membership of the Residential Stoker Committee of Bituminous 
Coal Research, Inc., and from the Engineering and Research 
Committee of The Stoker Manufacturers Association, has been 
working to develop a standard procedure for testing and evalu- 
ating bituminous stoker coals. This procedure has been com- 
pleted to the extent that it has been drawn up in tentative form. 
It is now planned to install the equipment in several laboratories 
and to run check tests, using portions of identical lots of coal, 
to determine the degree of reproducibility offered by the method. 
Completion of this standard test procedure should facilitate 
greatly the evaluation of coals for use in residential stokers. 
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Discussion 


C. F. Harpy.* When a new mine is opened, there is always a 
question as to the suitability of the coal for various uses includ- 
ing domestic stokers. Until this service was offered by Battelle, 
it was customary to hand-screen a few hundred pounds of coal 
and distribute it among various engineers or other stoker users. 
Obviously, this is unsatisfactory and in no sense of the word 
standard procedure. There have been several instances where 
stoker plants were installed by this hit-or-miss system of evalu- 
ation, and the coal has proved unsatisfactory for use in domestic 
stokers after the plant was built. On the other hand, the 
Battelle standard evaluation tests, by showing that the coal was 
unsuitable or borderline, have prevented several companies from 
useless investment in stoker-screening facilities, and the cost of 
trying to promote the coal on the market. 

This paper is particularly valuable in that it brings to the at- 
tention of the coal industry the fact that there is a method of 
testing available, which gives a reasonably accurate evaluation 
of a coal for domestic-stoker use before it is placed on the market. 


‘Chief Engineer, Appalachian Coals, Incorporated, Cincinnati, 
Ohio. 
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This should stimulate further research which should tell why 
coals perform as they do in domestic stokers. 

R. J. He.rinstine.’ The correlation shown between the labo- 
ratory combustion tests and the public acceptance of the coal-is 
of particular interest. This type of information is needed to 
bridge the gap between the laboratory and the consumer. 

This paper furnishes more evidence that ‘‘armehair philoso- 
phy”’ is often used to condemn good stoker coals. Obviously, 
no coal should be branded as unsuitable for domestic stoker cou! 
because of high (or low) ash-fusion temperature, or high free- 
swelling index. Actual combustion tests are required to estab 
lish the clinkering and coking characteristics of a coal, and judg- 
ment should be based upon performance and not upon appear- 
ance, 

The tests described in this paper show that a longer hold-fir 
period was required with high-ash coals. This might be expected 
with the type of hold-fire control used for the tests. However, 
it is the writer’s opinion that this relationship would not exist 
if the controls were of the time-interval type. 


E. R. Katser.’ As a former fuel engineer assigned to residen- 
tial stokers at Battelle, the writer has read this paper with con- 
siderable interest. It is gratifving to note that earlier test tecl- 
niques have since been developed and that criteria found impor- 
tant in the years 1935-1938 are still important in judging the 
performance of stoker coals for residential heating. 

The authors have plotted a number of the primary coal dats 
singly against performance data of the stoker in an effort to es- 
tablish relationships. Unfortunately, wide seattering of points 
usually resulted, which did not illustrate what experience gener- 
ally indicates to be the case. For example, Fig. 3 of the paper 
indicates almost no trend in the percentage of released ash con- 
verted to clinker with change in ash-softening temperature 
Other factors, such as fuel-bed temperatures and zones of heat 
release must influence the results. 

In the present state of our knowledge, we cannot explain all o 
the reasons why suitable stoker coals perform satisfactorily, not 
why one satisfactory coal may be better than another. There- 
fore it would be better to approach the subject from the aspect 
of unsatisfactory coals whose properties might be more marked 
and therefore easier to evaluate. On examining the data for 
sixteen unsatisfactory coals tested at Battelle, not all of whicl 
were reported in the subject paper, it was concluded by one of 
the authors as follows: Unsatisfactory coals for residential 
stokers have one or more of the following general characteristics 
in the Battelle test: 

1 Slow ignition with less than 20 lb of coal burned during the 


f 


first hour. 

2 Over 8 per cent ash content. 

3 Over 2500 F ash-softening temperature. 

4 Less than 20 per cent of the ash released converted to 
clinker. 

5 A smoke reading of over 12 units average during the ‘off’ 
period. 

6 <A wind-box pressure exceeding 1.25 in. water gage. 

7 Weight of coke at end of test exceeding 10 lb. 

8 Free-swelling index exceeding 8. 

9 It is assumed that the top size does not exceed 1! /, in. 
and that the amount of minus '/;-in. coal does not exceed that 
of normal resultant coals. 

Returning to the question of correlating stoker performance 


7 Mechanical Engineer, Illinois State Geological Survey, Urbans, 
Ill. 

§ Assistant Director of Research, Bituminous Coal Research. Inc, 
Columbus, Ohio. Mem. ASME. 
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with basic laboratory tests, the stoker performance is so compli- 
cated that it is not reasonable to expect the performance factors 
to vary with single coal factors. At least two or three coal char- 
acteristics are at work at the same time in effecting coke forma- 
tion and clinker formation. These factors are discussed under 
the same headings as used by the authors: ; 

Ignition Properties. A e@oal with poor initial ignition shows 
symptoms of poor ignition later during ‘“‘on’’ periods and hold- 
fire. Coking characteristics and size consist may be factors, but 
something inherent in the coal other than that measured by the 
Coal Research Laboratory method seems to be present. Perhaps 
it is liberation of CO, and water vapor from the coal, with ab- 
sorption of heat, when the coal is subjected to ignition. Weakly 
coking coals from the Indiana-West Kentucky field sometimes 
exhibit poor ignition. Outcrop coals are notorious in this respect. 
Additional basic research is needed on this subject. 

Clinker Formation. Clinkering of coal ash is evidently affected 
not only by the ash-softening temperatures but by the tempera- 
tures in the ash zone. A hot fire in the region beginning immedi- 
ately above the tuyéres and extending at least 5 in. upward will 
promote clinkering. A coal that ignites slowly and produces 
coke rather than heat is not likely to promote clinkering. A high 
ash content does not help rapid ignition nor rapid combustion. 
Furthermore, the ash-softening temperature has the limitation 
of not representing the ash in its segregated or heterogeneous 
state on being released from the coal. 

Coke Formation. The poor correlation between free-swelling 
index and weight of coke in the fuel bed is probably due to the 
additional factors of slow ignition in the retort and reactivity of 
the coke formed. 

Plasticity of the coal in the initial stage of coking is probably 

, the dominant factor, with ignition second, and reactivity of the 

coke third. The plastic property obviously must be first in im- 
portance in forming the coke tree. Slow ignition causes green 
t and unoxidized coal to move up into the heat zone where the 

temperatures are better for coking than for rapid combustion. 
f Once coke is formed, air cannot penetrate the formation. 
7 Because of hold-fire conditions and the cooling effect of the 
furnace walls, particularly in household furnaces, the coke loses 
ot ignition and often will not burn until it falls to the hearth and is 
dj reignited by the flames issuing from the annular space around 
the retort. 
‘h Hold-Fire Operation. The ignition property of the coal again 
must be a dominant factor in the length of time the stoker must 
be operated to brighten the fire. Therefore it is understandable 
why the free-swelling index did not alone prove to be the factor. 
A small fuel bed of hot coal with a low fuel maintenance is all 
that is necessary. A heavy fuel bed of smoldering coal results 
if the stoker feed screw continues to deliver coal that will not 
ignite at the rate fed. 

Fuel-Bed Resistance to Air Flow. Coals which ignite slowly 
often cause high wind-box pressures, Green coal floods the tuyéres 
rather than burning away promptly in the air jets. Low wind-box 
if” pressures result when the combustion is rapid and a free annular 
space is left around the coke tree and inside the clinker ring. 

Any unclinkered ash that falls into the annular space contributes 
tothe air resistance. The wind-box pressure also increases gradu- 
ally with the amount of clinker in the bed simply by increasing 
the height of the annular space through which the gases must 


10 


in. 

ae Uniformity of Burning. Coals which ignite promptly and do 
hot coke too strongly burn with a small fuel bed. The uniformity 

ane of burning is good, neither too much nor too little, but approxi- 

ans, mately at the rate the coal is fed. 

ait The combination of strong coking and slow ignition makes for 


of burning is slow. After the coke mass breaks down and is © 
reignited, the burning is fast. The excess air varies inversely with 

the rate of burning. The extreme case occurs during the “on” 
period following the removal of clinker from a hot fuel bed. The 
coke is broken down in the process and reactive surfaces are ex- _ 
posed. Long flames and appreciable carbon monoxide in the flue __ 
gas result for a few minutes following the resumption of full-rate _ 
combustion. 

Smoke Concentration. Poor ignition also can contribute to “off” 
period smoke. Smoke increases with the amount of green coal — 
and partially devolatilized fuel above the retort, particularly at 
the center of the fuel mass. Prompt ignition and intense burning 
near the tuyéres reduce the coal left to cause smoke when the air 
flow is shut down for the “off” period. 

Conclusion. The foregoing indicates strongly that the ignition © 
property of bituminous coals should be investigated in a basic © 
way to establish a laboratory method which would help not = — 
in evaluating coals but in analyzing the performance of coals in pe: 
combustion. Tests conducted at Battelle several years ago with 
fuel beds ignited from above and supplied with air from below 
showed promise of obtaining useful results. 

Further study might well be given to the noncombustible gases 
liberated from coal on heating above room temperature. The — 
heat required to raise the temperature of the coal, including that _ 
for liberating the gases, should also be measured. This heat is — 
not important in relation to the total calorific value of the coal, — 
but in underfeed ignition the amount of heat radiated in the ig- — 
nition zone is small enough to make this factor highly important. | 
If the tests could be conducted on the same coals used in the labo- 
ratory stoker tests it might be possible to develop a better correla- 
tion of all of the data obtained thus far, and to place a measured a 
value on the ignition factor. 


C. H. Sawyer.? The work described in this paper represents 
the longest-standing program of such research with which we are 
familiar, and all of us who are interested in this subject have bor- 
rowed freely both in ideas and in method from it. 7 

Both R. I. Bush, Director of our Pittsburgh Stoker Re _ 
search Laboratory, and the writer had an opportunity toexamine 
this paper in advance and he shares with the writer responsibility _ 
for the following comment: a 

We liked especially the authors’ careful statement that values 
of fuel-bed resistance indicate ‘“‘...the general condition of the 
fuel bed.” Certainly, fuel-bed resistance cannot be ascribed te 
any one property of the fuel bed, such as thickness, as is so often 
claimed. We think this error has led to many false starts on air- =: 
control design and it certainly finds its way into much stoker ad- ; 
vertising. We think the limit of 1.5 in. of water given as maxi- 
mum trouble-free fuel-bed resistance exceeds the capabilities of —__ 
several stoker fans we have tested and would be safer set at some = 
lower value, say, of the order of 1.25in. Fortunately, thereisa — 
trend toward higher-pressure fans among stoker manufacturers, ’ 
and the point will assume less weight as time eliminates the old _ 
low-pressure jobs. 

The authors have questioned the temperature selected for hold- _ 
fire pickups in their method. We use an entirely different method _ 
of evaluating hold-fire performance. In typical stoker operation _ 
out fires are most likely to occur at some time between 3 and 
5 hr after the last prolonged operation of the stoker. Many — 
coals, particularly the semifluid types represented by some of the — 
popular low-volatile stoker coals, will pick up very sharply after — 
this low-activity period and would thus show an average time of _ 
hold-fire operation little if any below the normal, even though — 
their remaining alive may have been a touch-and-go proposition ho 
at the critical stage. We cannot, however, offer a completely _ 
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satisfactory substitute for the method cited. We still use 3- 
min-per-hr timed operation as a hold-fire test. Most coals will 
hold fire at such a rate, and we think minimum activities, as indi- 
cated by stack-temperature records, give a closer indication of 
the likelihood of out fire than does the average reactivation time 
of the Battelle method. However, we pay for this policy with 
occasional out fires which means virtual inability to run a “‘stand- 
ard’’ test on the coal in question since much other data of value 
are no longer reliable after rekindling such a fire. Possibly avoid- 
ing a hold-fire check until the end of a test schedule might over- 
come the objection to some such attempt to get a closer assay of 
hold-fire characteristics. 

Mr. Bush has suggested that residual coke as determined is sub- 
ject to too much accidental variation to allow significance by any 
means short of running several tests on each coal to obtain an 
average value. He does not feel that the size consist of residual 
coke is subject to as much variation as is the quantity, and sug- 
gests comparison of some figure such as average size of residual 
coke as an alternative attempt to index the likelihood of coke- 
tree trouble. 

We find the lack of pattern in clinker data disappointing, as did 
the authors. It seems that no test of such short duration can 
answer satisfactorily the question of ‘‘clinkerability.”” However, 
in our own laboratory we have noted a slightly better correlation 
of clinker removed with ash-softening temperature than that in- 
dicated in the graph shown. The writer has wondered considera- 
bly about this difference since he knows how carefully this work 
is done at Battelle. One possible partial explanation for the dif- 
ference is offered: 

Our fires are undisturbed throughout the entire week. In the 
tests under discussion clinker is removed on the evening of the 
fourth day. It would seem only human nature for an operator to 
search a fuel bed showing little or no clinker more thoroughly 
than one containing some obvious pieces at this stage of the test. 
Such search would constitute cultivation which is always of help 
in clinkering difficult ash. Thus certain high-fusion or otherwise 
difficult-to-clinker coals might be unconsciously thrown out of 
line in this performance characteristic by even the most con- 
scientious operator. As a matter of fact even an equivalent de- 
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might favor high-fusion coals in this regard and tend to even the 
end quantities of clinker. 


AUTHOR’S CLOSURE 


Mr. Hardy has pointed out the economic advantages of a 
laboratory-conducted evaluation test. This of course is of prime 
importance. In addition, one of thesstrong points in favor of a 
test method of this type is that it permits the evaluation to be 
made regardless of the season or of fluctuations in outside tem- 
perature. It also permits making a relative evaluation of coals 
with comparative ease, since consideration of variations in equip- 
ment is reduced to a minimum. 

Mr. Helfinstine’s comment regarding the type of hold-fire con- 
trol used is correct. However, as pointed out by the authors in 
the paper, the method used does provide a relative means of 
comparing the performance of coals during the periods of hold 
fire, even though it must be recognized that the period of opera- 
tion during each hour may be longer than necessary. The method 
eliminates interruptions occasioned by attempts to find the lowest 
possible hold-fire setting for each coal under test, yet it furnishes a 
relative measure of performance. 

Mr. Kaiser’s knowledge of the background of these tests has 
provided a basis for a very interesting discussion. The limiting 
values generally found to be present among coals not considered 
suitable for use in residential underfeed stokers of the clinkering 
type, have been clearly summarized. 

Of particular interest are the conclusions drawn by Mr. Kaiser 
in the need for additional basic research on the ignition properties 
of various coals and of the coke derived therefrom. It is hoped 
that additional work can be accomplished along these lines in the 
near future. 

Mr. Sawyer’s discussion of clinkering data is of special interest. 
Disturbing the fuel bed certainly has an effect on the subsequent 
formation of clinker in spite of all the care that is taken in handling 
the clinker tongs. However, when burning a high-ash coal at a 
feed rate of 30 lb per hr, as employed in these tests, sufficient ash 

has been deposited by the end of the fourth day to make it often 
necessary to remove the clinker at that time, thus insuring a 
relatively clean fuel bed for the intermittent heat-demand run of 
the last day of the test. 
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Marine Testing at the 
Naval Boiler and Turbine Laboratory 


By IVAN MONK,' PHILADELPHIA, PA. 


This paper describes the testing phases of the propul- 
sion-gear development program of the United States Navy. 
Full-sized reduction-gear units are tested to destruction 
under controlled conditions. The facilities and proce- 
dures employed in these tests are described, together with 
some of the problems encountered. Results are presented 
from tests in which four destroyer-escort reduction-gea 
units were able to transmit more than three times their 
designed full power before failure occurred. 


F ONE could devise a means of reconciling, in a practical man- 
ner, the necessary high speed of revolution of the turbine 
with the comparatively low rate of revolution required by an 

efficient propeller, the problem would be solved, and the turbin 
would practically wipe out the reciprocating engine for the pro- 
pulsion of ships. The solution of this problem would be a stroke 
of great genius.” 

These words were written in May, 1904, by Rear Admiral 
George W. Melville and Mr. John H. Macalpine after a thorough 
investigation of the then-existing status of the steam turbine as 
applied to the propulsion of ships. That the problem was solved 
is evidenced by the preponderance of geared-turbine-driven ships 
in the naval and merchant fleets of the world. 

The first ship in the United States to be —_— with reduc- 

tion gears for main propulsion was the U.S.S. Neptune, a fleet 
collier commissioned in 1911. In 1945 the ‘cantina’ capacity 
of propulsion gears in United States naval vessels was more than 
50,000,000 hp. This figure makes the Navy by far the world’s 
largest single user of marine propulsion gears. 

Above all, the propulsion machinery of a combatant ship 
must be reliable. Experience has shown that naval reduction 
gears have possessed the desired degree of reliability, but there 
is no doubt that the Navy, in specifying designs that would in- 
sure reliability, has sacrificed other desirable features. One of the 
most tempting methods of obtaining reliability is to specify 
conservative designs, with large factors of safety. This of course 
results in larger gears, consuming additional weight and space 
which otherwise could be used for fuel. The greater the fuel ca- 
pacity of a ship, and the more efficient its machinery, the greater 
will be its steaming radius. The importance of the steaming ra- 
dius of a ship was demonstrated time and again during the past 
war, when our fleet units were required to remain at sea for pro- 
longed periods, frequently in enemy waters. 

The Navy had long felt the need of facilities for evaluating the 
performance of reduction gears during full-scale operation before 
approving them for installation in a large number of ships. It 
was to fill this need that the Bureau of Ships, in 1941, started to 
build gear and turbine testing facilities at the Naval Boiler Labo- 
ratory, now known as the Naval Boiler and Turbine Labora- 
tory. 


‘Commander, U.S.N., Assistant Director, Naval Boiler and Tur- 
bine Laboratory, Philadelphia Naval Shipyard. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., November 28-December 3, 1948, of 
Tae AMERICAN SOCIETY OF Mecu ANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
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DESCRIPTION OF LABORATORY 


The Naval Boiler and Turbine Laboratory, located in the 
Philadelphia Naval Shipyard, had its beginning in 1909 when 
the Bureau of Steam Engineering established it as the Fuel Oil 
Testing Plant. Through the years the missions and facilities 
of the laboratory have grown, and at present it is the sole govern- 
ment agency in which full-sized marine boilers, turbines, and gears 
are tested under simulated service conditions with principal 
variables accurately controlled. A detailed description of the 
laboratory facilities has been given in a paper? by Capt. E. 
Kranzfelder, U.S.N. 

All gear tests are conducted in a building specially designed for 
testing large prime movers and reduction gears. Testing space 
is such that three complete sets of propulsion machinery, includ- 
ing boilers, turbines, and gears, for large combatant vessels can 
be set up for testing simultaneously. The building is 60 ft 
high, 255 ft long, 165 ft wide, and is divided into three test 
bays, each of which is equipped with an overhead traveling crane 
of 50 tons capacity. 

To insure a solid foundation for a large variety of test installa- 
tions, special consideration was given to the design of the floors 
in the test areas. On top of closely spaced piling was constructed 
a concrete mat, approximately 5 ft thick. The mat was then 
covered with heavy cast-iron slabs, 8 in. thick, which were 
grouted in place and anchored with the holding-down bolts em- 
bedded in the mat, thus forming a level test floor of great rigidity. 
The cast-iron slabs are cross-hatched with T-slots which form a _ 


* convenient means for firmly securing test installations to the floor. — 


The laboratory has a large assortment of steam turbines for 
use in testing gears. These have been obtained from surplus 
Navy equipment and have capacities ranging up to 25,000 hp per — 
turbine. Turbine speeds up to 9000 rpm are available; in those 
cases where higher speeds are required, a special step-up gear 
is installed between the turbine and test gear. 

Three boilers with a combined steam capacity of more than 
600,000 lb per hr supply steam to the turbines. Circulating water 
for the condensers is supplied from the shipyard basin by three 
pumps having a total capacity of 150,000 gpm. 


PuRpPOsE OF TESTING 


Gears are tested at the laboratory for many purposes but these 
may be divided into the following general categories: 


(a) Contract acceptance tests. 
(b) Development tests. 


In contract acceptance tests the gears are operated under 
simulated shipboard service conditions. The object of these 
tests is to determine whether the gears meet the contract speci- 
fications and are suitable for the purpose for which they were 
designed and built. 

During a naval shipbuilding program, emphasis usually is 
placed on the mass production of units of standardized designs. 
There is an understandable reluctance to approve new and un- 


2“The Naval Boiler and Turbine Laboratory,” by Capt. E 
Kranazfelder, U.S.N., Trans., the Society of Naval Architects and 
Marine Engineers, vol. 55, 1947, pp. 341-358. 
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tried designs for mass production before their reliability has been 
demonstrated. Consequently the reduction gears for each class 
of ships represent the best designs of known reliability existing at 
the time the building program started. 

The best time to build and try experimental propulsion ma- 
chinery of advanced designs is before the shipbuilding program 
starts. Future standardized designs can then safely include new 
and progressive ideas which otherwise might be considered too 
radical. This is the keynote of the laboratory’s development 
test program. The general objective is to assist industry in pro- 
ducing better reduction gears for the Navy. Some of the factors 
which contribute to better reduction gears are the following: 


(a) Greater reliability. 


MErTuHODs OF TESTING 
Two methods of testing gears are employed at the laboratory: 
(a) Dynamometer testing. (b) Torque testing. 


Dynamometer-Test Arrangement. The dynamometer method is 
illustrated in Fig. 1. The gear is driven by a steam turbine, and 
the transmitted power is absorbed either by a water brake or by 
an electric dynamometer. Except for the roll and pitch of the 


ship, this test setup reproduces actual shipboard operating con- 
ditions very realistically, = 


pow & of 


\ 
\ 
Fig. DynamMomerer-Test ARRANGEMENT 


Water brakes have been used as load-absorbing devices in most 
of the gear tests to date. The laboratory has eight large water 
brakes with capacities ranging from 25,000 to 40,000 hp, rated at 
various speeds up to 6000 rpm; also, numerous smaller brakes 
of various sizes are available so that practically any type of pro- 
pulsion gear, from battleship to motorboat, can be tested. 

The water brake is an ideal load-absorbing device for simulating 
shipboard operating conditions since the power absorbed by both 
the ship’s propeller and the water brake is proportional to the cube 
of their speed. To prevent unstable operation, however, it is 
essential that the water supply to the brake be maintained as 
steady as possible. A uniform water pressure is obtained at the 
laboratory through the use of large constant-level supply tanks 
mounted in the roof structure of the building. 

The accuracy of a water brake is limited only by the accuracy 
of the weighing device used to measure the reaction of the stator 
arm. The laboratory formerly used platform scales for this pur- 
pose. With properly calibrated scales, the over-all water-brake 
error should not exceed 0.2 per cent. During one of the larger 
tests in which a 35,000-hp water brake was used, numerous scale 
casualties occurred, due to water-brake vibration. In some in- 
stances the scales were wrecked after 2 or 3 hr of operation. In 
an effort to find a more rugged substitute the laboratory tried 
several different types of weighing devices which appeared to be 
suitable. After exhaustive tests two of them were found to 
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possess the required durability and accuracy. One of these de- 
vices consists essentially of a hydraulic pressure-indicating sys- 
tem. The reaction of the brake stator arm is applied to a piston 
which is held in place by oil pressure. Since the oil pressure is 


proportional to the applied load, the latter can be determined by 
measuring the oil pressure with an accurate pressure gage. ; 
The pressure gage is calibrated to indicate the load directly in . 
pounds, and is compensated for changes in temperature. 

The other weighing device used by the laboratory is similar . 
in some respects to the one just described, except that air is used t 
as the working fluid. In the pneumatic device the load is applied g 
to a diaphragm which is held in position by air pressure. A . 
pilot valve, actuated by movement of the diaphragm, regulates . 
the air-chamber pressure to keep the diaphragm in equilibrium. \ 
As the applied load decreases, air is bled from the chamber; as the d 
load increases, compressed air is admitted from an external source. u 
Load is indicated by an accurate pressure gage connected to the b 
air chamber. d 

Both the hydraulic and pneumatic weighing devices are fre- " 

* quently checked for accuracy by means of proving rings which P 
have been calibrated by the National Bureau of Standards. The 
over-all accuracy of a water brake and its weighing device may - 


be tested statically by applying known torques to the water- 
brake stator. In this method heavy test weights are suspended 
from one end of a long lever, the other end of which is secured 


to the stator. 

Water-Brake Vibration. In addition to replacing platform 
seales with sturdier weighing devices, the laboratory modified 
the 35,000-hp water brake to reduce its vibration. It was found 
that the frequency was 15 times the shaft speed. The brake, 
which was of the Froude type, had 15 rotor vanes and 16 stator 
vanes on each end. This combination was very satisfactory from 
the standpoint of torsional excitation, but was creating a bad 
lateral excitation. It was decided that the vibration was being 
caused by unbalanced forces produced as the rotor vanes passed 
the stator vanes. The forces were unbalanced because the stator 
had an even number of vanes and the rotor had an odd number 
of vanes. Consequently the impulses occurred one at a time, 
without an equal and opposite impulse on a vane 180 deg away, 
and the unbalanced forces were transmitted to the foundations. 
Had both the rotor and stator been provided with even numbers 
of vanes the impulses would have occurred in pairs, diametrically 
opposite, thus balancing each other as far as lateral excitation was 
concerned. 

The foregoing analysis proved to be correct. The 15 original 
rotor vanes were replaced with 18 new vanes, equally spaced on 
each end. The resulting combination of 18 rotor vanes and 16 
stator vanes eliminated the vibration troubles. It might be added 
that the welded-plate construction employed in this brake was 
susceptible to erosion and corrosion, particularly at the welds. 
In the vane modificatiom just described stainless steel (25-20) 
welding rod was used and the welds have proved to be much 
more durable than the original carbon-steel welds. 

Although the water-brake-dynamometer method of testing 
gears closely simulates shipboard operating conditions, it has the 
disadvantage of requiring large prime movers capable of de 
veloping all the power transmitted by the gears. The cost of 
boiler fuel alone is usually one half the total operating cost of the 
test. Another disadvantage is the difficulty of determining gea? 
efficiencies. To date, the laboratory has been unable to find 4 
torsion meter capable of measuring the power input to the gea! 
with the requisite degree of accuracy. The combined errors o! 
the torsion meter and absorption dynamometer are usually of the 
same order as the gear losses. Attempts to determine gear losses 
by measuring the heat carried away by the lubricating oil have 
been only partially successful. 7 
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Torque-Test Arrangements. Many of the disadvantages in- 
herent in dynamometer testing may be avoided by using the 
torque-test setup. In this method two gear units are tested simul- 
taneously, with one unit loaded against the other. Several load- 
ing arrangements are possible, depending on the type of gear 
units being tested. The two arrangements used by the laboratory 
are the “‘front-to-front”’ and the “back-to-back.” 

The front-to-front arrangement is shown in Fig. 2. Two gear 
units, one port and one starboard, are erected end to end so that 
the corresponding first-reduction pinions may be connected to- 
gether with torque bars. The torque bar connecting the pinions 
on the low-pressure-turbine side has a flange-type coupling at its 
mid-length to permit the applieation of torque to the gear units. 
Wrenches are used to twist the torque-bar flanges in opposite 
directions until the desired torque has been applied to the gear 
trains. The flanges are then bolted together and the gear units 
brought up to the desired operating speed. The turbine used to 
drive the gear units is usually coupled to one of the quill shafts 
which connect the first-reduction gears with the second-reduction 
pinions. A typical front-to-front torque test is shown in Fig. 3. 

The back-to-back test setup is similar to that just described, 
except that the gear units are arranged so that the bull gears of 
the port and starboard units may be coupled together as shown 


HIGH PRESSURE TURBINE SIDE 


Fie. Front-ro-Front Torque Test or Destroyer-Escort Repuction GEARS 


in Figs. 4 and 5. Both torque bars are provided with adjustable 
couplings and the high-pressure and low-pressure turbine branches 
are loaded separately. This feature permits the load distribution 
between the two branches to be controlled; in the front-to-front 
arrangement both branches must transmit the same power. An- 
other advantage of the back-to-back method is that the buil- 
gear teeth can be loaded in the same direction by the pinions, 
thus simulating shipboard operating conditions. In the front- 
to-front method the pinions are loaded against the bull gear in 


HIGH PRESSURE TURBINE SIDE 


LOW PRESSURE TURBINE SIDE 


4 Bacx-to-Back Torque-Test ARRANGEMENT 


(Both units rotate in ahead directions.) 


opposite directions, causing the bull-gear teeth to be subjected 
to reversed bending. 

One disadvantage of the back-to-back method is the difficulty 
of connecting torque bars to the first-reduction pinions. Since 
the pinion couplings are on opposite ends of the two units, the 
pinions must be hollow to permit the torque bars to pass through. 
The gear cases also must be modified for the same reason. Gears 
usually can be set up for a front-to-front test without these 
difficulties. 

It should be noted that the expressions front-to-front and 
back-to-back have been used arbitrarily to specify the manner 
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Fic. 5(a) Bacx-to-Back Torque Test oF Destroyer Repuction GEARS 
(Driving turbine shaft is at lower left; other turbine and two motors are for starting.) 


5(b) Bacx-ro-Back Torque Tgst oF DesTRoYER REDUCTION GEARS 
(Showing torque bars, starting sheave and torsion-meter pickups.) nee 
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in which the rotating elements of two gear units are connected 
together for testing. Actually, these expressions merely indicate 
the relative positions of the units, and it is quite possible that the 
bull gears could be connected together in either arrangement; 
or even in a “front-to-back” arrangement. For all torque tests 
conducted at the laboratory to date it has been more convenient 
to use the back-to-back arrangement when the bull gears were to 
be connected together, and the front-to-front arrangement when 
they were not; hence the association of loading arrangement 
with relative position of the units. 

Both of the torque-testing arrangements just described permit 
accurate determination of gear efficiencies. The output of the 
driving turbine is measured by means of a torsion meter. Since 
this output represents only the gear losses, a small torsion-meter 
error of 1 or 2 per cent will not seriously affect the accuracy of the 
efficiency determination. In the case of the water-brake method 
of test, the turbine output represents the total power transmitted 
by the gears, and the same small torsion-meter error may be 
greater than the actual gear losses. Another obvious advantage 
of the torque-test setup is the comparatively small amount of 
power (and fuel) required to drive large gears at full power. 

Before the power transmitted by gears can be determined, the 
applied torque must be known accurately. It was found that 
the calculated torque (torque wrench length multiplied by ap- 
plied force) gave questionable results, due primarily to the static 
friction in the bearings and gear elements. Usually, the torque 
required to twist one half of the coupling was several times as 
great as that required to hold the other half in place; also, the 
average of the two changed after the gears were run. 


CALIBRATION OF STRAIN-GAGE TorsION METER 


Fic. 6 


Torsion Meters. To avoid these difficulties the laboratory uses 
torsion meters for measuring locked-in torque. One type that 
has given good results is the wire-resistance strain gage. This 
device can be installed on one or more of the quill shafts and re- 
quires only minor modifications to the gear elements. The 
shaft and strain-gage assembly is carefully calibrated as shown 
in Fig. 6. The strain-gage torsion meter has been particularly 
useful for measuring load distribution among the various trains 
of locked-train gear units. 

Another torsion meter used by the laboratory is of the Amsler 
type. It consists of an elastic torque shaft and concentric 
sleeve, fastened together at one end and free at the other. Rela- 
tive torsional displacement of the two elements at the free end is 
proportional to the applied torque. This device is installed as 
part of the regular torque bar, and a stroboscope is used to take 
readings while the gears are running. Both the strain gage and 
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Amsler torsion meters indicate that locked-in torque is a linear 
function of torque flange displacement. Nosuch correlation could 
be established between torque flange displacement and calculated 
wrench torque. 

Torque Applier. One of the difficulties encountered in torque- 
testing large gear units is getting them started after the torque 
has been locked in. A tremendous external driving torque is re- 
quired to overcome the static friction of the bearings and gear 
elements. A typical starting arrangement is shown in Fig. 5(a). 
Two large motors and an auxiliary turbine are geared to three of 
the quill shafts through clutches. Fig. 5(b) shows a starting 
sheave between the low-speed-shaft flanges. Once the gears are 
rotating and adequate lubrication has been established, the regu- 
lar driving turbine can carry the load. 

More serious than the difficulty of getting the gears started are 
the abnormal friction loads imposed during starting. Some of 
the laboratory’s gear tests have required the locking-in of torques 
greater than 300 per cent of the designed full-power torque. These 
severe starting conditions have caused a considerable amount of 
uncertainty in evaluating damage sustained by bearings and gear 
elements. One could not-be sure whether the damage occurred 
during running or while starting. 


Fig. 7 Hyprautic Torque APPLIER 


The ideal situation would be to bring the gears up to speed 
under no load and then to apply the desired torque. This prob- 
lem, like many others, was solved by the Navy Gear Industry 
Committee, whose Gear Testing Sub-Committee designed a hy- 
draulic torque applier which accomplished the desired result. 
This device, shown in Fig. 7, consists of an oil-operated piston 
whose axial movement causes relative torsional displacement be- 
tween a pinion and its shaft. The torque-applier unit rotates 
with the pinion and shaft; actuating oil is supplied under pres- 
sure through a rotary shaft seal. This unit has performed very 
satisfactorily and similar units will be used on future torque tests. 


Test PRocEDURES 


When the present gear-testing program was being planned, it 
was generally agreed that one of the best methods of determining 
the weak points of a gear was to operate it at progressively in- 
creasing loads until failure occurred. As a result, most of the 
gears tested at the laboratory ultimately have been run to de- 
struction. 

During the erection and operation of a.gear test, every effort 
is made to eliminate all variables except those under investigation. 
This policy was adopted after much discussion concerning the 
practicability of attempting to reproduce and evaluate in the 
laboratory aJl the variables associated with actual shipboard 
operating conditions. It was reasoned that if gear performance 
could be evaluated under ideal conditions, the results would 
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provide valuable criteria for comparing and predicting per- 
formance under shipboard service conditions. The problem of 
achieving an ideal installation aboard ship would be greatly 
facilitated if accurate information were available concerning the 
optimum performance under ideal laboratory conditions, and 
the effects of various departures therefrom, such as foundation 
distortion when a ship is in a rough sea. 

In the laboratory the gear units are secured to the iron-slab 
test floor as rigidly as possible to prevent foundation distortion. 
Alignment receives special attention; first the gear cases and 
bearings are carefully aligned with the rotating elements re- 
After the gears have been assembled, all meshing ele- 
ments are checked for proper tooth contact. Prior to operation 
all elements are inspected, photographed, and measured. Meas- 
urements include the thickness and surface finish of designated 
teeth so that wear and damage may be evaluated during future 
inspections. 

Lubricating-Oil System. Experience has shown that it is de- 
sirable for each gear unit to have an independent lubricating-oil 
system. While this is impracticable aboard ship, the laboratory 
installs separate systems for the gears, driving turbine, and dyna- 
mometer. These systems are in the form of semiportable units, 
consisting of two pumps (one steam and one electric), magnetic 
strainers, spiral bag filters and a cooler, all mounted on a large, 
rectangular tank. The electric stand-by pump is set to cut in 
automatically in case the steam pump fails. After each period 
of operation, the lubricating oil is pumped to a settling tank, 
heated, and renovated by means of centrifugal purifiers. Except 
for a few designs requiring special lubricants, all gears have been 
tested with standard Navy turbine oil, Symbol 2190T. 

Instrumentation. The instrumentation for most gear tests 
is quite elaborate, with particular emphasis being placed on tem- 
perature measurement. Temperatures of oil to and from bear- 
ings and meshing elements are measured by calibrated mercury- 
in-glass thermometers, resistance thermometers, or thermo- 
couples, depending upon the accuracy desired. Recorders em- 
ployed are both single and multiple-point of the direct-current 
potentiometer type for thermocouples and of the Wheatstone- 
bridge type for resistance thermometers. Thermocouples are 
particularly useful for measuring temperatures in inaccessible 
places. The laboratory has not been able to develop a completely 
satisfactory method for measuring the temperatures of rotating 
surfaces, such as the planet-gear bearings of planetary-type gear 
units. Various combinations of slip rings and thermocouples 
have been tried and found unsatisfactory. A substitute method 
which has given good results consists of measuring the tempera- 
ture of the oil as it is thrown from the moving bearings. A small 
stationary cup containing a thermocouple is mounted inside the 
gear case so that oil samples are entrapped and measured each 
time a bearing passes by. 

The quantity of oil to each gear unit is measured by positive- 
displacement-type megfers equipped with self-venting air elimi- 
nators. The flow to individual bearings and sprays is usually 
measured by rotameters similar to that shown in Fig. 8. Since 
the rotameter case is made of glass, the oil passing through may 
be inspected for such things as air bubbles, cleanliness, and color. 

Safety Devices. Testing large machinery units to destruction 
involves a certain amount of risk to personnel as well as to mate- 
rial. Needless to say, one of the laboratory’s primary considera- 
tions in any test is safety, and many devices and procedures 
have been developed for this purpose. Since most gears fail 

while being driven at or above their full power rating, it is im- 
perative that the driving turbine be prevented from running 
away when its load is suddenly removed. Some of the labora- 
tory’s smaller turbines, such as those designed for turboelectric- 
drive ships, are equipped with governors which, if maintained 
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properly, are adequate. Most of the larger turbines have been 
designed for manual control, and require the addition of over- 
speed protective devices before they can be used safely for test 
purposes. 

After experimenting with several types of overspeed trips, the 
laboratory adopted an electrical system which has proved to be 
dependable, simple to operate, and adjustable over a wide range 
of speeds. In the steam line ahead of the turbine throttle valve 
is installed a solenoid trip valve, actuated by a small, 3-phase, 
alternating-current generator connected to the turbine shaft. 
Between the generator and solenoid valve is an adjustable relay 
whose operation depends upon the frequency of the generator 
output and is not affected by variations in voltage. This system 
not only provides reliable overspeed protection but is useful fo: 
other purposes. Turbine speeds are measured accurately by con- 
necting tachometers and revolution counters to the generator 
output. Another application for this generator was found during 
a clutch test, where a friction-type clutch was installed between 
two turbines, and it was desired to determine whether the clutch 
was slipping while transmitting power at 3000 rpm and, if so, 
whether the slippage was intermittent or continuous. To each 
turbine shaft was attached a generator, one phase of which was 
connected to a cathode-ray oscilloscope. The vertical sweep of 
the oscilloscope was connected to one generator and the horizontal 
sweep to the other. The resulting pattern was such that slippage 
of only a fraction of a revolution could be detected, regardless o! 
the clutch speed. 

One of the problems associated with analyzing the causes of 
gear failures is that of stopping the gear as soon as failure com- 
mences, before the damage spreads to other parts of the unit. 
Most gear and bearing failures at the laboratory have occurred 
with little or no advance warning. In the case of bearing failure, 
the lubricating oil from the element concerned usually shows & 
slight temperature rise a few seconds before a casualty occurs, 
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followed by a large temperature rise as the damage spreads 
Formerly, the laboratory installed alarm systems in the lubr 
cating-oil return lines from bearings and meshing elements, s 
that the operators could be warned to stop the test.. This prove 

inadequate, and several gears were completely wrecked befor 

their turbine throttle valves could be closed. A solution for th 

problem was then found in an automatic system which require 

no action on the part of the operators. Thermocouples, ir 

stalled in strategic locations throughout the lubricating-o 

system, are connected through relays to the solenoid valve ahea 

of the driving turbine. If adjusted properly, the thermocouple 

actuate the solenoid valve and stop the turbine when norma 
operating temperatures are exceeded by more than a few degree: 

In this arrangement the solenoid valve can be tripped by eithe 

the thermocouple relays or the overspeed relay, and neither sy: 

tem interferes with the other. 

Other laboratory safety precautions include the erection « 
protective armor plating around highly loaded gear units, : 
shown in Fig. 9. Its only value to date has been psychologica 
since all damage has been confined by the gear cases. 

Inspection. Normal test procedure consists of operating tl 
gears continuously at constant torque and speed for some pri 
determined period, usually from 24 to 100 hr. The load is the 
increased for each subsequent period until failure occurs. At the 
end of each operating period the gears are dismantled and in- 
spected carefully for signs of distress. Inspection includes meas- 
urements for wear, photographs, and Faxfilm impressions of se- 
lected surfaces. The latter procedure has been especially useful 
in following the progress of tooth-pitting. 

Faxfilm consists essentially of a small plastic film upon which is 
reproduced the surface being investigated. One side of the film 
is softened by use of a solvent so that when it is pressed against a 
hard surface an impression of the surface will be made on the 
film. The film may then be placed in a projector and magnified 
0 approximately 100 diam. A typical Faxfilm enlargement is 
shown in Fig. 10. 


Test 


Due to the large diversity of designs and characteristics of the 


Fie. 9 Prorective Armor ARrounp D 


wir 


Fie. 10 Faxritm ENLARGEMENT or Pitrrep SurFrace 
(Destroyer-escort hobbed gear.) 


gears tested to date the results have varied between wide limits- 
However, each test has furnished valuable information which 
may be applied to future designs. In general, it may be stated 
that the tooth loadings permitted by Navy specifications during 
World War II were conservative and can be increased without 
compromising reliability. This statement can be illustrated best. 
by describing a typical gear test. 

Destroyer-Escort Gear Tests. Commencing in July, 1945, the 
laboratory conducted a series of torque tests on two standard 
destroyer-escort reduction-gear units. The initial purpose of the 
tests was to determine the influence of material and manufac- 


turing processes on the load-carrying capacities of representative 
naval reduction gears. 
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Both gear units, obtained from Navy surplus equipment, had 
been manufactured by normal production methods from the same 
general designs, so that units built by different manufacturers 
were interchangeable. The gear teeth of the starboard unit had 
been cut by the hobbing process, with no further finishing. The 
teeth of the port unit had been produced by a shaping process in 
which the teeth are generated by a reciprocating gear-shaped 
cutter. The surfaces of the shaped teeth had then been finished 
by lapping, with the result that they were somewhat smoother 
than those of the plain hobbed teeth. 

Each double-reduction unit contained two gear trains, one for 
the high-pressure turbine, and one for the low-pressure turbine, 
with a common low-speed gear, and had been designed in accord- 
ance with Navy specifications to transmit 6000 hp at a propeller 
speed of 400 rpm. 

The units were coupled together for torque testing in a front- 
to-front arrangement shown in Figs. 2 and 3. A strain-gage tor- 
sion meter was installed on the port high-pressure quill shaft to 
determine locked-in torque, another on the driving-turbine shaft — gree 
to evaluate power losses. Torque was applied by means of ike ‘Fig. 12) Saapep Butt Gear Arrer 275 Per Cent Run 
wrenches. 


Fic. 11 Hossep Butt Gear AFTER 150 Per Cent Run 


Hobbed Gear Loaded Against Shaped and Lapped Gear. The Fie. 13) Hossep Butt Gear Arrer 275 Per Cent Run 
gears were operated in 100-hr runs with the locked-in torque being _ 5 
increased for successive runs. All overload-capacity runs were 
conducted at the nominal full-power speed, i.e., a bull-gear speed _ in Tis 
of 400 rpm. At the end of the 150 per cent full-power run, tooth- 
pitting appeared on the hobbed bull gear, see Fig. 11. With the 
load at 150 per cent full power, three additional 100-hr runs were 
made; the pitting increased during the first two but appeared to 
have stabilized during the third. The shaped bull gear showed 
only slight pitting. ‘ 
During subsequent runs the torque was increased in 15 per cent 
increments until 225 per cent full power was reached; thereafter 
25 per cent increments were used. At the end of the 275 per cent . contai 
full-power run the appearances of the shaped and hobbed bull . that } 
gears were as shown in Figs. 12 and 13, respectively. The shaped ‘ a | fatigu 
teeth were still in excellent condition while the hobbed teeth were ; ' i Hob 
badly pitted. Anew 
Three runs were made at 300 per cent full power, followed by Were i 
another at 325 per cent. At the end of the 325 per cent run, the : " ey = reduct 
shaped bull-gear teeth appeared to be in good condition although hobbe. 
many of them were discolored by a brown stain, later found to ~~ Se made. 
be caused by fretting corrosion originating in fatigue cracks in the ~~ ae — formar 
root fillets, see Fig. 14. The hobbed bull-gear teeth were still oe ; moved 
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Since there had been considerable discussion concerning the 
effects of work hardening on tooth surfaces, it was decided to omit 
the customary low-power runs and to compare the pitting re- 
sistance of the new bull gear at high loads with that of its 
predecessor. Accordingly, the first run was made at 263 per cent 
full power. An inspection then failed to disclose any change in 
the tooth surfaces, indicating that the usual lower rate runs had 
little effect on the pitting resistance of shaped and lapped gears. 
Had the teeth pitted badly, the value of work-hardening runs at 
lower powers would have been demonstrated. Unfortunately, 
the test was not conclusive because the gear had been subjected 
to running-in operation at the factory. 


15 Hossep Butt Gear AFTER 325 Per Cent RuN 


Fig. 17 New Butt Gear Arrer 322 Per Cent Run 


.16 SHapep Butt Gear anv PINIo 

At the end of the 295 per cent run a few small pits appeared on 

A second 325 per cent run was begun but the shaped bull gear — the shaped bull-gear teeth; the original hobbed bull-gear teeth 
failed after 77'/. hr due to tooth breakage. Fig. 16 shows the Were getting progressively worse but were still serviceable. The 
shaped bull-gear and second-reduction pinions after the casualty. next run, conducted at 322 per cent full power, resulted in the ap- 
The surfaces of these teeth were still in good condition but fatigue | pearance of fretting corrosion marks at the roots of the shaped — 
cracks appeared in most of the fillets, as evidenced by fretting-  bull-gear teeth, see Fig. 17. Because tooth breakage was im- 
corrosion marks. It was found that fretting-corrosion marks minent, the damaged gear was removed from test. The original 


indicate tooth cracks more effectively than either magnaflux or hobbed gear was still capable of sustained operation. VF 

zyglo equipment, and are positive signs of incipient failure. Hobbed Gear Loaded Against Hobbed and Shaved Gear. ~ me 
Although both bull gears had been subjected to the same tooth now it appeared that a gear possessing the beam strength of the A 

loads for the same number of reversed bending cycles (about hobbed teeth and the pitting resistance of the shaped and lapped — : 5 


38,000,000), the hobbed teeth showed no signs of impending teeth would be very successful indeed. Since no such combina- 
breakage. The fillet radius of the hobbed teeth was '/sin., while tion was immediately available, it was decided to investigate the 
that of the shaped teeth was only */s in.; also, the shaped teeth performance of a hobbed gear whose tooth surface finish had been 
contained well-defined toolmarks at the roots. It was believed improved by shaving. In the shaving process the gear is run 
that both the toolmarks and small fillet radius contributed to in mesh with a small gear-like tool whose teeth are serrated with 
fatigue failure. numerous small cutting edges; the cutting edges are set at an 

Hobbed Gear Loaded Against New Shaped and Lapped Gear. angle so that they will “shave” a small amount of material from 
Anew shaped (and lapped) bull gear and second-reduction pinions __ the surfaces of the mating gear'teeth as the teeth of the gear and» 


Were installed in the port unit for further testing. Since all first- shaving cutter slide in and out of contact. This finishing process a ; 
reduction elements were still in excellent condition, and the was applied to a hobbed bull gear and second-reduction pinions _ > . 
hobbed bull gear was still serviceable, no other changes were which happened to be available, and they were then installed in _ 

made. To investigate the effects of toolmarks on gear-tooth per- the port unit. The port first-reduction elements and all star- 

formance, the tool marks along the tooth fillets were partially re- board elements were left intact. = ; 

moved by hand-grinding; lack of facilities prevented complete During the first 100 hr the load was increased progressively to ‘ 


Temoval. 150 per cent full power. Subsequent runs were conducted for 


2 bs 
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Fig. 18 SHavep Butt Gear ArrerR 200 Per Cent Run 


SS 


Fic. 19 SHavep Butt Gear AFTER 325 Per Cent RuN 


100 hr each with the load being increased in increments of 25 per 
cent full power. Slight pitting appeared on the shaved bull-gear 
teeth at the end of the 150 per cent full-power run and slowly 
increased as the load was raised. Fig. 18 shows the teeth at the 
end of the 200 per cent full-power run. The appearance of the 
same teeth after the 325 per cent full-power run is shown in Fig. 
19. In addition to progressive pitting, there were galling and 
rolling, with knife-edges on the tops of most of the teeth. The 
tooth surfaces of the hobbed bull gear were badly deteriorated, 
but still serviceable. 

At this point a hydraulic torque applier was installed, thereby 
eliminating the difficulty of starting the units with locked-in 
torques greater than 325 per cent full power. The units were 
then brought up to speed and operated for 100 hr at 341 per cent 
full power. Inspection at the end of this run revealed that the 
shaved gear, like its predecessors, had succumbed to the pace 
set by the original hobbed gear of the starboard unit. The 
familiar brown radial stains, peculiar to fretting corrosion, ema- 
nated from cracks in every shaved tooth. At the ends of some 
teeth the cracks extended completely through the teeth, as shown 
in Fig. 20. 

Although the original hobbed bull gear had succeeded in de- 
stroying three running mates, its last victory had not been an 
easy one. As shown in Fig. 21, a piece approximately 21/, in. 
long had broken from one tooth and fatigue cracks were found 
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Fic. 21 Butt Gear 341 Per Cent 
in three others. This gear had operated for 2953 hr at various 
loads up to 341 per cent full power, and was still capable of running 
at full power. However, it was decided to replace the second-re- 
duction elements of both the port and starboard units with new 
elements of special designs, manufactured by experimental proc- 
esses. These tests are in progress at the present time. 

The purpose of the foregoing review of a typical gear test was 
to show the severe treatment that a conventional naval reduction 
gear can withstand. For this reason no attempt was made to 
present such details as the evaluation of test results, a discussion 
of the first-reduction elements, the influence of load and other 
factors on efficiency, and the performance of couplings and bear- 
ings. It might be of interest to point out that all runs were made 
without a bearing failure, notwithstanding the fact that they were 
subjected to heavy overloads. (There were two instances i! 
which minor wiping of locating thrust bearings occurred—prob- 
ably while starting under load.) No sign of tooth distress ap 
peared on either hobbed or shaped first-reduction gears and 
pinions, 


CONCLUSION 


Much important information is being obtained from the labor 
tory’s gear-testing program. This information would have only 
limited value, however, unless it were placed in the hands of thos 
who design and build the Navy’s reduction gears. Also, the it 
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formation would be practically useless unless it were new and 
served to advance existing knowledge of the art. 

In setting up a program to improve its reduction gears, the 
Navy sought help from those best qualified to give it—members 
of the gear industry. Their enthusiastic response led to the es- 
tablishment of the Navy Gear Industry Committee, whose mem- 
bers represent the leading marine propulsion-gear manufacturers 
of the United States. This committee, through its Gear Testing 
Sub-Committee, has advised and guided the laboratory through 
every major gear test performed to date. At this time the 
author would like to pay special tribute to those members of the 
sub-committee who started in 1944, and are still working on the 
laboratory’s testing program; they are: Mr. L. J. Collins, of the 
General Electric Company; Mr. H. Engvall, of the De Laval 
Steam Turbine Company; Mr. E. Gasser (later succeeded by Mr. 
N. L. Shaw), of the Farrel-Birmingham Company; and Mr. 
H. W. Semar, of the Westinghouse Electric Corporation. 

Members of the sub-committee meet once a month to discuss 
and evaluate current test results, review agenda for new tests, 
and make plans and recommendations concerning the objectives 
and procedures for future tests. In addition to the regular mem- 
bers, every third sub-committee meeting is attended by approxi- 
mately 40 representatives from various activities having interests 
in gear problems. A typical meeting will include representatives 
from the fields of metallurgy, lubrication, automotive gearing, 
aircraft gearing, and marine engineering, as well as from educa- 
tional institutions and laboratories. The Navy is extremely for- 
tunate in having men like these contribute their knowledge and 
services to the solution of its problems. 

Today the Navy is engaged in a research and development 
program embracing many phases of science and engineering. 
Whatever the advances made in ships’ propulsion machinery, 
prime movers of the future probably will rotate at speeds even 
higher than those currently employed. Thus there will still be 
a need for means of efficiently reconciling high prime-mover 
speeds with low propeller speeds. The propulsion-gear develop- 
ment program, now in progress at the Naval Boiler and Turbine 
Laboratory, is designed to fill this need. bend) 27.0 

Discussion 


was 


Harry EnGvaLu.* The gear-testing program undertaken by 
the Navy, as discussed in the author’s paper, is an outstanding con- 
tribution to the art of gear building. The tests are planned and 
executed in a scientific manner with adequate instrumentation to 
insure that all possible information is obtained from each test. 
The seale on which this program is carried out is of such magni- 
tude that no private organization could hope to undertake it. 
The information already obtained corresponds to that resulting 
from many years of normal development. With all information 
made available to the gear industry as a whole, we can look for- 
ward to better gearing much sooner than would otherwise be 
possible. 

The author has very ably described the testing facilities availa- 
ble at the Naval Boiler and Turbine Laboratory and no com- 
ments on this part of the paper seem called for, except to note 
that the list of equipment is indeed impressive. 

The safety devices employed by the laboratory during the 
testing of gears have in their final development proved themselves 
to be very effective. Their proper functioning has at various 
times resulted in confining the damage resulting from minor 
failures to the parts involved and prevented extensive damage or 
complete wreckage from occurring. 

In the description of the destroyer-escort gear test, the author 


*Chief Engineer, Helical Gear Department, De Laval Steam 
Turbine Company, Trenton, N. J. Mem. ASME. 
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compares hobbed gears with shaped and lapped gears. The 
method used to produce the gears is not what really counts, but 
rather, the tooth form and surface finish produced determine 
the performance of a gear. In the tests described, the hobbed 
gear had generous fillets at the root of the teeth- and therefore 
the teeth were appreciably stronger than the teeth in the shaped 
gear which had very small fillets at the roots of the teeth. The 
surface finish of the teeth in the hobbed gear was exactly as pro- 
duced by the gear hobber; whereas, the tooth surfaces of the 
shaped gear had been finished very carefully after the teeth had 
been cut and therefore would withstand higher loadings before 
pitting or other surface failures would occur. 

When running overload tests on gears, it must be understood 
that the surface stresses and bending stresses do not increase in 
the same proportion, since the contact stresses which cause pitting 
increase in proportion to the square root of the load (the contact 
area increases with load), and the bending stresses increase di- 
rectly with load. Therefore in the tests run at 325 per cent load, 
the contact stress was only 187 per cent of normal full-load stress, 
while the bending stress was 325 per cent of normal. 

It should be noted that, although the hobbed and shaped gears 
were subjected to the same total tooth loading, the load per inch 
of face was higher in the hobbed gear than in the shaped gear 
because of the wide gap between the two helices. 

The effect of tooth form on bending stresses is considerable, 
and using established formulas as given in AGMA Standard 
220.01 and stress-concentration factors based upon a paper by 
T. J. Dolan and E. L. Broghamer,‘ the comparison of the stresses 
in the two types of fillets shows the following: 


(a) The mean bending stress of the small fillet tooth was 135 
per cent of the stress in the full fillet tooth. 

(b) The peak bending stress for the small fillet tooth was 140 
per cent of the stress in the full fillet tooth. 


The foregoing comparison is based on the san.e quality ‘of 
finish in the fillets of both tooth forms. With definite toolmarks 
present in the smaller fillets, an even greater difference in resist- 
ance to breakage, than just mentioned, is to be expected between 
the two tooth forms. 

It is to be hoped that the Navy will continue its gear-testing 
program at least until a number of fundamental questions are 
answered. For example: What size tooth is best for a given 
application taking into account strength, wear resistance, noise, 
etc.? What relationship exists between load-carrying capacity 
and speed? How does the load-carrying capacity of a speed re- 
ducer compare with that of a speed increaser? There is no doubt 
that the interest and ingenuity shown by the personnel of the 
Naval Boiler and Turbine Laboratory will result in further rapid 
progress toward solving the many problems that are encountered 
in connection with design of modern gearing. 


H. C. E. Meyer.’ As one who has had the opportunity of 
firsthand knowledge of the full-scale testing of marine propul- 
sion gears at the Naval Boiler and Turbine Laboratory, it is a 
pleasure to commend the author on an able presentation of this 
important phase of investigations, conducted under the auspices 
of the Bureau of Ships, Navy Department. The contributions 
to the advancement of marine propulsion-plant design by the 
Naval Boiler and Turbine Laboratory are of great value. 

The development of the hydraulic torque applier described in 
the paper is particularly interesting. As a point of information, 
do the data developed up to now indicate that the torque-testing 


4“A Photoelastic Study of Stresses in Gear Tooth Fillets,’ by 


T. J. Dolan and E. L. Broghamer, Bulletin No. 31, University of 


Illinois, Urbana, Ill., March 24, 1942. 
5 Gibbs & Cox, Inc., New York, N. Y. Mem. ASME. aati: 
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method may ultimately be superior to the dynamometer-test- 

ing method, when the techniques of the former method have been 

perfected? The small amount of power and fuel required for driv- 

ing, and the possibility of accurate determination of gear efficien- 

cies seem to present decided advantages. 


H. W. Semar.* The real need for testing on the scale carried 
out at the Naval Boiler and Turbine Laboratory was long 
recognized by the gear builders as well as by the Navy. Hence 
we were not only willing but eager to co-operate and to assist in 
every way possible, so that the tests would yield a maximum of 
information. 

On gears of this size the manufacturer is limited to nondestruc- 
tive testing. He can carry out acceptance tests to rated power 
and some overload but cannot afford to risk a test which might 
result in the loss of a complete train of gears. 

Another reason for the full-size test is that the tooth-stress 
limits which can be readily determined on smaller gears cannot 
be extrapolated to the larger dimensions, greater loads, and higher 
peripheral speeds of main propulsion gears. For instance, in the 
destroyer-escort test described in the paper, some pitting took 
place on second-reduction gears at 150 per cent load, while the 
first-reduction gears, just as highly stressed at normal power 
and with much higher velocity, carry 341 per cent load without 
surface distress. This result simply could not have been pre- 
dicted on the basis of experience or test with smaller units. 

From our experience with large gears, we know that there is a 
decidedly greater tendency to pitting on the lower-speed second 
reduction than on the higher-speed first reduction. In this case, 
a phenomenon which has been difficult to understand has been 
brought under laboratory scrutiny. 

The author reports the 341 per cent load carried by the de- 
stroyer-escort gears as an illustration that tooth loadings can be 
increased. This overload should not be taken as a measure of the 
amount to which the rated load can be increased. The degree 
that power can be increased can be determined only by evaluating 
all of the variables associated with actual shipboard operating 
conditions. This point is made early in the paper, but it is one 
that the writer believes deserves special emphasis. 

Much can be learned about some factors which influence gear 
performance by relatively inexpensive means. For instance, 
tooth materials can be investigated by roller tests to determine 
their relative resistance to wear and pitting. Other factors may 
be studied analytically. But these means yield limited informa- 
tion. 

The final proof of a gear unit must be its performance in actual 
service, for there alone can it be subjected to every combination 
of stress which it must withstand. However, there are practical 
limitations to studying every variable under service conditions. 

Full-size laboratory tests likewise have limitations. But when 
these limitations are understood and the tests are planned to 
supplement other soufces, then only will valuable basic informa- 
tion be gained. 


L. J. Cotuins.?7. The author has presented in concise form the 
outstanding accomplishments of the subject tests. The writer 
feels it can be stated without reservations that the information 
gained by these tests has advanced the design of gears many 
years ahead of what could have been expected had these tests 
not been made. 

It should be appreciated by the readers of the subject paper 
that further analysis must be made. For instance, since all 


6 Westinghouse Electric Corporation, South Philadelphia Works, 
Steam Division. 

7 Division Engineer, Gear Engineering Division, General Electric 
Company, River Works, Lynn, Mass. Mem. ASME. “ 
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first-reduction elements were without distress, we must deter- 
mine the reasons why this was so. 

At the beginning of these tests we had anticipated distress on 
bearings and flexible couplings. However, these elements per- 
formed their functions without incident. 

The author points out that these tests were laboratory tests 
on full-size units. Since this is true, then we know how units 
will perform under ideal conditions. If in actual service, similar 
units do not duplicate these results, then we know that variables 
are present, and we are in a better position to evaluate the cause 
and effect. 

As a native born citizen of the United States, the writer is 
appreciative of the service the Navy rendered in World War II 
and for the farsighted programs similar to that described by 
the author, which have been undertaken by the Navy for the 
mutual benefit of all. 


H. M. Keyes.’ The writer feels that those who build gears 
of the size described, should be quite thankful that there are 
facilities in this country for full-scale testing. In general, there 
are few, if any, companies which could afford to make tests of 
such magnitude at their own plants. The cost of running gears 
for hundreds of hours would be almost prohibitive for a private 
concern, particularly the straight-through tests where the tur- 
bine supplies the rated gear horsepower. It is true that the 
Navy has a special purpose in its research—it needs heavily 
loaded gears. It is likewise true that taxes on the people and 
industry provide these facilities. Nevertheless, from the results 
of these tests the manufacturer obtains information which adds 
to his stockpile and eventually benefits him on other than Navy 
gears. 

To give some conception of the amount of work and care with 
which the tests are carried out, reference is made to one test 
in which torque-meter readings were taken over an 81-hr period 
at 6-min intervals. This test was made at full speed of the gear 
unit and a torque load of 300 per cent of designed full torque. To 
show the consistency of the strain-gage meter, an average was 
struck through the readings, and the deviation above and below 
this average was found to be 0.44 per cent, i.e., less than one 
half of one per cent. 

In order to give a rough idea of the relative loading during 
the 38,000,000 cycles to which the author refers, it should be noted 
that some 35,000,000 of these loadings were above 100 per cent 
torque and, of these, 20,000,000 were above 200 per cent torque. 

Further, with reference to the gear-unit loading, it seems in 
order to mention the first reduction elements and how they stood 
up under the tests. The KA-factor on the first reductions was 
essentially the same as that on the second reductions, while the 
pitch-line speed was some 2!/2 times that of the second reduc- 
tions. These elements did not show any distress, even though 
the number of cycles of loading were considerably greater than 
that on the second reductions. More explicitly, at the time o! 
breakage, the first-reduction gears had sustained approximately 
207,000,000 repetitions of load with some 187,000,000 of these at 
torques above 100 per cent, and out of these 110,000,000 loadings 
were above 200 per cent torque. For the high-speed pinions, the 
number of cycles was approximately 4 times the figures just 
quoted or about 800,000,000 cycles. 

The absence of distress possibly might be explained by dynamic 
loading. The actual dynamic load may reach several times the 
calculated load as a result of deformation of the teeth and error 
in tooth form or spacing. Both reductions are of course subject 
to dynamic load. However, the time interval between successiv' 
contacts is considerably shorter in the case of the first reductions. 


8 Turbine Division, Elliott Company, Jeannette, Pa. Men 
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Mr. Buckingham has pointed out in one of his papers that if 
there is sufficient time interval between successive contacts, 
there are two peak loads for every tooth contact. As the speeds 
increase so that the time interval between contacts is decreased, 
there will not be time for the double load cycle. As the time 
interval becomes less, the intensity of the single-impulse load be- 
comes less, which may be why our first-reduction element per- 
formed so well. 

Finally, it is desirable to mention the increased efficiency ob- 
tained by loading the gearing somewhat closer to its strength 
limitation. At 300 per cent torque, the per cent power loss de- 
creased by 2.7 per cent over the per cent power loss at 100 per 


AuTHOR’s CLosu aie 

The author wishes to express his appreciation to the discussers 
for their thoughtful and well-prepared contributions. Their 
views are particularly pertinent to this subject because all of 
them are prominent designers of marine gearing and propulsion 
machinery. 

Mr. Engvall has pointed out correctly that the performance of 
a gear is determined by the characteristics of its teeth rather than 
by the method in which they were produced. None of the gear 
tests conducted to date at the Naval Boiler and Turbine Labora- 
tory has indicated that there is any single best method of pro- 
ducing gears. The destroyer-escort gear test described in the 
paper is only one of many tests conducted with gears of various 
designs and produced by several different methods. The surface 
finish, fillet radius, and other characteristics of the destroyer- 
escort gears are not necessarily inherent in the methods by which 
they were produced. 

All of the development tests at the laboratory are directed 
toward determining the optimum characteristics of marine 
propulsion gears. So far, the data have been useful for all 
methods of producing gears, and it is hoped that this will con- 
tinue. Mr. Engvall mentioned a few of the fundamental ques- 
tions for which the laboratory is seeking answers. Although 
most of the answers are not yet in sight, it is felt that progress is 
being made on many of them. Regarding the relative perfor- 
mance of speed reducers and speed increasers, the tests at the 
laboratory have indicated that at high overloads the tendency 
for the speed increasers to show distress first is accentuated. 

Mr. Meyer’s question concerning the relative merits of torque- 
testing and dynamometer-testing is one that has received much 
study and discussion. There is no doubt that the two setups 
epeesont two different dynamic systems, both of which are 
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different from the mass-elastic system of a shipboard installation. 
The dynamometer method approaches shipboard operating 
conditions more closely than the torque method. For example, 
in the latter arrangement it usually is necessary to load one unit 
ahead and the other astern, while some of the trains act as in- 
creasers and others as reducers. From a practical viewpoint, 
torque-testing requires two, two-branch gear units of opposite 
hand but identical in all other respects. Otherwise, a special] 
gear train would have to be provided to complete the ‘four- 
square” loading arrangement, and probably could not be used 
for testing other gears of different characteristics. It thus lacks 
the versatility of the dynamometer. 

In comparing the two methods of testing gears, the author 
feels that it is not a question of which reproduces shipboard 
operating condition the more realistically, but rather, how valua- 
ble is each as a criterion for evaluating gear performance in 
the laboratory, in terms of shipboard-service requirements? 
Based upon the performance of the same gear when tested by 
both methods, and upon machinery performance records from 
the fleet, the author is of the opinion that both the torque and 
dynamometer tests yield valuable data and will continue to be 
used. The choice of method for a particular gear test will de- 
pend upon several considerations, such as the purpose of the 
test, type of gear to be tested, availability of test facilities, proba- 
ble duration of test, and the availability of funds. 

All of the foregoing comments, and indeed the fundamental 
concept of testing gears, are summarized very succinctly in the 
last two paragraphs of Mr. Semar’s discussion. Although full- 
size laboratory tests do not reproduce all the variables encount- 
ered in shipboard service, these test results, when evaluated prop- 
erly and judiciously applied, provide a powerful tool for the gear 
designer. 

The author is indebted to Mr. Keyes for presenting in his 
discussion the interesting data regarding the relative performance 
of the first- and second-reduction elements. As a naval officer 
during the war, Mr. Keyes played an active part in organizing 
and building up the Navy’s gear development and testing pro- 
gram. 

At the risk of oversimplification, the development testing of 
gears at the Naval Boiler and Turbine Laboratory may be des- 
cribed as exchanging dollars for data. Although many dollars 
have been spent to date, the data obtained have pointed the way 
toward saving many times their cost in future propulsion mach- 
inery. Thus, in addition to the military value of these develop- 
ments—to which no dollar mark can be assigned—it is to the 
Navy’s economic advantage to spend some of its increasingly 
limited funds for useful technical data. 
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[ The object of this paper is to survey the parallel develop- 
ment of heavy self-contained hydraulic presses in the 
United States and Great Britain in the hope that an ex- 
change of ideas may be helpful to future development.in 
both countries. The self-contained press has been made 
possible by the development of a compact high-speed 
pump using oil as the hydraulic medium; and the con- 
struction of the pump has a considerable influence on the 
design of the press. In the United States the tendency has 
been to use pumps of the rotary-valve type operating at a 


maximum pressure of about 3000 psi, with a comparatively 
thick oil of around 300 Saybolt at 100 F. In Great Britain 
there is a growing tendency to use pumps of the seated- 
valve type capable of a working pressure of 7000 psi, and 
using a thin oil of 60 Saybolt at 100 F. The relative ad- 


vantages and disadvantages are discussed. 


of heavy self-contained hydraulic presses in the United States 

and Great Britain, for there seems to be no doubt that our two 
countries have been first and foremost in the development of that 
type of press. It is a development which at the outset involved a 
change from the water-hydraulic system to the oil-hydraulic 
system, and consequently the shortage of oil immediately prior 
to and during the war constrained Germany to retain the water- 
hydraulic system. Atany rate there is no evidence of a compara- 


zi is the object of this paper to survey the parallel development 


' Director, Towler Bros. (Patents), Ltd., and Electraulic Presses 
Ltd., Rodley, near Leeds, England. 

Contributed by the Hydraulic Division and presented at the 
Annual Meeting, New York, N. Y., November 28-December 3, 1948, 
of Tae American Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are tdé be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—A-33. 
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aur 
ble development in Germany in so far as heavy hydraulic presses 
are concerned, although they did of course employ oil-hydraulic 
transmission on aircraft, and it was developed to a very high 
degree of efficiency. The continent of Europe has been for so 
long a part of Germany, or under German domination, that we 
may regard it as having been similarly constrained in the develop- 
ment of the self-contained press. 


Unirep States PRESSES AND THE HELE-SHAW Type 
Pump 


The United States was first and foremost in the development 
of the heavy self-contained hydraulic press, which occurred 
around 1926, and among the pioneers we may name Howard F. 
MacMillin and Walter Ernst of The Hydraulic Press Manu- 
facturing Company, Mount Gilead, Ohio. The development 
of a self-contained press entailed the employment of a high- 
speed hydraulic pump with a shaft speed of 400 to 1800 rpm, 
capable of reasonably high pressure, and sufficiently compact to 
be mounted in or on the press frame. The only pump then availa- 
ble was a variable-stroke radial pump invented by Dr. Hele- 
Shaw in the period 1914-1918, and manufactured in the United 
States by The American Engineering Company of Philadelphia. 
The construction of the Hele-Shaw pump is shown in Fig. 1 
which appeared in a paper by Dr. Hele-Shaw in 1921.2 At the 
outset, The Hydraulic Press Manufacturing Company employed 
the Hele-Shaw pump; later it manufactured a pump of similar 


construction. Today, a number of firms manufacture the Hele- 
Shaw type of pump, and it may be said that the majority of the 
large self-contained hydraulic presses in the United States and 
Canada have been built around this type of pump. Of course a 


2 “Power Transmission by Oil,’’ by Dr. H. S. Hele-Shaw, Proceed- 
ings of The Institution of Mechanical Engineers, vol. 2, 1921, p. 849. 
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similar development did occur in Great Britain, but not on any 
large scale and, in so far as the author is aware, the Hele-Shaw 
pump was only applied, prior to 1926 anyway, to comparatively 
small presses and in particular to testing machines. 


ADVANTAGES OF THE HELE-SHaw Tyre Pump 
The Hele-Shaw pump, having a pintle-type rotary-sleeve 
valve, can be operated either as a pump or as a rotary motor. 
It was designed primarily as the component of a steplessly 
variable-speed gear, that is to say, by coupling a pump and motor 
of this construction together, and varying the stroke or displace- 
ment of one of them, it was possible to obtain infinitely variable 
speed of rotation at the motor shaft. Another application of the 
Hele-Shaw type, reversible-flow, variable-stroke radial pump, 
which has become almost universal, is to the operation of ships’ 

steering gear. 


7 LIMITATIONS OF THE PINTLE-TyPE Rorary-SLEEVE VALVE 


Valve Clearance and Pump Slip or Leakage. The pintle-type 
rotary-sleeve valve imposes certain limitations on the Hele- 
Shaw type of pump, such that it is the author’s contention that 
this pump is not ideal for the operation of large hydraulic presses. 
The periphery of the pintle throughout 180 deg, and of a length 
sufficient to cover the valve ports with a suitable lap, is subject 
to the maximum hydraulic pressure engendered by the pump. 
This area of the pintle is supported between two bearings upon 
which the pump body rotates, and therefore the pintle must 
deflect under the bending moment imposed by this hydraulic 
load. Consequently the clearance between the pintle and 
valve sleeve must be sufficiently large to prevent the two coming 
into metal-to-metal contact due to this deflection. If the clear- 
ance is large there will be considerable valve leakage or slip; 
if it is too small the parts will seize. There is therefore a limita- 
tion of pressure to around 2000 to 3000 psi and, in order to main- 
tain a reasonable clearance without serious leakage, it is necessary 
to use a comparatively thick oil as the hydraulic medium, an oil 
having a viscosity around 300 Saybolt at 100 F. Even so, after a 
pump of this type has been in operation for some time, the slip 
is in the region of 20 per cent, or in other words, the volumetric 
efficiency is down to 80 per cent. It must be remembered that 
as the slip or leakage increases, it heats up the oil, which there- 
fore becomes thinner and increases the leakage. A pump of 
100 hp may be converting 20 hp into heating up the oil in the 
hydraulic system, and it is for this reason that presses equipped 
with this type of pump are usually fitted with cooling coils to 
dissipate this heat. It is like a slipping clutch. 

Thick Oil; Variations in Viscosity; Cavitation. One dis- 
advantage of using a thick oil is that it has a wide range of vis- 
cosity, Fig. 2. Thus one oil which is commonly used has a 
Saybolt viscosity of 920 at 70 F and 120 at 140 F; therefore at 
low temperatures the gil may become so thick and sluggish that 
it will not flow into the pump chambers with sufficient rapidity 
and cavitation will occur. Consequently it is frequently neces- 
sary to provide both heating and cooling coils, and thermostatic 
control, to maintain the oil at the desired viscosity. 

The use of a thick oil also imposes some limitation on the speed 
at which the press ram can be operated. Most self-contained 
hvdraulic presses are of the downstroking type in which the 
press ram comes down to meet the work, the ram falling by 
gravity and the press cylinder being filled with slack oil from an 
overhead supply tank. The oil flows into the press cylinder 
through a large prefill or nonreturn valve which closes when the 
press ram meets the work, and then the pump supplies the 
pressure fluid to effect the working stroke. On completion of 
the stroke the prefill valve is opened to allow the oil in the press 
cylinder to return to the overhead tank during the rapid return 
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stroke of the press ram, which is effected by means of push- 
back rams or a return annulus to which the pump is then con- 
nected. If the oil flows freely into the press cylinder during the 
rapid approach stroke of the press ram, the cylinder will be com- 
pletely filled when the ram meets the work, the prefill valve will 
be closed, and the pump will immediately build up pressure in the 
press cylinder and perform the working stroke at the required 
speed. On the other hand, if the prefill valve is too small or the 
oil is cold and sluggish, the press cylinder will not be filled com- 
pletely when the ram meets the work; consequently, after the 
prefill vaive is closed, there will be some delay while the pump 
fills the press cylinder prior to building up pressure and per- 
forming the working stroke. This may be referred to as “‘cavi- 
tation-dwell.”” There is also some danger of air being drawn 
into the cylinder during cavitation and, if this takes place, the 
air will be compressed during the working stroke and the extra 
resilience of the liquid will impede the opening of the prefill valve 
prior to the return stroke. This may be referred to as ‘‘compres- 
sion-dwell.” 

Large Prefill Valves and Pressurized Prefill Tanks. In order to 
avoid cavitation when using a thick oil of around 300 Saybolt at 
100 F, it is usual to make the prefill valve of such a size that 
the velocity through the valve does not exceed 5 fps at the maxi- 
mum approach speed of the press ram, assuming that the oil 
flows freely by gravity from the overhead tank. If the approach 
speed is 1 fps, this means that the prefill valve must be at least 
one fifth of the area of the press ram or equivalent to a pipe 
bore of about one half the ram diameter, which is a very big 
valve. Therefore to increase the permissible oil velocity through 
the prefill valve without cavitation, it is common practice to 
superimpose air pressure on the overhead supply tank. Thus 
additional energy has to be expended to force a thick oil at high 
velocity through the prefill valve on the rapid approach stroke 
of the press ram; and similar additional energy must be ex- 
pended in forcing the oil back through the prefill valve on the 
rapid return stroke of the press ram. This additional energy is 
converted into heating up the oil in the hydraulic system, over 
and above that caused by pump slip. Thus we have what might 
be described as an “‘oil-boiling system.” 

Speed Variation and Sustained Pressure. Nevertheless, this 
system has certain advantages which, up to now, have seemed to 
outweigh the disadvantages. The Hele-Shaw type pump is 
reversible and capable of infinitely variable capacity by varying 
the stroke of the pump rams, so that it is possible to vary the 
speed of the working stroke during the pressing operation and 
to vary the speed of reversal and return stroke. It is also possible 
to maintain pressure at a given figure during the curing period of § 
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compression-molding press by operating the pump at “near- 
zero” delivery, so that, in effect, it is just pumping its own slip 
and making up any other leakage in the system; again what 
might be described as an “‘oil-boiling operation.” 

Uncontrolled Variations of Speed. It should be explained that 
this variation in the speed of the working stroke, which is made 
possible by the Hele-Shaw type pump, is not independent of 
variations of working pressure, because of the fact that the slip 
varies with the pressure. Supposing that a pump of 100 gpm 
capacity has a slip of 20 per cent at. 3000 psi; then at full stroke 


it will deliver 80 gpm against 3000 psi and, assuming that the . 


slip varies directly with pressure, about 90 gpm against 1500 
psi; so that the speed of stroke at full capacity will vary 11 
per cent between 1500 psi and 3000 psi, which is sufficiently 
uniform for most pressing operations. 

On the other hand, suppose the pump is set at ‘‘near-zero 
stroke” so as to give zero delivery at 3000 psi; the slip is still 
20 per cent or 20 gpm at 3000 psi; therefore at no pressure it 
will deliver 20 gpm, and 10 gpm at 1500 psi, and zero at 3000 
psi. Thus there is a variation of 100 per cent betwen 1500 psi 
and no pressure, which is excessive. 

Let us put it another way, suppose the pump at this near- 
zero stroke is operating a press through a working stroke with a 
maximum pressure of 1500 psi, then it will deliver 10 gpm to the 
press cylinder at 1500 psi; but if the pressure required to do the 
job falls to 1000 psi during the working stroke, then the pump 
will deliver 13.3 gpm to the press cylinder, and the speed of the 
pressing stroke will be increased by 33 per cent, which is not so 
good. On certain pressing operations, such as lead extrusion or 
cable sheathing, it is at the slow speeds that one requires the most 
accurate speed control; it is when extruding small sections with a 
large lead ram that the speed control must be most delicate, 
and a variation of 33 per cent might cause rupture of the sheath 
or section. 


LIMITATIONS OF THE SWASHPLATE-lYPE 


We have dealt at some length with the Hele-Shaw type of 
pump because that is the type of pump which has been most 
widely used in the United States on heavy self-contained presses. 
There are pumps of another construction which are also being 
used for such presses. This construction may be broadly de- 
scribed as the swash-plate, axial-ram pump. One of the earliest 
pumps to be operated successfully was invented by Williams 
and Janney around 1907, Fig. 3.4. Since then, various modifica- 
tions and improvements have been made, and a number of firms 
now manufacture this type of pump. In all these pumps the 
pump body rotates and they are equipped with a rotary disk 
valve, as in the Williams-Janney type pump, or a rotary- 
sleeve valve. These rotary valves impose almost the same limita- 
tions as the pintle-type valve of the Hele-Shaw type of pump. 
The pressure appears to be limited to about 3000 psi, although 
some of them go as high as 4000 to 5000 psi. However, they all 
use a comparatively thick oil with a viscosity around 300 Saybolt 
at 100 F. Thus the limitations of the self-contained press em- 
ploying such pumps are broadly the same as those previously 
described for presses employing the Hele-Shaw type of pump. 

There are also some pumps in the United States, both radial- 
ram type and axial ram type, using seated valves; but, as these 
are of more recent development, it is perhaps too early to analyze 
their performance. No doubt the makers and users of such 
pumps will come forward during the discussion of this paper and 
provide data on their performance. 


DEVELOPMENT OF SELF-CONTAINED Presses IN GREAT BRITAIN 


The heavy self-contained hydraulic press came to be developed 
in Great Britain about 1934; no doubt there were earlier begin- 
nings, but they would be isolated and mostly small presses. 


3 Illustration from Janney’s British Patent Specification No. 
7478/08. 
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Nevertheless, this lag of 8 years behind the parallel development 
in the United States, had its advantages because it allowed time 
for the development of high-speed pumps capable of much 
higher pressure, 6000 to 7000 psi. One pump, the Paul pump‘ 
which came from the Continent, is of the radial type, having 
seated valves. It has been widely adopted, but its construction 
seems to necessitate the use of a thick oil similar to the Hele- 
Shaw pump, and it has a limiting shaft speed of around 750 to 
1000 rpm. Also, aircocks are fitted in the end of each pump 
chamber to eliminate air lock, which seems to indicate that the 
pump is not self-priming. 


Pump WirH SEATED VALVES 


Another pump which is manufactured by the author and his 
brother, and which may account for any slight bias creeping into 
this paper, is a straight-in-line pump with seated valves, capable 
of a normal working pressure of 7000 psi with a shaft speed of 
1500 rpm. It is made in sizes up to 150 hp in one unit. It hasa 
volumetric efficiency of 97 per cent at 1500 psi; the volumetric 
efficiency is somewhat diminished at higher pressures, owing to 
the compression of the oil; but even at 14,000 psi the volumetric 
efficiency is in excess of 90 per cent. Pumps of this construction 
have been operated regularly at a momentary pressure of 12,000 
psi for testing gas containers for aircraft. The mechanical 
efficiency is 96 per cent at 7000 psi or maximum pump-ram load. 
Fig. 4 shows the general construction of the pump, and Fig. 5 
is an enlarged section through the pump chamber. 

Advantages and Limitations of Straight-In-Line Pump. This 
pump has four limitations: It is expensive to manufacture; 
the stroke is not variable without considerable complication; 
the flow is not reversible; and it will only operate satisfactorily 
with a very thin oil having a viscosity around 60 Saybolt at 100 F. 

Cost of Manufacture. It is expensive to manufacture because 
the three-throw pump employs two roller-bearing journals and 
three roller-bearing eccentrics; and the five-throw pump, in 
addition to the journals, employs five roller-bearing eccentrics; 
the eccentric bearings are ‘‘specials,” because in the large 
pumps the ram load on each eccentric is over 3 tons. To off- 
set this, the pump has a life of 3 to 6 years without overhaul 
under heavy working conditions; it will stand heavy momentary 
overloads of 50 to 100 per cent on occasion. 

The life of the pump is determined by the roller-bearings; 
in other words, an overhaul means a new shaft and bearings. 


Strangely enough, the suction and delivery valves and seats 


‘ British Patent No. 341,667. 1929. 
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do not show much sign of wear after 3 to 6 years, provided that a 
thick oil is not used. This may be accounted for by the fact 
that at 1500 rpm the valves have to make a complete cycle, 
open-close, in '/s sec; and the valves are not seated under pres- 
sure for more than '/s sec. Hence there is always an oil film 
between valve and seat, i.e., there is insufficient time to squeeze 
it out. On the other hand, the use of a thick oil would cause 
cavitation and valve hammer, with disastrous results. 

Variation of Stroke Not Practicable. Another limitation is 
that the capacity of the pump is not readily variable. However, 
this is not so serious as it might seem. There are many pressing 
operations in which it is of no advantage to vary the speed of the 
pressing stroke; full speed is required right through. On the 
other hand, with up-stroking presses and horizontal presses, a 
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two-stage pump is most suitable. An auxiliary low-pressure 
gear pump or vane pump is used to effect the rapid approach 
stroke, and a high-pressure ram pump to effect the working 
stroke of the press ram. 

Reversing Flow by Control Valve. In pumps of the seated- 
valve type, the flow through the pump is not reversible, and 
therefore it is necessary to use a double-acting control valve, 
such as that shown in Fig. 6, to control the forward and return 
movement of the press ram. This is not necessarily a disadvan- 
tage, because a valve spindle usually can be moved much more 
easily and quickly than the reversing gear of a radial or axial 
pump. 

Controlled Steplessly Variable Capacity Without Stroke Variation. 
In those pressing operations in which it is necessary to vary the 
speed, it is seldom essential that the speed should be steplessly 
variable. With a combination of three constant-delivery pumps, 
which may be driven by one shaft, and having capacities of 1, 
2,4 gpm, it is possible to obtain seven speeds corresponding to 
1, 2, 3, 4, 5, 6, 7 gpm. If steplessly variable speed is essential, 
it is possible to bridge the gap between speeds by using a metering 
valve to by-pass up tol gpm. This will give a steplessly variable- 
speed control which is practically unaffected by variations of 
Pressure, because a pump, having a volumetric efficiency of 97 
per cent, has no appreciable slip; whereas already it has been 
shown that a variable-stroke pump, having a rotary valve, does 
hot control the speed at near-zero stroke; the speed is then a 
variable dependent upon slip and pressure. Controlled speed is 
Usually more important than an uncontrollably variable speed. 

Sustained Pressure. This still leaves us with near-zero 
delivery at full pressure, such 4s is required to sustain pressure 
| during the curing period of a compression-molding press, or the 
clamping pressure for a die-casting or injection-molding machine. 

It has been shown previously that this near-zero delivery 


ELECTRAULIC PATENT DOUBLE ACTING 


ONTROL AND UNLOADING VALVE _ 
NOMINAL BORE 


= Fic. 6 Controt Vatve 


U. S. AND GREAT BRITAIN 505 


with the Hele-Shaw type of pump is vee y a quite substantial 
delivery, because the pump is in continuous operation, pumping 
its own slip in addition to making up leakage in the system. This 
sort of operation can be performed much more satisfactorily 
by a constant-delivery straight-in-line pump provided with a 
pressure-actuated unloading valve which by-passes the pump to 
tank when maximum pressure is reached, and reloads the pump 
or closes the by-pass when the pressure has fallen a given amount. 
In this way the pump is running idle most of the time, circulating 
oil at tank pressure, and it is loaded momentarily at intervals to 
make up leakage. Furthermore, the full capacity of the pump 
is immediately available when required, without any stroke- 
changing lag. With this system, the pump is not an “‘oil boiler’ 
and therefore no cooling coils are required. 

Advantage of Using a Thin Oil. The straight-in-line pump 
will only operate satisfactorily with a very thin oil. It will be 
obvious to anyone who has had the misfortune to read thus far, 
that this is an almost unmitigated advantage. For what is good 
for the pump is good for the press. A thin oil is essential to this 
type of pump in order to insure that the oil will flow freely 
through the spring-loaded suction valve, with the assistance of 
atmospheric pressure and orfly a few feet of head, and completely 
fill the pump chamber in '/j) sec. That is exactly what we want 
for the press. The oil must flow freely through a spring-loaded 
prefill valve into the press cylinder with the greatest rapidity 
under almost identical conditions; and that is what it does. 

It has been proved by experiment® that an oil at a viscosity of 
165 Saybolt will flow through a prefill valve at 33 fps by gravity 
and with the assistance of atmospheric pressure alone, without 
cavitation in the press cylinder. Thus it is quite safe to allow for 


5 “The Modern Direct-Hydraulic System,” by F. H. Towler, Pro- 
ceedings of The Institution of Mechanical Engineers, vol. 154, 1946; 
discussion by W. F. Cully, p. 190. 
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a refill velocity of 20 fps, with an oil of 60 Saybolt, at maximum 
approach speed. Even when the oil is cold and old its viscosity 
will not exceed 165 Saybolt—and it must be admitted that oils do 
get thicker after much use, due to oxidation and the assimilation of 
foreign matter of colloidal dimensions. Here, by way of qualifica- 
tion, it should be said that this type of pump is equally capable of 
accepting oil of a viscosity up to 165 Saybolt. It will be ap- 
preciated that one of the greatest advantages of a thin oil is the 
fact that it has such a flat viscosity curve, as shown in Fig. 2, 
so that the performance of a hydraulic press does not vary with 
the temperature of the oil, and there is no need for thermostatic 
control. 

Possible Disadvantages of a Thin Oil. A possible disadvantage 
of — a thin oil is that it requires very high precision in the 


1700-Ton Press, BY THREE 150-Hp Pumps, 4500 Pst 


manufacture of the packingless-piston-type control valves for the 
press, Fig. 6. 

They must be a fine lap fit, with a clearance not exceeding 
1 micron per in. of diam, in order to hold pressure satisfactorily 
at 7000 psi. As to press glands, there does not appear to be any 
greater difficulty in holding a thin oil than a thick one; further: 
more, if a gland packing is good for 3000 psi, it would seem to 
be equally good for 7000 psi. The disadvantages of a thin oil 
are probably more apparent than real. 

Fig. 8 illustrates an 850-ton press having a 20-in-diam piston 
fitted with five plain cast-iron piston rings, and operating at 
6000 psi. Several of these presses have been in continuous ag | 
tion for the past 5 years, and there is no sign yet of undue cy! 
inder wear or excessive leakage. Fig. 7 sor? a 1700-ton forging 
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press,* operated by three 150-hp pumps, 4500 psi. 
some idea of the size of these pumps. 
Compressibility of Oil at High Pressures. Thin oil is slightly 
less compressible than thick oil, and it may be less liable to aera- 
tion, but compressibility does become more of a problem at higher 
pressures. As a rough approximation, oil compresses '/; per 


U.S. ton of 2000 lb. 


Fig. 9 gives 


hy 


507 


cent per 1000 psi and therefore the energy stored in the ci 
at 6000 psi is twice that which would be stored in a press of the 
same power operating at 3000 psi. However, this is not a serious — 
difficulty, provided proper provision is made to release this energy — 
at the end of the pressing operation before the press ram is re- — 
versed. It should be emphasized that the actual loss of energy — 
is usuaily more than offset by the saving in energy required to 
move one half the volume of oil throughout the operating stroke — 
of the press. 
Pipe Fittings for 7000 Psi. As for pipe fittings, it will be 
admitted freely that the taper-screw thread, which<is common — 


BEFORE ASSEMBLY. 
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Fie. 10 Ermeto Coupiines 
practice in the United States for low pressure, is not good enough 
for 3000 psi and it is certainly not good enough for 7000 psi. The 
author’s firm has used ‘‘Ermeto’’ couplings, Fig. 10, on pipes up to | 
1 in. bore at pressures of 7000 psi for the past 10 years, and they — 
have proved highly satisfactory. Similar couplings, ‘“Ferulok” 
and Ermeto, are now available in the United States. These 
couplings have the advantage that the pipe is not weakened by 
screwing, and therefore it is not necessary to use heavy-gage 
tubing for 7000 psi. A pipe, which when screwed would only be 
good for 3000 psi, would be quite satisfactory for 7000 psi in an 
Ermeto coupling. However, for pipes larger than 1 in. bore, - 
flanges are to be recommended. 


CoNCLUSION 


The author suggests that for heavy self-contained hydraulic 
presses there is considerable advantage to be gained in using a 
pump of the seated-valve type, capable of operating satisfactorily 
at working pressures up to 7000 psi with a thin oil of 60 Saybolt 
at 100 F. Compared with present practice in the United States, 
the following advantages are claimed: 
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Fig. 8 850-Ton Sevr-Contatnep Press, 6000 Pst 

— 
Fie.9 150-Hp Pump, 4500 Psi 


1 Operating at twice the pressure, the press rams and cyl- 
inders are proportionately smaller. 

2 Only half the volume of oil has to be moved. 

3 The oil can be moved at 4 times the speed; 20 fps instead of 
5 fps, through the prefill valve. 

4 It is possible to use smaller pipes and valves for the same 
pressing speed, or to operate at up to 8 times the speed with the 
same-sized pipes and valves. 

5 The oil has a flat viscosity curve, so that there is little varia- 
tion of viscosity with variations of working temperature. There 
is no need for thermostatic control. 

6 There is no need for air pressure to force the oil through the 
prefill valve into the press cylinder. 

7 With the absence of pump “‘slip,”’ there should be no need 
for cooling coils in a properly designed hydraulic system. 

8 For the same reason (no slip) it is possible to control the 
pressing speed more accurately. 

9 Pumps of this type have a longer working life, can stand 
serious overload, and they are not so easily damaged by the 
presence of grit and scale in the hydraulic oil. 
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Discussion 


T. E. Beacuam.’? The writer was associated with the late Dr. 
Hele-Shaw, from 1909 onwards. English press manufacturers 
took considerable interest in the Hele-Shaw pump during the 
early stages of its development but they insisted on pressures of 2 
tons per sq in. and upward to suit existing press designs whereas 
it would appear that American manufacturers were prepared to 
make large presses for lower operating pressures. 

The practical limit for the early Hele-Shaw pumps was in the 
neighborhood of 1 ton per sq in. on account of risk of seizure on 
the central valve. A two-stage pump gave satisfactory results on 
test up to 6000 psi, but this design was never used in practice, 
and Hele-Shaw pumps for press operation were usually installed 
with intensifiers, as a rule with an automatic valve which changed 
the connections as soon as a pressure of 1 ton per sq in. was 
reached. 

Pumps with seated valves have not the pressure limitation 
imposed by the rotary valve, and the author and his brother have 
made an important contribution to hydraulic-machinery design 


1500 rpm. 
High-pressure pumps with seated valves, almost of necessity, 
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by their work in developing pumps of this type up to speeds of 
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have fixed cylinder blocks and rotating cranks. While a very 
large number of mechanisms have been evolved for obtaining 
variable stroke from rotating cranks, these have never come into 
general use except for such purposes as steam-engine valve gear. 

The more widely used types of variable-stroke pumps have 
nonrotating cranks where the adjustable element can be directly 
attached to the control mechanism. The nonrotating crank in- 
volves a rotating cylinder block which in turn is ideal for use with 
a rotary valve but most unsuitable for seated valves. 

In general, therefore, the variable-stroke pump suffers thie 
limitations imposed on it by the rotary valve, and on the other 
hand the seated-valve type of pump has the limitation of fixed 
capacity. 

The author has pointed out that variable output can be ob- 
tained by using two or more fixed-capacity pumps. Where 4 
constant power characteristic is required, the combination of 4 
gear pump with a fixed-capacity high-pressure pump will give 
approximately the same operating time as a variable-stroke pump 
with constant power control. The point is illustrated by Fig. 11 
of this discussion, in which the chain dotted line shows the capae- 
ity/pressure relationship for a variable-stroke pump with a 3/1 
range, and the full line the same relationship for a gear pump it 
combination with a high-pressure pump of the seated-valve type, 
the relative capacities of the combination being 3 to 1. 

When direct control 6f speed is required, the use of two fixed 
pumps will give 3 alternative capacities, three pumps, 7 capaci 
ties and 4 pumps, 15 capacities, and soon. For radial and swash- 
plate types of pump, two pumps can be arranged conveniently i! 
the same casing. 

It is the opinion of the writer that for’ the great majority o! 
press applications, the balance of advantages is in favor of the 
high-speed seated-valve type of pump. 


G.I. Cutnn.* The author has presented an able story for thé 
constant-displacement pump in press applications. However, W 
wonder whether he has experienced any difficulty with his double 
acting control valve because of binding of the piston in the bod) 
It seems to us that with clearances of the order of one micron pt! 


8 Chief Engineer, Gerotor Pump Division, Gerotor May Corport 
tion, Baltimore, Md. Mem. ASME. 
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perature-viscosity relationship pointed out by the author. 


wt IWLER ~-PARALLEL DEVELOPMENT 
inch of diameter, which, incidentally, is difficult for us to visualize 
from a production standpoint, changes in oil temperature or 
deformation of the valve body under high pressure would take up 
this clearance with sufficient binding to preclude actuation by 
the lever means shown. Further, operation of balanced piston 
valves under high pressures for long intervals usually results in a 
hydraulic bind due to the building up of a leakage path on one 
side of the plunger at the expense of the other, thereby forcing the 
plunger against the body. So-called equalizing grooves, balanc- 
ing slots, and mounting the plunger in bearings not exposed to the 
hydraulic pressure are methods usually employed to overcome this 
defect, but none is completely. successful. What has the author 
done in this connection? 


Watrer Ernst.* The author presents his case for a seated- 
valve-type high-speed pump for the operation of self-contained 
hydraulic presses. Use of this pump, according to him, results 
in the following characteristics and advantages: 


1 High volumetric efficiency of pump, no slip, less heating. 

2 Low-viscosity oil, flat viscosity curve; advantages opera- 
tional: 

(a) No thermostatic control of oil necessary, due to flat vis- 
cosity curve. 

(b) No cooling of oil required, due to high efficiency. 

(c) High prefill efficiency and gravity prefill, due to light oil. 

(7d) Accurate control of pressing speed, due to high volumetric 
efficiency. 

(e) Rugged construction, due to absence of pintle. 

3. me working pressure; advantages: first cost, small cyl- 
inders, pipe, and valves. 


The author has made a good case for his selection of type of 
pump and operating system. A closer examination of some of 
these points calls for comments which may modify the final 
conclusion. 

The writer does not subscribe to the categorical statement that 
“after a pump of this type has been in operation for some time, 
the slip is in the region of 20 per cent.” Volumetric efficiencies 
of pintle-type pumps range from 85 to 95 per cent, depending on 
make, pressure, type of design, and capacity. Mechanical 
efficiencies range from 90 to 95 per cent. These efficiencies may 
or may not deteriorate, depending on service conditions, main- 
tenance, cleanliness, and so on. The writer does not consider 
efficiencies of pumps too important for hydraulic-press service, 
and in hisexperience the volumetric losses have only a second-order 
effect in high-speed press operations, due to the fact that the 
pumps are under pressure only a fraction of the time and at peak 
pressure only a fraction of that fraction (this refers to high-speed 
metalworking or forming presses, not to extruders or upsetters). 
The writer has found that mechanical losses in pumps and presses, 
turbulence and eddy losses in the system, and auxiliary heat- 
generating devices bear the greatest responsibility for tempera- 
ture rise of the oil. 

Radial and axial pintle and flat-plate-valve pumps do require 
oils of higher viscosity to maintain pressure-sealing oil films. 
From an extreme of 1500 SSU used in some early Hele-Shaw pump 
installations, most manufacturers have gradually worked down 
to the 300 SSU which tl.e author mentions. A few die-hards still 
use viscosities upward: of 500 SSU for little more than historical 
reasons. 

Radial-pump installations are equipped with coolers, not so 


s ‘uch for the reason that they create more heat than other sys- 


tems, but because they stand less heat. This is due to the tem- 


It is 


‘ Vice-President for Engineering, The Commonwealth Engineering 
Company, Dayton, Ohio. Mem. ASME. 


OF HYDRAULIC PRESSES IN U. 


S. AND GREAT BRITAIN 


the writer’s opinion that here there is much room for research and — ad 


produce oils which withstand higher temperatures, and informa-— 


improvement on radial-pump systems. The oil companies must 
continue research to flatten the viscosity curves of their oils and 


tion has been received that they are doing this. The new syn- 
thetic oils may be a step in that direction. 

Pump and press manufacturers must improve their designs, 
so that oils of still lower viscosity may be used, and the units will 
work at higher temperatures. Ambient temperatures have a 
great deal to do with necessity for cooling coils. A production 
shop in Detroit in midsummer is a lot hotter than one in the 
Midlands. 


elimination of cooling coils, but before this happens, the press 


companies must make material changes in such heat-producing 


devices as die cushions, blankholders, and the like, which waste a 
disproportionate amount of power and create excessive heat. 
So much for points (a) and (0). 

As to point (c), the writer’s experience has been that within the 
commercially used range the viscosity of the oil has no bearing 
on the efficiency of prefill. 
larly used by one of the large hydraulic-press manufacturers, with 


oils as high as 1000 SSU, and ram speeds of 200 fpm and more are | 


common. The writer has operated valves at 20 fps experimen- 
tally without cavitation. With a little more fairing and stream- 
lining, speeds of upward of 20 fps with oils in the 500-sec viscosity 
range are entirely feasible and practical without traces of cavita- 
tion. The reason for this is that most prefill valves operate above 
the critical range of Reynolds numbers, from 3000 on up, where 
the viscosity has little or no influence on the flow resistance. Air 
pressure prefill, used in the early days of development, has been 
completely abandoned and to the writer’s knowledge there is no 
press manufacturer in the country at this time using air pressure 
prefill. 

As to point (d), much more accurate control of linear pressing 
speeds may be had with an infinitely variable delivery pump than 
with any other means. Controls, ranging from simple slip com- 
pensators to servomechanisms with feedback from the press 
platens to the control to continually correct deviation from the 
ideal speed by stroke adjustment, have been developed and are 
available at reasonable cost. 

Concerning point (e), performance records of radial variable- 
delivery installations are available equaling or bettering the 
figures mentioned by the author and under conditions of incredible 
neglect. 

The writer should like to add two outstanding points which 
have not been covered in the paper. These are the utilization of 
the reversible-discharge and variable-delivery characteristics for 
the attainment of certain specific purposes. 

He contends, and realizes that he is starting a controversy, 
by the use of the reversing type of pump, radial or axial, a 
heavy press, machine tool, or other hydraulic device may be 
operated at high speed with a smoothness of acceleration and 
deceleration, decompression of oil, and freedom from hydraulic 
shock not attainable by any other means. To decelerate, stop 
and maintain in suspension a weight of several tons operating at a 
speed of 200 fpm, is easily accomplished by a hookup to the 
stroke-reducing control of the pump. To do the same thing with 
a large-capacity constant-delivery pump would seem quite an 
engineering accomplishment to the writer. 

In the application to a compression-moldizg press during the 
curing process, the variable-delivery pump exhibits a characteris- 
tic called “follow-up.’’ This application is only superficially a 
sustained pressure application. In reality the material during 
the curing process gives and yields, and the pump must follow on 
the heels of this yielding and keep up the pressure. It acts very 
much like an accumulator which has earned this type of control 


The writer believes that ultimately we will see 


Speeds of not 5 but 10 fps are regu-- 
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the name “accumulator-type control.” A constant-delivery on- 
off control cannot duplicate this action, and the writer ventures to 
say that delicate parts, such as Amphenol plugs, could never be 
produced on a press thus equipped. 

As to point (3), a high working pressure is not an unmixed 
blessing. Let us make a few calculations to see what happens to 
the speed of a press at higher working pressure. To this end we 
shall compare two presses of equal tonnage and horsepower, one 
operating at 3000 and one at 6000 psi. 

Dow and Fink" have shown that the bulk modulus of elasticity 


of oil is 

by = 2Bp_ 

4 1 + Ap — Bp? 
where A = 4.88 X 10-*and B = 5.65 X 10-" (at 100 F). 

Thus 
‘i At p = 3000 C = 4.10 x 10-6 
7 At p = 6000 C = 3.65 x 10-8 


4 If we assume now that the low-pressure press has a cylinder 
volume of 10,000 cu in., and the high- pressure press one of 5000 
cu in., the additional oil required to produce full tonnage will be 
for the low-pressure press 


V, = 10* X 3 X 10° X 4.10 X 10~* = 120 cu in. 


and for the high-pressure press 
Va = 5 X 10* X 6 X 10° X 3.65 K 107° = 110 cu in. 


If we assume now that the 3000-psi pump puts out, say, 240 
in. per sec, then the time to compress the oil will be 1/2 sec. 

If the 6000-psi pump, having the same horsepower, puts ou 
120 cu in. per sec, then the time to compress the oil will be 0.9 
sec. That this is a serious disadvantage for a production pres 
cannot be denied." The American owner of the press is no 
interested whether this energy loss can be recovered by saving i 
energy required to move !/2 of the volume of oil. All he is inte: 
ested in is how many pieces he can get off the press per unit time 

Now, what does all this add up to? The writer believes tha 
the author’s system possesses outstanding advantages in th 
application to heavy extruders of aluminum, magnesium, an 
brass shapes and tubing, for coating presses for welding electrode 
and lead sheathing, for die casting and injection machine: 
upset and extrusion forging machines, wherever heavy sustained 
pressure and volumetric output are required. He questions 
whether it will displace present reversible-discharge radial- and 
axial-pump systems on high-speed medium and light production 
presses for metalworking, forming, drawing, and straightening. 

Compression molding presses had best be operated by variable- 
delivery pumps or accumulators, and in that connection the 
Greer hydraulic accumulator seems to hold promise. 


J. G. Frrru."! The writer’s company has used the author’s 
pumps on several occasions, not only in conjunction with presses, 
but also in combination with air-loaded accumulators to serve 
the roll-balance cylinders on rolling mills, and also to operate the 
hydraulic roll-feeding mechanism for a railway wheel rolling mill. 

In all cases we have had no trouble whatever and have found 
them a very reliable type of pump. 


C.J. Lams.'? The author is to be congratulated upon the sub- 


10 ‘‘Some Properties of Lubricating Oils at High Pressure Density,” 
by R. B. Dow and C. E. Fink, Journal of Applied Physics, vol. 11, 
1940, p. 353. 

11 Davy and United Engineering Company Limited, Sheffield 4, 
Yorks, England. 

12 Consulting Engineer, The 
Company, Mount Gilead, Ohio. 
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ject matter of this paper. His company can take pride in the 
development of the pumps described, working at such pressures 
and efficiencies, with such extremely small clearances. In view 
of his reference to our company and its part in pioneering the 
development of the heavy self-contained hydraulic press, and 
since our radial pump is also mentioned, we feel that comment 
by us is in order. 

Like the author, we also may have a slightly biased viewpoint. 
We do desire to point out, however, that when, after building 
high-pressure water hydraulic presses and pumps (up to 15,000 
psig) for approximately 50 years, we went into the development 
of the heavy self-contained oil hydraulic press, we gave full con- 
sideration to the oil pressures to be employed and to the types of 
oil pumps available, both here and abroad. After shop and field 
testing of various types of pumps, we were forced to the conclusion 
that in order to maintain our known reputation for reliability 
and freedom from trouble, it would be necessary to develop and 
build our own pumps. It should be emphasized here that while 
we adopted the principle of the variable-stroke radial pump in- 
vented by Dr. Hele-Shaw, our construction is not at all similar, 
and varies appreciably from that design primarily to overcome 
the limitations referred to by the author. As may be noted in 
the illustration of pump, Fig. 12 | itl ] i 


Fig. 12 VaRIABLe-StroKe Hypravutic Pump 


porated into our design patented features which practically elimi- 
nate the pintle deflection referred to as a limitation of the Hele 
Shaw pump. The unique feature, whereby we maintain the 
close clearance between the rotor and the pintle, lies in the use of 
adjustable tapered roller bearings, mounted between the rotor 
and pintle, adjustable, moreover, to micrometer accuracy in the 
field by the operating personnel without opening up or dismat- 
tling the pump. 

With respect to the question of oil viscosities, we do use higher 
oil viscosities than employed in the author’s pumps. While it is 
true that the friction losses in pumps result in oil-temperature 
rises, it is neither difficult nor expensive to maintain the oil at the 
temperature range of 90 to 120 F for which we design. The 
heavier oil is commonly available throughout the world, and ou! 
pumps are frequently used in remote places. Oil at high pressurt 
and low voscosity is harder to contain, and the high-pressure sy* 
tem presents a greater fire hazard due to lower flash and fir 
points. Thus our successful use of heavier oil at lower pressure 
over a long period of years has been well justified. As might b 
expected, tests have demonstrated that the viscosity of hydrauli 
oils under pressure is appreciably higher than the same oils 4! 
atmospheric pressure. 


mal 
mot 
inst 
simi 


N 
larly 
He | 
oil-h 
and 
varis 
the 
Engi 
the 
type 

Chin 
draul 
had 1 
cann 
migh 
come: 
of tin 
cours 
ditior 
the sy 

the 8} 
time ; 
does 
Spind] 
The 
influe: 
the m 
forma 
tion o: 
is of | 
Sandth 
tween 
ference, 


su 
ci 
hs 
wl 
as 
bl 
| sp 
SV 
din 
lin 
of 
i 
lin 
He 
Ce = 
stre 
mai 
a 
: 
‘ 


ne 


Or- 


{imi- 
lele- 

the 
se of 
“otor 
the 


igher 
itis 
ature 
t the 

The 
d our 
e 
d fire 
»gsure 
ht be 
raulic 
vils al 


With respect to the points raised regarding ram speed, uncon- 
trolled speed variations, and the like, we havé not encountered 
such difficulties. We are convinced that the practical and effi- 
cient development of the wide variety of hydraulic processes we 
have pioneered has resulted because the press, pump, and valves 
which make up the complete hydraulic system were designed 
as a unit to accomplish a specific result, rather than being assem- 
bled of existing components. 


Some of our presses operate at 
speeds of 60 to 100 cycles per minute, for example. 


Many of our 
systems require reversible flow and: variable volume in either 
direction of flow, each cycle. 

The author has frankly admitted that his pump has four 
limitations. He has omitted mention of a fifth one, namely, that 
of greater power consumption, required by the straight-in- 
line pump. From our viewpoint, these limitations are of such 
magnitude that they would have prevented the development of 
the majority of modern press applications at economically justi- 
fied costs. 

While we cannot speak on behalf of the various builders of 
Hele-Shaw-type pumps, the records of thousands of installations 
throughout the world for an extended period of time demon- 
strate that our pump efficiencies are maintained at approxi- 
mately 90 per cent, and that the pump life, before overhaul is 
necessary, ranges from 6 to 12 years, depending upon the service. 
For example, our first pump installed for the operation of a 
marine steering gear in the Mississippi River automobile ferry 
motor vessel Westside, has@perated 11 years (this is a single pump 
installation) without repairs or overhaul, and there are many other 
similar installations which might be mentioned. 


AUTHOR'S CLOSURE 

Mr. T. E. Beacham’s contribution to the discussion is particu- 
larly valuable because he designed the original Hele-Shaw pump. 
He has had a very wide experience in the development of the 
oil-hydraulic system from its early beginnings to the present day, 
and among his most recent achievements is the invention of the 
variable-pitch air screw, in recognition of which he was awarded 
the James Clayton Prize by The Institution of Mechanical 
Engineers in 1948. It will be noted that Mr. Beacham is of 
the opinion that, for the great majority of press applications, the 
balance of advantages is in favor of the high-speed seated-valve 
type of pump. 

Hydraulic Lock. The reference to hydraulic lock by Mr. G. I. 
Chinn is of considerable interest to all makers and users of hy- 
draulic packingless piston valves. The author’s firm has only 
had two isolated instances of hydraulic lock, and therefore he 
cannot claim to be an authority on the subject. Hydraulic lock 
might be defined as the condition in which a valve spindle be- 
comes locked after pressure has been applied for a given length 
of time, and then, after the pressure has been released, in due 
course the valve spindle becomes free again. This latter con- 
dition distinguishes it from the more common condition in which 
the spindle binds due to foreign matter becoming lodged between 
the spindle and the bore. True hydraulic lock is conditioned by 
time and pressure, i-e., up to a certain pressure the valve spindle 
does not lock and then above that pressure the valve 
spindle locks if it is subject to pressure for a given length of time. 

The author does not think that very fine clearances have much 
influence on the incidence of hydraulic lock, but he thinks that 
the main cause of this phenomenon is probably due to the de- 
formation of the valve body due to the unsymmetrical applica- 
tion of hydraulic pressure at the valve ports. If the valve body 
is of light construction, the deformation may be several thou- 
sandths of an inch, and therefore increasing the clearance be- 
‘ween the spindle and the bore will not make very much dif- 
ference; at least that is the author’s experience. On the other 
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hand, the increasing of the clearance does increase the danger of 
foreign matter becoming lodged between the spindle and the bore. 

Valve Clearance. Mr. Chinn is quite correct in regarding a 
clearance of 1 micron per in. of diameter as being too fine for 
commercial production. In the author’s firm the commercial 
limits are between 1 micron and 4 microns per in. of diameter for 
its standard packingless piston valves which operate up to 7000 
psi working pressure. A micron is equivalent to approximately 
40 microinches, or say one-fiftieth of the thickness of a human 
hair. The author is of the opinion that there is considerable room 
for research into the sealing mechanism of the packingless 
piston valve, and into the effect of grooving the spindle or the bore. 

Light-Production Presses. In spite of his predilection for the 
Hele-Shaw type of pump, the views of Mr. Walter Ernst com- 
mand respect, because he is one of the outstanding pioneers in the 
design of high-speed hydraulic presses in the United States. In 
the penultimate paragraph of his contribution he appears to sup- 
port the author in the view that the high-pressure seated-valve 
type of pump “‘possesses outstanding advantages” when applied 
to heavy self-contained presses, or ‘“‘wherever heavy sustained 
pressure and volumetric output are required.”’ On the other 
hand, he questions “whether it will displace present reversible 
discharge radial- and axial-pump systems on high-speed medium 
and light production presses for metalworking, forming, drawing, 
and straightening.” 

The author was careful to use the term “heavy self-contained 
hydraulic presses”’ in the title of this paper because the advantages 
of high pressure are most marked in connection with large hy- 
draulic presses. Also, it seems reasonable to expect that the 
mechanical press will remain supreme in the field of “light pro- 
duction presses for metalworking,” forming, and blanking. On 
the other hand, the hydraulic press has considerable advantages 
for deep-drawing and heavy forging work. 

Deep-Drawing Press: Operating Cycle. In defending the low 
volumetric efficiency of the Hele-Shaw type of pumps, Mr. Ernst 
uses the argument that the pumps are under pressure only a 
fraction of the time and at peak pressure only a fraction of that 
fraction, but he is careful to qualify it by saying that this refers 
only to high-speed metalworking or forming presses. If one were 
to apply this argument to a deep-drawing press, which is an 
application for which the hydraulic press is particularly suita- 
ble, it would be seen that the pumps are under pressure for 
quite a large proportion of the time during which the press is 
in operation. The following is a typical operating cycle: 


500 tons 
22-in-diam ram by 25-in. stroke 
Pump 95 gpm (U. 8.), 22,000 cu in. per min 
15 in. per sec approach 
1 in per sec full load 


Total build-up and dwell (100 per cent load) 


Servoshift to reverse pump (100 per cent load)............. 3/ 
Decompression, slowdown, pickup speed, etc............... 1 


Total cycle 15 


Pipe Losses. The author adheres to the view that low volu- 
metric efficiency of the rotary-valve type of pump is the principal 
cause of heating up the oil in the hydraulic system, thereby 
necessitating the use of cooling coils, but he would agree that 
turbulence and eddy losses do add to the amount of heat gener- 
ated and consequently increase the rate of temperature rise. 
These losses will obviously be greater when using an oil of higher 
viscosity. 

Let us consider the relative influence of pipe friction on two 
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presses of the same power and ram speed, press A having a maxi- 
mum working pressure of 3000 psi, operated by a rotary-valve 
type of pump using a relatively heavy oil, curve A Fig. 2 of the 
paper; and press B having a maximum working pressure of 6000 — 
psi, operated by a seated-valve type of pump using a light oil, 

curve B, Fig. 2 of the paper. ; 


are identical; 
gravity head of oil which is available. 
press A have to pass twice the quantity of oil for the same pipe 
loss, as compared with press B. At 70 F oil A, Fig. 2, has a 
kinematic viscosity of 200 centistokes, 
centistokes. 

Table 1 of this closure is based upon the friction loss through 
straight, smooth-bore pipes (the flow condition for oil B is turbu- 
lent in all cases, but in the case of the smaller bore pipes the flow 
condition is laminar for oil A). It will be clear by reference to 
Table 1 that the bore of the feed pipes for press A must be at 
least 11/, times larger than for press B to meet the conditions 
just stated. 

Now let us consider the friction loss in the pressure pipes; 
in this case we are not limited by gravity head, we are limited by 
the amount of pipe loss we are prepared to accept. 
pipe loss is, say, 150 psi, then this will represent a loss 5 per cent of 
the total power of press A (i.e., on 3000 psi), whereas it will 
represent a loss of only 2!/2 per cent for press B (i.e., on 6000 
psi). Thus the pressure pipes of press A have to pass ‘twles te 
quantity of oil at one half the pipe loss of press B, if both press 
are to operate with the same mechanical advantage. 

Table 2 of this closure is based upon these conditions, and it is 
clear from this that the pressure pipes of press A are required to 
be nearly twice the bore of those for press B. On the other 
hand, if we decide to accept a greater pipe loss on press A, then 
the effective power of the press will be reduced, and the additional 
friction loss will contribute to heating up the oil in the press 
system. 

Tables 1 and 2 are based upon well-established! formulas for 


Obviously if the presses operate at the same ram speed, car 
A will have to move twice the quantity of oil moved by press B. | 
In so far as the feed pipes are concerned, from the supply tank to — 
the pump and to the press cylinder, the conditions for both presses — 
the size of the feed pipes will be governed by the 
Thus the feed pipes of | 


and that of oil B is 20 | 


If the total — 
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the calculation of friction loss in straight, smooth-bore pipes (see 


Lewis F. Moody"). 


The formulas are as follows 


( 
0.3164 
Ro. (turbulent How)........... (2) 
where 


Q = gpm (U.S. gal.) 

R = Reynolds number 

u = kinematic viscosity, 
d = bore, in. 

f = friction factor 


centistokes 


4 


Intersection of curves [1] and [2] atR = 1187 
(Note: In long, straight pipes the change from laminar to tur- 
bulent flow may occur around R = 2000.) 7 ay 
P Oil A, 200 centistokes; laminar flow when j <—Th......(4] 
Oil B, 20 centistokes; laminar flow when [5] 
f. 
P = 0.01348 — {6] 
where 
Are P = pipe loss, psi per ft 
@ = specifie gravity 
OU A: u = 200 centistokes: @ = 0.90 
13 Friction Factors for Pipe Flow,” by L. F. Moa@dy, Trans. 


ASME, vol. 66, 1944, pp. 671-684. 


SAME PIPE LOSS (PL) 


TABLE 1 COMPARATIVE PIPE BORES : FLOW A = 2 X FLOW B ; 
Oil B: Kinematic viscosity = 20 centistokes (95 SSU) specific gravity = 0.86 
Oil A: Kinematic viscosity = 200 centistokes (950 SSU) specific gravity = 0.90 ~~ 
Bore, Flow,? Pi, Bore, Flow, PL, Bore, Flow, PL, 
in, gpm psi/ft in. gpm psi tt in. gpm psi/ft 
1/2 12 1/2 18 B Turbulent 
0.98 12 a 640 0.86 24 2.15 0.797 36 4.38 A Laminar 
1 Se 1 48 i 1 72 
1.71 48 el 271 1.51 96 0.906 1.47 144 1.84 
2 re 3 19D 2 288 B Turbulent 
3.02 192 0.113 | 0.775(A Turbuler 


* Flow in U. 8. gallons of 231 cu in. 


5.9 768 0.0476 5.9 1536 0.160 5.9 2304 0. 325) 
rt {5 Pitatad TABLE 2 COMPARATIVE PIPE BORES : FLOW A = 2 X FLOW B: PIPE LOSS (PL) A = '/; PL B gs 
ast Oil B: Kinematic viscosity = 20 centistokes (95 SSU) specific gravity = 0.86 
a ee Oil A: Kinematic viscosity = 200 centistokes (950 SSU) specific gravity = 0.90 ; 
4 Bore, Flow,? PL, Bore, Flow, PL, Bore, Flow PL, 
ua Oil in. gpm psi /ft in. gpm psi/ft in. gpm psi/ft 
6 0.840 12 2.15 18 4.38 B Turbule 
Mi A 1.17 ).320 1.02 24 1.08 0.948 36 2.19 A Laminar 
‘ B 1 0.271 1 48 0.906 1 72 1.84 
A 2.05 0 0.136 1.80 96 0.453 | 1.70 144 092 B Tarbulen 
2 192 0.381 32 288 0.775 
A 3.59 192 0.056 | 3.4 384 0.191 ies? ror 576 0. 388 A Turbuler 
B 4 384 0.0476 4 1798 0.160 4 0.3 
A 6.8 768 0.0238 6.8 086 6.8 230 O43 
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TOWLER 


= 


quits (turbulent flow) 


0.04916.Q 


(lammarfiow)............... [8] 
d‘ 
B; « = 20 centistokes; = 0.86 
0.001035 Q!:75 
(turbulent flow). 


In the foregoing we have been considering the friction loss in 
straight, smooth-bore pipes. It will be understood that the fric- 
tion loss of elbows, tees, and valves is very considerable and is 
equivalent to many feet of straight pipe. Obviously, larger 
pipes are more expensive to bend; they involve larger couplings 
or flanges, and larger valves. The cost of valves increases rapidly 
with increase in size, and the whole piping layout is much less 
compact. 

Flow Resistance of Prefill Valves. The friction loss through 
prefill valves is not well established; there is little, if any, pub- 
lished work on the subject; consequently this subject has come to 
be regarded as a matter of opinion rather than as a matter of 
fact. Mr. Ernst’s reference to “fairing and streamlining’ the 
prefill valve appears to be at variance with his later statement 
that ‘‘the viscosity has little or no influence on the flow resist- 
ance.” Surely, if the valve is considered as a passage, then flow 
resistance is influenced by viscosity; on the other hand, if the 
valve is considered as an orifice, the flow resistance varies as V2, 
and viscosity is of no account; but one cannot streamline an 
orifice. 

Referring to W. F. Cully’s experiment, previously mentioned, 
it was shown that the limiting velocity without cavitation through 
a prefill valve of 3.6 sq in. was 10.2 fps, with an oil of 725 SSU, 
and 33.6 fps with an oil of 165 SSU, all other conditions being 
equal. The author’s firm has made extensive research into the 
flow resistance of self-acting pump valves; the suction valve of its 
straight-in-line pump is like a miniature prefill valve. It has 
been found that the viscosity of the oil is a very material factor 
in the flow resistance of the valve. It is for this reason that the 
firm's pump cannot operate at high speed with a heavy-viscosity 
oil. 

Rapid Reversal of Heavy-Press Table. Mr. Ernst contends 
that the reversing type of pump will operate a heavy press with a 
smoothness of acceleration and deceleration, and freedom from 
hydraulic shock not attainable by any other means; and he re- 
fers to speeds of 200 fpm or, say, 3fps. The usual practice with a 
constant-delivery straight-in-line pump is to unload the pump 
at the end of the pressing stroke and reload for the return stroke 
at a predetermined rate of acceleration. This can be effected by 
quite a simple unloading valve, and the reversal takes about '/, 
sec. The author is of the opinion that a more rapid reversal can 
be achieved, without undue shock, by means of the constant- 
delivery pump, and more simply than by employing all the com- 
plicated mechanism, of a reversible pump. It will be noted that 
in the typical operating cycle previously given, the servoshift to 
reverse the pump takes */, sec. 

Sustained Pressure and “Follow-Up.” With reference to the 
application of constant-delivery pumps with “on-off control’ to 
plastic molding presses, it may be sufficient to say that this is 
almost universal practice on self-contained presses in Great 
Britain, and such delicate parts as Amphenol plugs are being 
produced on such presses. The on-off control or sustained-pres- 


_ “Modern Direct Hydraulic System,” by F. H. Towler, Proceed- 
‘ngs of The Institution of Mechanical Engineers, London, England, 
vol. 154, 1946, p. 189; discussion by W. F. Cully, pp. 189-190. 
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sure unloading valve simply unloads the pump when the 
pressure reaches a set figure and loads it again when the pressure’ 
has dropped, say, 10 per cent; the loading unloading during 
follow-up may be 30 times per min, but the pressure in the 
press cylinder varies only 10 per cent. On the other hand, with 
a weight-loaded accumulator, the pressure may vary + 10 per 
cent owing to the friction of the accumulator ram, i.e., the dif- 
ference between the accumulator being pumped up and falling 
by gravity. Even with an air-loaded or nitrogen-loaded ac- 
cumulator, there is usually a pressure difference of at least 10 per 
cent, due to the compression and expansion of the gas load. 
The advantage of the on-off control is that the pump is run- 
ning idle during the cure period, with momentary load peaks 10 
to 30 times per min; and the ceiling pressure can be varied to 
suit the job, simply by adjusting the valve. 

Sustained Pressure + 1 Per Cent. If the pressure must be 
maintained dead steady within fine limits, then a small constant- 
delivery pump blowing off at a relief valve has several advantages. 
For instance, with a variable-delivery pintle-type pump, operating 
at “near-zero” delivery, the leakage heats up the oil with conse- 
quent fall in viscosity, which further increases the leakage 
until equilibrium is reached; and the pintle valve becomes 
worn by erosion, increasing the leakage still further. On the 
other hand, the output of the small constant-delivery pump 
continues to pass through the relief valve, the same amount at 
the same pressure, in spite of any increase in oil temperature or 
lower viscosity; and, if the relief-valve spindle becomes eroded, 
it is more easily replaced than the pintle valve of the pump. 

Compressibility. The author accepts Mr. Ernst’s calculations, 
and he agrees that the compression-dwell or build-up of the 6000- 
psi press may take '/, sec more than that of the 3000-psi press. 
The latter, having a cylinder capacity of 10,000 cu in., would be 
similar to the press with 22-in-diam. ram by 25-in stroke and a 
working cycle of 15 sec as just described. It would seem that 
the !/: sec lost on compressibility at 6000 psi might be set against 
the #/, sec servoshift to reverse the pump at 3000 psi. 

Pressure-Viscosity Characteristics of Mineral Oil. As men- 
tioned by Mr. Lamb, the viscosity of an oil increases with pres- 
sure; and it may be added that the pressure-viscosity coefficient 
varies with temperature. There is also some variation between 
different grades of mineral oil. As a rough approximation, it may 
be said that the viscosity will be increased 1'/: times at 3000 psi 
and 2'/: times at 6000 psi, both being at 100 F. 

In addition to the effect on viscosity, increased pressure 
tends to induce laminar flow in the critical zone, R = 1200 
to 3000. Thus, supposing flow is turbulent at atmospheric 
pressure and a Reynolds number of say 2700, then increased 
pressure will cause the flow to become laminar, with the para- 

‘ doxical result that we have reduced pipe loss at increased pres- 
sure. On the other hand, if the flow is laminar at atmospheric 
pressure, then the pipe loss will increase with increased viscosity 
due to increased pressure. Here again, therefore, the balance of 
advantage is with the low viscosity oil, curve B. 

Fire Hazard. The difference in flash point between oils A and 
B is not sufficient to support Mr. Lamb’s contention that there is 
a greater fire hazard with the lower viscosity oil. Under actual 
working conditions, it is the author’s experience over the past 15 
years that the fire hazard is negligible. 


16’The Viscosities and Compressibilities of Liquids at High 
Pressures,” by J. H. Hyde, Proceedings of the Royal Society of 
London, series A, vol. 97, August, 1920, p. 250 (research at 40 C). 

“The Determination of the Pressure-Viscosity Coefficient and 
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folecular Weight of Lubricating Dy Means of the emperature- 
iscosity Equations of Vogel and Eyring,’’ by Dr. A. Cameron, rae < 
the Institute of Petroleum, vol. 31, 1945, p. 401. 


to be supported by the facts. Surely 


* Power Consumption. The author is somewhat surprised by 
‘Mr. Lamb’s categorical announcement that the straight-in-line 


pump has a “greater power consumption 
if cooling coils have to be 


ont! fitted to a press to keep the oil cool, that is direct evidence that 


This does not seem 


power is being 
straight-in-line pumps to 
presses for the past 15 years, and not one 
fitted with a cooling coil, which is direct evidence that the power 


consumed is doing useful work. 


The author’s firm has supplying 

operate self-contained hydraulic 


of those presses has been 
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of Graphical Solution of 
: 
Water-Hammer Problems in Cen- 
trifugal-Pump Systems 
By A. J. STEPANOFF,! PHILLIPSBURG, N. J. tates 


Since publication of the “Symposium on Water Ham- 
mer,” in 1933,? considerable progress has been made abroad 
in the development of the graphical method of solution 
of water-hammer problems. Although based upon the 
same fundamental relationships as the analytical solu- 
tions, the graphical method does not require an exact 
knowledge of the theoretical background and, at the same 
time, it gives a clear mental pattern of the events which 
enables one to use it with confidence for solution of prac- 
tical problems. Early studies of. water-hammer problems 
were carried out almost entirely in connection with water- 


turbine applications. Water-hammer problems in the 


centrifugal-pump field are more numerous and varied, but 
owing to the smaller size of units, the effects of water 
hammer were learned by experience, damage being re- 


paired at a relatively low cost. Centrifugal-pump de- 


signers and users are little familiar with water-hammer 
theory. Fear of involved mathematical treatment has 


been a major factor to such neglect. The author attempts 


to present the water-hammer theory, and the graphical 
method of solution in its simplest terms. This will enable 
a pump engineer to recognize the conditions leading to 
water hammer, to estimate the possible maximum pres- 
sure rise and, when necessary, to provide means to reduce 
the pressure rise toa safe limit. 


! Development Engineer, Ingersoll-Rand Company. Mem. ASME. 

? The AMBRICAN Society OF MECHANICAL ENGINEERS published 
in 1933, a “‘Symposium on Water Hammer.’ This symposium sum- 
marized and reviewed the development of water-hammer theory 
up to that time. It also contains a complete bibliography and his- 
torical sketch. Latet a ‘‘Supplement to the Report of the ASME 
Committee on Water Hammer’”’ was added. 

A majority of the later articles on the subject deal with the graphical 
method of solution of water-hammer problems. The main con- 
tributors are Schnyder in Germany (1, 2), Bergeron in France (3), 
and Angus in United States and Canada (4, 5, 6). Schnyder and 
Angus use a graphical method as a means for solving sets of simul- 
taneous equations derived from the original Allievi’s functions. 
These are difficult to follow or use without detailed knowledge of the 
rather involved theory. Bergeron proposed a simple interpretation 
of the procedure of drawing water-hammer diagrams which does not 
require an exact knowledge of the theoretical background and, at the 
same time, gives a clear mental pattern of the events which enables 
one to use the method with confidence for solution of practical prob- 
lems. An understanding of the mechanism of pressure waves, their 
Propagation, reflection, and addition, is essential for the intelligent 
use of the graphical method even in its simplest form. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Hydraulic Division and presented at the Annual 
Meeting, New York, N. Y., November 28-December 3, 1948, of THE 
American SocieTy OF Mucuantcat ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—A-89. 


WatTerR HAMMER IN SIMPLE CONDUITS 


‘ ) Y ATER hammer is defined as the change in pressure in 
closed conduits above or below normal caused by sudden 
changes in velocity of flow. The presence of a hydraulic 
machine such as a centrifugal pump or water turbine is not a 
necessary condition for water hammer, but it was the danger of 
damage to such machines that induced the study of water ham- 
mer. These studies were carried out almost entirely in connec- 
tion with water-turbine application. _Water-hammer phenomena 
in centrifugal-pump installations are more frequent than in water- 
turbine practice but, owing to the smaller size of the units, the 
effects of water hammer are learned by experience, and any 
damage is easily repaired. For that reason users and designers 
of pumps are little familiar with water-hammer theory. 

Fear of the complicated theoretical treatment has been a con- 
tributing factor to such neglect. Fortunately, water-hammer 
theory is one of the rare cases in hydraulics wherein theoretical 
solutions agree very well with the actual tests and observations. 
Graphical solutions of water-hammer problems are a later de- 
velopment. These are based on the same fundamental relation- 
ships as the analytical solutions but are easier to grasp and, in 
addition to greater flexibility, possess a marked degree of elegance. 
It is essential for a pump engineer to be able to know when to ex- 
pect water hammer, to estimate the possible maximum pressure 
rise, and, if necessary, to provide means to reduce the maximum 
pressure rise to a safe limit. 

Joukowsky’s Law. Joukowsky has found that the maximum 
pressure rise imax above the normal pressure Hp in a conduit due 
to instantaneous closure of the valve is given by th the expression 


known by his name 
pate 


where Vo is the normal velocity in the conduit before the closure 


of the valve, a is the velocity of sound in water under the condi- 
tions existing in the pipe, which is the velocity of propagation of 
the pressure wave, g is acceleration due to gravity. 

This equation follows from the application of the second New- 
ton’s law, which states that the force (increase in pressure at the 
valve) is equal to the time rate of change of momentum of the 
moving mass. In Fig. 1 consider a long pipe flowing full with a 
uniform velocity Vo under the head Ho. If the valve at its end is 
closed instantaneously, then at time ¢ a portion of the column of 
length z will have its velocity reduced to zero; then 


A 
F = Ayhmax = We 
gt 
where 4 int the area of pipe, and y is spre weight of water; 
hence 
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TRANSACTIONS OF THE ssa 


t-/2 ,Warer ComPRESSED 


the pipe with sti Vo restoring the pressure in the pipe 
to the original value Ho, Fig. 1 (hk). At the end of the 
second interval 2L,/a, or total time from the valve closure 
_ 4L/a, the conditions will be the same as before the valve 
“y closure, Fig. 1 (¢). After that the new cycle begins and 
repeats itself continuously until the original kinetic en- 
ergy of flow is dissipated in pipe friction, internal water 
friction (due to velocity rearrangement), and energy re- 
jected into reservoir. However, the damping has little 
effect on the pressure of several cycles under usual condi- 
tions. 

It. will be noticed that while part of the water column 
is expanded or compressed the rest of it is at rest. (or 
moving with a constant velocity). Thus there is no mass 

__ oscillation as a whole as has been observed, for instance, 
on boiler feed pumps with-unstable characteristics, produc- 
ota ing pressure surges in the discharge lines. 

The time to complete a round trip for the pressure 


Ho 

wave = 2L/a is called variously “period of pipe,” 
He b=; NORMAL PRESSURE “reflection time,” “‘critical time,” ‘‘one interval of time.” 
- Vo <— The latter term will be used in this paper. 
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Here z/t is the rate at which the pressure wave travels along the 
pipe, and this is equal,to the velocity of sound in the water within 
the pipe. Since the velocity V» in the pipe prior to the valve 
closure was constant and velocity of the pressure wave a is con- 
stant, the pressure at the valve remains constant. The water be- 
tween the valve A, in Fig. 1(b), and the wave front will be at rest 
under a state of uniform compression under the head hmax (in 
addition to initial compression due to Ho), while water between 
the wave front point B, Fig. 1(b), and the open end of the pipe 
(point C) is under its original pressure at every point and moving 
with a constant velocity V» toward the valve. When the wave 
front reaches the open end of the pipe C, the whole pipe is com- 
pletely filled with water at rest under an additional pressure head 
hmax uniform along the whole pipe length, Fig. 1(c). 

However, the instant the pressure wave reaches the open 
end, water in the pipe will begin to expand through the open end, 
creating a velocity Vo in the pipe in the opposite direction and re- 
lieving the pressure back to its original pressure, Fig. 1(d).. This 
pressure drop travels backward from the open end to the valve 
with the same velocity a, and reaches the valve in a time 2L./a 
from the time of valve closure. At this instant the pipe is again 
under the normal pressure and the water moves with velocity Vo 
toward the reservoir, Fig. 1(e). In the next instant water will 
continue to move toward the reservoir, bringing the slug of water 
adjacent to the valve to rest, at the same time the pressure at the 
valve will drop below its normal pressure Hy by —hmax, exactly 
equal to the pressure rise during the first interval of time 2L/a 
as the same velocity is destroyed at the same rate. The wave of 
subnormal pressure —hmax now starts from the valve, Fig. 1 (f), 
and reaches the open end at time 3L/a, when all water in the 
pipe is at rest under reduced compression due to a negative head 

of —hmax, Fig. 1(g). During the next instant water will flow into 
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Sequence or Events AFTER SuppEN VALVE CLOSURE 


Sudden Opening of Valve. The sequence of events 
can be similarly traced for a sudden valve opening. The 
magnitude of the pressure drop and rise is given by 
Joukowsky’s Equation [1], and is the same as in the case 
for a sudden valve closure. However, during the first 
interval of time u, pressure at the valve remains subnormal., 
while during the second interval the pressure is above the 
normal. The velocity fluctuates from 0 to 2V, about its 
average velocity V, which is the final velocity of the 
established flow. 

Partial Valve Closure. An instantaneous partial valve 
closure produces the same cycle of events as a complete 
valve closure. The pressure rise and fall is given by the 
formula 


where Vois the initial velocity of flow, 

V is the final velocity. The pressure diagram for the two inter- 
vals will be the same as in Fig. 1, but the velocity will fluctuate 
from Vo to Vo — 2AV about its average value V = V,. — Al’, 
which is the final velocity of established flow. 

Gradual Valve Closure. This case is usually considered as the 
equivalent of a series of consecutive instantaneous partial closure 
movements, each producing a pressure wave proportional to the 
increment of velocity destroyed and traveling between the valve 
and open end of the pipe. The pressure at any point of the pip 
is the algebraic sum of all pressure waves, direct and reflected 
Thus the pressure will continue to rise at the valve during the 
whole first interval 2L,/a until the reflection wave arrives at th 
valve at this instant. 

Variation of Pressure Rise Along Pipe. If a valve closure 
occurs instantaneously the pressure wave will travel undiminished 
up-the pipe to the open end as shown in the diagram of Fig. ! 
Fig. 2 shows the variation of pressure with time at the valv 
A, near the open end of the pipe C, and at an intermediate 
point B. At the open end C the original pressure Ho prevails 
For a gradual valve closure, when the total time of closure 7’, 8 
equal to or greater than one interval of time, the maximum pres 
sure rise occurs at the valve and from there to the open end it re 
duces to zero uniformly along the length of the pipe (Fig. 3, full 
line). Note that although the pressure wave travels undimin- 
ished along the pipe after each partial instantaneous closure of 

the valve, at points other than the valve there are times whe? 


wher 


Fo 


this | 
Creasy 
for eo 


= 
Ho 
| V= Oo; -h 
faa 
frie: 
‘ 
and 
the 
ate 
Pu 


diate 
vails. 
T, i8 
pres 
it re 
full 
imin- 
ire of 
whet 


> 


pressure remains unchanged. Thus in Fig. 2 at point B in the 
middle of the pipe the original pressure Ho prevails during time 
u/2 between each positive and negative pressure wave. When 
series of pressure waves are traveling along the pipe as a result 
of successive partial valve closures some of the waves would fall 
in the gaps between the positive and negative pressure waves; 
pressure waves of opposite sign will cancel each other, and as a 
result, a pressure distribution as shown in Fig. 3 is obtained. 
If the closure time is less than one interval of time, 2/./a, the 
maximum pressure rise will be transmitted undiminished to an 
intermediate point (a distance 7'a/2 from the open end), and 
from that point to the open end the pressure rise reduces uniformly 
to zero (Fig. 3 dotted line). 
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As soon as the valve movement ceases, the supernormal pres- 
sure at the valve will be succeeded by subnormal pressure and the 
pressure will fluctuate between these limits until damped out by 
friction, Fig. 7. 

Velocity of Pressure Wave. Knowing the pipe size, thickness, 
and material, and the bulk modulus of the liquid, the velocity of 
the pressure wave can be ¢alculated by using the formala 


For steel pipe Z = 29,400,000 psi. Using these values 
for cold water and steel pipe Equation [3] becomes 
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A simple development of this formula is contained in the sym- 
posium (7). 

It should be noted that elasticity of pipe and water serves to 
cushion the shock due to a sudden change in velocity of flow. 
Without these, or considering the water column as a solid rod, 
the rise of pressure would be greater, and, in fact, theoretically 
infinite in the case of a sudden complete closure of the valve. 
This follows from Equation [3] for if k and E are infinite, a 
becomes infinite, and hence hmax becomes infinite. 

Pipe of Variable Diameter. In the 'case of a compound pipe 
consisting of several sections of different diameters, an ‘“‘equiva- 
lent velocity” is used for calculation of the maximum pressure 
rise with Equation [1]. The equivalent velocity is defined as 

L 

where 1,, is the length, and V; is velocity of one section of pipe, 
I, and V2 the same for the second section, etc.; L is the total 
length of the pipe. The value of the pressure-wave velocity for 
a compound pipe is determined by the following equation 


where a, a2, etc., are the values of the velocity of sound in the 
first, second, etc., portions of the pipe. The value of a is re- 
ferred to as ‘‘effective’” velocity of the pressure wave. If the 
closure time is appreciably greater than one interval (over 4 inter- 
vals) accurate results are obtained by using “equivalent’’ velocity 
of flow and effective pressure-wave velocity. 

Pipe Friction and Velocity Head. In all discussions it has been 
assumed that the pipe velocity is so low that the pipe friction loss 
and velocity head are very small in comparison with the head 
Hy. Therefore the head H» prevailed at all points of the pipe 
before the valve closure. Such conditions could be realized, for 
instance, if there is a nozzle at the end of the pipe, provided with 
a needle valve similar to those used with Pelton water wheels. 
With water turbines such conditions are approximated, and the 
rate of flow may be varied by wicket gates with very little or no 
change in pressure in the penstock. 

When the pipe is not horizontal (as shown in Fig. 1), then the 
original head Ho is the total head, or neglecting the friction loss 
and velocity head Hy = p/y + y, where y is the elevation of the 
point of pressure measurement above the nozzle, Fig. 4. 


GRAPHICAL SOLUTION 


In the cases of sudden valve closure and closure in a time 


equal to or smaller than one interval of time, Joukowsky’s Equa- 
E = pipe material modulus of elasticity = bas? - 
For cold water k = 294,000 psi for pressures up to 500 pai 
this increases as the water temperature and pressure are in- 
creased. 
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tion [1] gives accurately the maximum pressure rise ina simple alr 
conduit which takes place at the valve. In the latter case 3 \\ 2m in 


tive (reflected) waves will not have reached the valve in this time, 
and the pressure rise is built up gradually to the same value as it 
would reach after a sudden valve closure. If the total closing 
time is greater than one interval, the pressure rise at the rae 
is equal to the sum of the supernormal pressure waves created 
by the valve closure and the negative waves arriving from the 
open end of the pipe. The maximum pressure rise can be found 
by determination of pressures at a fixed point (at the valve) at 
some arbitrary interval of time, like in the arithmetical atu 
tion method of Gibson (8) or Quick (9) and analytical method of 
Allievi, or by following the pressure variation of some arbitrary 


pressure wave as it travels back and forth from the valve to he 


open end of the pipe. The latter is the principle employed in 
the graphical method by Bergeron. In the graphical method the 
pressure rise at end points is determined as an intersection of 
the “‘surge characteristics” with the system characteristics given _ 


by the end conditions of the pipe, somewhat in the manner used _ 


for the determination of the operating point of a centrifugal pump 
discharging into a pipe line. 

The graphical method is more flexible and easier to grasp than 
the analytical method. It permits solution of a variety of water: 
hammer problems not possible analytically. 

System Characteristics. In any closed conduit to be investi- 
gated for water hammer, the system characteristics either are 
known or are estimated. This means that the relationship be- 
tween the head and capacity, or velocity, at both ends of the 
conduit are known for a steady condition prior to the valve | 
closure. Such a relationship can also be established for any par-— 
tial valve opening. The same relationships hold at any instant 
during the gradual valve closure. Taking as an example 
a nozzle discharging freely under a head Ho, Fig. 5 (a) with the 
nozzle wide open, the system characteristics for the point A, is a 
square parabola, marked O in Fig. 5 (6), representing velocity 
in the pipe (not a velocity through the nozzle) in terms of head in 
the reservoir Ho. This applies to a steady flow prior to valve 
closure or at.time ¢ = 0. Such characteristics can be drawn for 
any valve position. 

For instance, if the valve is gradually and uniformly closed in 
time 7’ = 3y, the nozzle will be */; open at time ¢ = » and, under 
the same head, the pipe velocity will be */; of the original velocity - 


Vo. This is expressed by a parabola marked yu, with abscissas 


2/; of their original values at any head. Similarly, at time t - 
2u, the nozzle is !/; open, and the system characteristic is a para- 
bola 2u. At time 3y the flow is zero and the system character- 
istics coincide with the axis of heads. A uniform valve closure 
was assumed for simplicity. 

There is no added complication in the procedure of the graphi- 
cal method for other rates of valve closure as long as the discharge 
through the valve is known as a function of time. This results 
only in a different spacing of parabolas 0, », 2u, etc. Another 
property of the system is that the pressure at the point C always 
remains equal to Ho at all rates of flow and is not affected by the 
valve closure. The line Ho = const is a system characteristic for 
the point C. Parabolas 0, », 2u, and 3u represent a time scale on 
the diagram for the events occurring at point A. Such a time 
scale can be drawn at each u/2 or u/4 interval, or a parabola of 
time can be drawn for any specified time from the moment the 
valve closure starts. Both system characteristi¢s, parabolas 
u, 2u, 3u for A, and Ho = const for C, give the ‘‘end conditions” 
for the pipe at any given time. Pipe friction and velocity head 
will be neglected for the time being for simplicity and will be dis- 
cussed later. 

Surge Characteristics. Applying Joukowsky’s equation to a 
partial valve closure the pressure rise becomes 
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which shows that the pressure rise is proportional to the velocity 
drop; —a/g being the factor of proportionality. Equation 
[7] is a typical straight-line equation where —a/g is a “‘slope 
coefficient.’”” The expression —a/g is not a tangent of the angle 
a between the straight line, Equation [7], and the positive direc- 
tion of axis of V, because V and H are not of the same dimensions 
Therefore —a/g is not dimensionless as a tangent should be. 
The actual slope of the line depends upon the scales used for V 
and H and dees not affect the results. This is determined from 


tana = 


where the numerator is the pressure rise for an arbitrary velocity 
drop Vo — V; both expressed in inches to the scale used for the 
diagram. Equation [7] is a surge characteristic and represents 
pressure rise in terms of pipe velocities at the valve (point A, Fig. 
5). Point Ao in Fig. 5 (), represents the initial conditions. The 
pressure rise will continue during the first interval yu, until point 
A; is reached on the parabola ». At this instant the first re 
flected negative wave (or pressure drop) will arrive at point 
A, Fig. 1(d). 

Fig. 6 (a) shows a simplified diagram of the pressure-wave posi- 
tions at time u/2, assuming that velocity is extinguished instan- 
taneously by the valve at equal increments at a uniform rate. 
Fig. 6(b) shows a diagram of pressures along the pipe at time 
u. The broken line A,C; shows the supernormal pressures pro- 
duced at A. These are partially canceled by the reflected nega 
tive pressure waves arriving from C. The latter are represented 
by a broken line C,Ao. All the pressure waves produced during 
time »/2 in Fig. 6 (a), are reflected at C and moving toward A. 
The net pressures along the pipe are equal to the difference be 
tween the two and are represented by a lineC9A;. The pressure 
rise AeA; is the same as that due to a sudden valve closure de 
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stroying the same velocity instantaneously. 
from Figs. 6 (a) and (b), the effect of the pipe length on the maxi- 
mum pressure rise at the valve. 
the pressure at the valve will be built up until the®first negative 
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Note the notation in the diagram, Fig. 5 (6). Capital letters 
A and C show the pressures at points A and C on the pipe, Fig. 5 
(a), at times indicated by subscripts given them such as Ao, A, 
Az, As, Aa, and Cos, Cis, Ces, Css, and which are expressed as 
ae or multiple of one interval of time » = 2L/a. 


a re Aos ‘Page Fig. 7 shows the pressure-time curve for the point A at the 
alve plotted from the data in Fig. 5 (6). 


Fie. 6 Pressure Rise ror GrRapuAL VALVE CLosURE 


wave arrives at A, as uw is directly proportional to the pipe length. 
Actually, events at the valve are complicated by the fact that 
even with a uniform valve closure (as just defined), the velocity 
through the nozzle (and pipe) is affected by the pressure rise at 
the valve which varies with time. However, the linear relation- 
ship between velocity and pressure rise holds irrespective of time, 
or space. 

From the beginning of the second interval it is easier to follow 
up the pressure variation of the pressure wave leaving A att = 
u, than te keep a record of the pressure at point A. Leaving 
point A at this instant and moving in direction C the pressure 
wave will meet the negative waves reflected at C. The negative 
pressures are appearing at C at the same rate as positive pressures 
were created at A. Therefore the pressure of the traveling wave 
will be reduced at the same rate. The surge characteristic will 
change its direction, but the linear relation between pressure 
drop and velocity’in the pipe is maintained. Its equation will 
become 


Hy—H =~ (Vs—V) 9] 


In Fig. 5 (6), Equation [9], is represented by the line AiC\.s. 
The pressure continues to decrease for one half of interval, while 
the pressure wave travels from A to C. At time 1.5 u, it will 
reach point C, and will change its direction moving from C to A. 
Now the traveling wave will meet supernormal pressure waves, 
hence its pressure will increase, or the slope of the surge character- 
istics will change again. Thus the surge characteristic will 
change its direction each half of interval or at intersections with 
parabolas u, producing points A;, As, A; and points C\.s, 
C:.s, Cs.5 as intersections with the system characteristics for the 
point C. Velocity in the pipe is decreasing from Vo to 0, or until 
the surge characteristic intersects the axis of H. Hereafter the 
pressure at A will fluctuate between A; and A, in the same manner 
as after a sudden valve closure. The surge characteristic, if con- 
tinued after the valve closure, will be represented by As, C3.s, 
Ag, C2.5,A; still changing its slope each half interval of time u/2. 


* The velocity becomes negative and positive alternately each 


interval of time as illustrated in Fig. 1. Points A:, Az, As, and 
dy show the pressures at the valve (point A) at times 1, 2, 3, and 
tintervals from the beginning of the valve closure. 
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Fig. 7 Pressures at Vatve A Versus TIME 


If more points are desired, the system characteristics for the 
point A are drawn at half of one interval of time, Fig. 8, and the 
pressure variation of two pressure waves are followed up; one 
leaving A at time ¢ = uy (full line), and the other leaving A at 
time t = u/2 (dotted line). The surge characteristics for this 
wave are Ao, Ao.s, Ci, A1.s, C2, Ao.s, Cs, drawn in the same manner, 
i.e. changing its direction each time it strikes the C characteris- 
tics, or A—parabolas at one interval of time spacing. Thus we 
have obtained additional points Aes. In general we 
could follow’ up any pressure wave leaving point A at any in- 
stant between 0 and yu and draw its surge characteristics. For 
that we would need time parabolas drawn at u intervals from the 
pressure-wave departing time to locate the points of change in 
the slope of the surge characteristics. In this way it is possible 
to determine the pressure at point A at any desired instant. 

Note that the slope of the surge characteristics is positive 
(+a/g) when the pressure wave travels in the direction opposite 
to the original flow velocity or from A to C; the slope is negative 
(—a/g) when the pressure wave travels in the direction from C 
to A. 

Pressure Rise at Any Point on Pipe. For practical purposes 
only the maximum pressure rise is of importance. In our example 
it takes place at the valve. However, to illustrate the flexibility 
and general properties of the graphical solution, the method used 
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to determine the pressure at some point between A and C will be 
shown. For simplicity take point B, Fig. 8, midway between 
AandC. Note that the pressure rise created by thé valve closure 
at A will not be felt at B until time «4/4 sec. Therefore point 
Ao can represent the pressure at B until time 0.25 uw (marked 
Bo.2s). Thereafter, when the pressure wave travels from A to C, 
it will reach Bo.2s uw sec later. But, on its way from C to A, the 
pressure wave will reach Bo.2s u before it reaches A. On the dia- 
gram, Fig. 8, the points representing pressures at B are placed 
between A and C points at 0.25 uw sec from either one, and are 
marked Bots, By.25; Buz, Bo.25, Bors, which are intersections of the 
two surge characteristics of the two pressure waves at 0.5 u time 
spacing. For any other point, say, D at L/4 from A, a surge char- 
acteristic should be drawn starting on line AoA; and parabola 
0.75 mw (nearer to A;) and changing its directions at Hy = const, 
and parabolas 1.75 u, 2.75 u. Evidently the pressures at D will 
be higher than at B and lower than at A. 

Bergeron’s Interpretation of Events During Valve Closure. The 
surge characteristics, according to Bergeron, should be drawn by 
an imaginary observer traveling at the speed of the pressure 
waves and recording pressures as he moves along the pipe from 
one end to the other. 

For drawing the surge characteristics, the observer is guided by 


the following rules: 


1 Remaining at the valve (point A, Figs. 5, and 8) for u sec, 
the observer will record the pressure rise there (line AoAu, Figs. 5, 
and 8). If the valve closure continues, the observer starts moving 
from A to C meeting the reflected waves from C (in the same order 
as they were produced at A) which will reduce the pressure rise 
from A; to zero at C (point Cs). The observer now returns to 
A, recording pressures as he moves (line C;.5A2). “The observer 
will continue to commute from A to C and back until the valve 
is compietely closed. 

2 . The slope of the surge characteristic is —a/g when the ob- 
server is moving in direction of the initial flow, and the slope is 
+a/g when he moves in the opposite direction. 

3 When the observer finds any discontinuity of his path, the 
surge line changes its slope. Following are a few typical examples 
of discontinuities: (a) Change in pipe size and thickness (differ- 
ent value of the velocity a in the slope coefficient a/g); (b) a 
branch in the conduit; (c) a hydraulic machine, such as a cen- 
trifugal pump; (d) end of the pipe. 

4 Attheend of the pipe (or each »/2 sec), the observer changes 
his direction, therefore the surge line changes its slope. 

5 To obtain a desired number of points on the diagram it may 
be necessary to send more than one observer along the fipe. 
Since, during the first » sec, the maximum pressure occurs at 
the valve, the first observer should stay at A uw sec to record the 
maximum pressure at this point. The other observers could 
leave at equal time spacing so that pressures at A are recorded 
at equal time intervals, and this results in a uniform time scale 
onthe diagram. In Figs. 5 (b) and 8, line 4oA; locates the start- 
ing points of all observers (point A on the pipe) and time of their 
departure between t = 0 and ¢ = yu sec, time scale being given by 
the system curves, such as parabolas 0, u, 2u, ete., in Figs. 5 (b) 

and 8. 

Valve Closure From Some Intermediate Position. If a valve is 
closed completely or partially from some intermediate position, 
the pressure rise may be considerably higher than that produced 
by a complete valve closure at the same rate from the wide-open 
position. In Fig. 5 (b), suppose the original position of the valve 
is two thirds closed, the operating point A,° is on the intersec- 
tion of the curve 2u and Ho. If the valve is now closed in a time 

» (the same rate as before), the pressure will rise during a com- 


TRANSACTIONS OF THE ASME oe JULY, 1949 


plete interval u, and will re: -" the point A;!, iad the dotted line 

A,’ A;! which is higher than the maximum pressure rise pre- 
viously obtained. When starting from wide open (Ao), the 
pressure rises during a complete interval u (AyA:) but the slope 
of the parabola wis such that the pressure rise is lower than for 
closure from any intermediate position. 

Effect of Pipe Friction. There are several methods used to 
take care of pipe friction loss in the graphical solutions of water- 
hammer problems. All are approximate but sufficiently accurate 
for the determination of maximum pressure rise at one of the ex- 
tremities of the system: 

1 In the problem shown in Fig. 5 (a) and (6), suppose the pipe 
friction loss from A to C is hy, Fig. 9. This plotted against ve- 
locity in the pipe is represented by the curve h,. In one method 
(Schnyder’s) the pipe friction loss is subtracted from the system 
characteristics Ho for the point C, and the resultant (curve /,) 
is used for the construction of the surge diagram as shown in Fig 
9. This method is equivalent to an assumption that all pipe 
friction is concentrated at point C (for instance, a local obstruc- 


tion), 


° 
Fig. 9 Pressure Rise Wits FrRicTION ALLOWED aT C 


2 In the second method it is assumed that. all friction loss is 
concentrated at the valve at point A. This means that pressures 
on all system curves for A, (parabolas 0, 1, 2... Fig. 10), ar 
raised by the amount of friction to produce the same velocities 
(curves 0’, 1’, 2’). Using these new system curves for A and Hi 
= const for the point C, the diagram is completed following the 
same procedure. This method in essence is the same as that used 


by Bergeron. 


EXAMPLES OF WaATER-HAMMER PROBLEMS IN CENTRIFUGAL 
Pump Systems 


Power Failure—No Check Valve. A pump A in Fig. 11 is dix 
charging into a tank C under static head H, qnd friction head h, 
The system curve for point A (pump) is Rao for steady conditions 
before power failure. There is no check valve between the re 
ervoir and the pump. In event of power failure ‘assume that 
the pump will slow down, stop, and reverse in less than one it- 
terval of time, «. The pump will then operate as a hydraulit 
turbine under head H, at runaway speed. The pump characte! 
istics under these conditions is Ra, and the operating point for 
final equilibrium is D. Prior to the power failure, the syste” 
curves are the pump head capacity curve Rao and the pipe resist 
ance curve R,, which fix the operating point Ao. The pipe ve 
loeity V is used to represent capacity. At the instant of powe! 
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Fie. 10 Pressure Rise; Aut Friction at VALVE A 


(b) 


Fie. 11 Power FaiLurRe Ww ITHOUT A Cueck Val VALVE 


failure and for one interval of time, the pressure and velocity 
at point A drops. Starting with the point Ao the surge charac- 
teristic is drawn with a slope + a/g. The surge velocity a is 
calculated by means of Equation [4]. 

The pump will stop and reverse in a time of one interval u (or 
less), after which the pump characteristic becomes Ra, and 
all points for A on the diagram lie on this curve. 

The first point is given by intersection of Ra: with the surge 
characteristic 

After the pump reversal, the velocity in the pipe is negative 
and the characteristics for the point C are given by the curve R,}. 

All points for C on the diagram for different times will lie on the 
characteristics. 

At time « we send out an observer from A to C to record the 
pressures. The surge characteristic at A, will change its slope 
from +a/g to —a/g as the observer is traveling in direction of 
original velocity Vo, going from A to C. When he gets to C 
after a time 4/2 sec, the surge characteristics recorded there will 
give point C,.s. Although the observer will record H, pressure 
at C, this should be reduced by the amount of friction and ve- 
locity head, because the flow through the pump at A is produced 
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by the net pressure available at that point. In other words, we 
assume that all pipe resistance is concentrated at C, and the ob- 
server will record the pressure just ahead of this obstruction. 
Returning from C to A the observer will change the slope from 
—a/g to +a/g and will record point A: at time 2u. Changing 
the direction again at A and going to C the observer will record 
point C25 there. Points A;, C35, Aa, ete., are obtained in the 
same manner, Experience has shown that, even with little or no 
pipe friction, no dangerous pressure rise occurs. With a long 
suction pipe its resistance should be added to the pump charac- 
teristic for the reverse flow Ra:, making it steeper. This will re- 
sult in a higher pressure rise in the system. 

Level Receding in Tank. If the static level in the tank C is re- 
ceding as the flow is reversed in the pump, the levels at times 1.5y, 
2.5u, ete., should be known or estimated, and system character- 
isties for the point C are drawn for times 1.5y, 2.5y, ete., using 
different characteristics each time the observer reaches point C. 
Otherwise the procedure remains the same as in the foregoing 
example. 

A Check Valve at Pump. If the check valve closes instantane- 
ously, no water can flow past it. This means that the system 
characteristic R. for the point A coincides with the axis of heads, 
Fig. 12. The surge characteristic etc., is drawn as 
in the previous example, and the operating points (pressures 
at A and C) are obtained as intersections of the surge character- 
istics and the system characteristics. If the check valve fails 
to close fast enough to prevent back flow through the pump, the 
surge line AoA; would be extended to the left to intersect a 
parabola of the combined characteristic of the pump running 


backward and the check k valv e partly y open, an and sie pressure 


Depending on the value of a/g, the surge characteristics AoA 
may intersect the axis of velocities before it does the axis of heads, 
Fig. 13. This means the pressure has dropped to the pump- 
suction pressure and cannot drop any lower as the check would 
open and let water flow through the pump. At the end of the 
first time interval « only part of the original velocity AV is de- 
stroyed, and the flow will continue with a velocity V; in the same 
direction. The check valve is still open. Construction of the 
rest of the diagram is evident from the figure. Note that a greater 
pressure rise is obtained if the pump operates at a lower original 
velocity Vo', because the velocity destroyed is greater, being a 
maximum when 4A;! coincides with the zero-head-capacity point. 
In that case the whole original velocity Vo! is destroyed. 

Relief Valves and Surge Suppressors. A surge suppressor con- 
sists of a special relief valve of adequate capacity arranged to 
open at a predetermined rate under conditions which would pro- 
duce a surge and before check-valve closure, after which the relief 
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valve slowly closes. Surge suppressors may be arranged to be 
actuated hydraulically, mechanically, or electrically. A number 
of installations were equipped with surge suppressors (13), partly 
to prevent reverse rotation, partly to reduce the pressure rise in 
the pipe in case of power failure. The method of operation of the 
surge suppressor will be illustrated in the example in Fig. 14, 
showing a pump with a check valve and surge suppressor. The 
system curve of the surge suppressor is shown by a parabola Ras. 
The suppressor is set to open at a time between w and 1.54. The 
AoAiCi.5 part of the surge characteristics is drawn in the same 
manner as in Fig. 12. Point A2 is placed on the parabola Ras, so 
is A;. In this way the pressure rise is almost entirely eliminated. 
After the flow settles at the point D, the surge suppressor is gradu- 
ally closed and the final point of the system moves from D to D! 
on the axis of heads. 

In recent installations positively controlled valves combine 
the functions of both a check valve and a surge suppressor. 

Flywheel Effect. If the pump in the first example has an ap- 
preciable rotating mass, the inertia of the rotating element will 


Fig. 18 Pressure Drop To Suction LEVEL 


V 


Vo 


Fig. 14 Pump Cueck VALVE AND SuRGE SUPPRESSOR 


delay the retardation and reversing of the pump speed in event 
of power failure to a time greater than one interval of time, u. 
The author knows of instances when centrifugal pumps were pro- 
vided with flywheels so that in case of electrical power failure a 
steam turbine could take over the load with a minimum drop of 
In this case, at the end of the first inter- 
val, the pump characteristic will be a regular head-capacity curve 
Several such characteristics 
may be drawn at speeds to times yu, 2u, ete., from 


the discharge pressure. 


at a reduced speed (Ra, Fig. 15). 


the instant of power failure. 


TRANSACTIONS OF THE ASME JULY, 1949 


315 Pump With FLYwHeEEt-EFrect ARRANGEMENT, Fia. 11 (a) 


To draw such characteristics, pump speeds at times u, 24, ete, 


are determined from the relationship 


bw 

ot 

Torque 7’) is known at the time ¢ = 0; J is the moment of inertia 
of the revolving mass, including the motor rotor; 
crement of angular velocity reduc‘ion during an increment of 
time 6t. Using 6t = yu, dw is determined and thus the speed 
at time wis established. The pump characteristic Ra; at speed 
m, is drawn. Point A; is determined and torque 7), can be 
calculated. The pump speed at time 2u can be determined in the 
same manner and lines 4,C,.; and C; 5A» are drawn. 

The pump will reach the zero speed point between times 2u 
and 3u. After that the pump will run in a reverse direction 
gradually increasing its speed and always remaining on its zero 
torque characteristic R4;. The rest of the diagram is drawn in 
the same manner as in the first example. 

If more points for a pressure-time curve at the pump are 
wanted the head-capacity curves are drawn for y/2 intervals, 
and two observers are sent out from A, one at time ¢ = y, and the 
other at time ¢ = y/2, they will record pressure at A at u/2 
intervals. Asa means for reduction of pressure rise, use of a fly- 
wheel is not very effective. For instance, in one case an 800-hp 
1200-rpm pumping unit having a WR? of 1450 lb in.* and deliver- 
ing 9400 gpm at 284 ft into a 42-in. pipe 900 ft long, reversed i 
0.8 sec and produced a pressure rise of 108 ft. When supplied 
with a flywheel with WR? = 5500, the time of reversal increased 
to 2.42 sec, and the pressure rise reduced to 48 ft (14). Thus, t 
reduce the pressure rise to 44.5 per cent, the moment of inertia 
of rotating mass (WR?) had to be increased 4.8 times. 

Valve Opening. Fig. 16 shows a water-hammer diagram for 
pump started with the discharge valve closed, and then the valv 
suddenly opened. Thesurge diagram is drawn starting from the 
point Ao and zig-zagging between the pump characteristic R, 
and the pipe characteristic Re until the final point D is reached. 

Positively Controlled Valves. To avoid surge pressures due t 
a sudden check valve closure when a pump is shut off or when the 
power fails, valves with automatically controlled closure tim 
are used. The most advantageous valve-closing time can | 
established from a study of the water-hammer diagrams. 


dw is the in- 


In Fig. 17 (a) the pump at A discharges against a static head J 


Hs and pipe-line resistance Re. In Fig. 17 (b) Ra is the char 
acteristic of the pump running in the reverse direction at ze? 
torque; Ry, is the valve resistance curve at time u, Ryze is th 
same at time 2u. At time 3u the valve is completely closed. 0 
order to construct the surge diagram, the system characteristi 
are drawn for time « and time 2u by combining Ry; and Ra, and 
Ry. and Ra, to obtain Ra; and Ras, respectively. Ras coincide 
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SuppEN VALVE OPENING 


1) 
with*the axis of heads. In Fig. 17 (c) the surge characteristics 
are then drawn following the usual procedure. Points A» Ai, 
Az,A3,..... D give pressures at A at one interval of time spacing. 
r Valve Closure at End of Discharge Pipe. In Fig. 18 a centrifugal 
a| pump at A delivers water against a static head Hs to the tank at 
C. The pipe resistance characteristies*Rcy determine the opera- 
aa ting point Ao. Now suppose the valve at C is closed in a time 
ed 
ed 
be ihe Re 
Hs 
Cras 
lon <a 
Son (c) 
ero A, 
SUCTION 
° LEvVe 
are Rai Res 
als, \ 
y/2 4 \ H 
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ver- 
i i (b) NN @ 
3, to fe) 
Fic. 17 Positivery CONTROLLED VALVE CLOSURE 
or’ T = 3u, while the pump is running. The system characteristics 
alve for the point C with the valve throttled at times u, 2u, and 3u, are 
the Ra, Rez, and Res, respectively. The pump characteristic for 
: Ru I positive flow will remain Rao and for negative flow it is represented 
byRa. The surge characteristic Ao.;, C;, Ai.s, C2, Aas, Cs is drawn 
¢ © @® in the usual manner, the maximum pressure rise being at Cs. 
1 the If the valve at C is closed in a time T’ Z yu, the surge characteristic 
“a will be Ao, Cy’, Ais’; C2’ as shown by the dotted line. 
n be 
SPECIAL PROBLEMS 
head Water Hammer in Suction Pipe. In all examples thus far con- 
chat @® sidered, attention has been confined to water hammer in the dis- 
ze") MH charge pipe between the points A at the pump-discharge flange 
s the HR and C at the open end of the pipe, as in Figs. 11, 17, and 18. 
. b However, all velocity changes in the discharge pipe are followed 
a by a corresponding velocity change in the suction pipe; thus 
" water hammer is also produced in the suction pipe and pump 
yc1des i 
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Mechanically, the suction pipe and pump casing may be the 
most vulnerable parts of the whole installation. It is not often — 
that long suction pipes are used and, as a rule, suction velocities 
are lower than those in the discharge pipe. Thus dangerous — 
pressure rises due to water hammer in suction pipes are not fre- — 
quent. However, cases of suction-pipe damage are on record 
(19). The author knows a number of cases where pump casings © 
cracked on gasoline loading pumps due to a sudden closure of a 
quick-closing valve at the end of the discharge pipe. In several 
cases vertical turbine pumps (in a suction barrel), used for a — 
similar service, developed buckled shafts (by compression) in 
addition to cracked discharge nozzles, thus indicating a higher | 
pressure in suction than in discharge. Angus mentions cases in 
which the entire rotating element of a hydraulic turbine has been — 
lifted by the pressure rise in the draft tube, which corresponds 
to the suction of centrifugal pumps (20). 

Suction pipes, including the pump up to the discharge flange, 
can be investigated for water hammer in the same manner as that 
used for discharge pipes. The end conditions are fixed by the 
system characteristics. The suction level for the intake end of 
the suction pipe (point S in Figs. 11, 17, and 18), and the other 
end (A in these figures) is common for both the suction pipe ‘, 
(including pump) and the discharge pipe; thus the same char- — 
acteristics apply. The starting point A» is given by the initial — 
conditions and is also common for both pipes. 7 

Evidently, if the object of a study is a determination of the 
maximum pressure rise there is no need to draw a water-hammer | 
diagram for the suction pipe because the maximum rise will appear 
in the discharge pipe. However, the pressure rise produced on 
the discharge end of the pump will travel through the pump — 
casing and into the suction pipe (reduced only by hydraulic 
losses) when not prevented by a check valve or positively con-— 
trolled valve. In the case of a sudden valve closure, Fig. 18, the © 
pressure rise C,’ will travel the full length of the suction pipe — 
undiminished (except for hydraulic losses), the duration of super-_ 
normal and subnormal pressure decreasing from u sec at C to | 
zero at the free end of the suction pipe. Reference to Fig. 2 will 
illustrate the point. Note on this figure that at certain times — 
(for instance » to 1.254), the pressure at a point C’, the point — 
most removed from the valve A, is higher than at the valve by A 


\ Aos$ pee 
Vid 


the amount of the full pressure rise h. This may help to visual- 
ize how pressure at the pump suction, with pump running, can 
be higher than at the pump discharge if the pressure rise is higher 
than the pump generated head. If the discharge valve at C, 
Fig. 18, is closed gradually, the pressure rise in the suction pipe 
and the pump casing will be lower than at the valve (see Fig. 
3), depending upon the relative length of the suction and dis- 
charge pipes. 

When the subnormal pressure wave passes through the pump 
it may reduce the pressure at the impeller eye to the vapor pres- 
sure, thus producing a cavity. If this occurs a severe blow can 
develop upon arrival of the supernormal pressure wave which 
would cause an instantaneous collapse of the vapor cavity in the 
same manner as that during cavitation. Formation of the cavity 
will interfere with the propagation of pressure waves, thus com- 
plicating matters considerably. . Cavitation and parting of the 
water column may also take place on the discharge side of 
the pump if the topography of the pipe layout is such that the 
subnormal pressure wave is greater than the absolute pressure 
(above the vapor pressure) at some points on the pipe line. 
Bergeron (3) and.Angus (6) give graphical solutions for such sys- 
tems, but experimental verification of results is lacking. The se- 
quence of events and the manner in which the high pressure rise 
appears under cavitation conditions is illustrated in the example 
which follows. 

Parting of Water Column or Cavitation. Suppose in a system 
as shown in Fig. 19 (a), the valve at the discharge flange A, is 
suddenly closed, and we want to investigate water hammer in the 
discharge pipe. On the diagram, Fig. 19 (b), Ao is the initial 
operating point, and Vo is the initial pipe velocity. The sudden 
valve closure will cause a sudden pressure drop at A to absolute 
zero (vapor pressure) and a sudden velocity drop from Vo to Vo’, 
as determined by the slope coefficient a/g of the line AoAo’. 
From that instant to the time t = u, water will continue to move 
at A with a velocity Vo’ and the column moves a distance 
Vo'u leaving a vacuous space V,’x long. At time yw the 
velocity at A drops suddenly to V;, and water will continue to 
move away from the valve an additional length Viu. Velocity 
V; is determined by the surge lines Ao’Co.sA; drawn in the usual 
manner. However, in the case of a sudden valve closure the 
physical meaning of these surge lines is different; they do not 
represent the pressure variation along the pipe line, as pressure 
travels undiminished, and pressure and velocity changes occur 
suddenly. But the surge lines give a time scale for the velocity 
variation during the retardation time and the acceleration of the 
water column in the opposite direction (toward the valve). At 
time t = 2u, the velocity at A will change suddenly from + V, to 
—V; and the water column will start moving toward the valve. 
At time t = 3u, the vacuous space between the valve and water 
column will have been reduced by the length Vou. Also, at time 
t = 3u, the velocity will increase suddenly from —V; to —V;, 
and the vacuous space will be reduced by an additional length 
Ve during the fourth interval of time. It is assumed, for sim- 
plicity, that the vacuous space is reduced to zero exactly at time 
t = 4y when velocity —V; is suddenly arrested, causing a pressure 
rise to A, following the surge line A:C;.;Ay. This pressure will 
prevail at A for » sec, then will fall suddenly to As, after which 
the cycle will repeat itself at reduced velocities until all the energy 
in the water column is absorbed by the hydraulic losses, and the 
final point for settled conditions is reached at D. The pressure 
variation at A with time is shown in Fig. 19 (c). The height of the 
peak and time spacing between the peaks is reduced as the energy 
of the water column is wasted. Such curves were obtained ex- 
perimentally by Le Conte (21) and Langevin (15). 

From the inspection of Fig. 19 (b) it is evident that the maxi- 
mum pressure rise at time ¢ = 4 is approximately equal to the 


V2 Vo' Vo 
Fig. 19 Parting or WaTER COLUMN 


pressure rise due to a sudden destruction of the initial velocity 
Vo, reduced only by hydraulic losses during the first cycle of 
events. For a frictionless flow the maximum pressure rise will 
be exactly equal to that due to a sudden extinguishing of the 
original velocity Vo. The maximum velocity in the reverse direc- 
tion will be exactly equal to Vo, and the time of recoil of water col- 
umn would be exactly the same as the time to retard the water 
column to zero from its original velocity Vo. This is because the 
reverse flow is produced by the force due to a pressure Hs + 
Hm Which is the same force that caused the deceleration of the 
initial flow in the pipe. The kinetic energy of the water column 
in the pipe is converted into the energy of position at the level 
Hs + Hotm during the deceleration of the initial flow, which is 
converted back into the kinetic energy of the flow in the reverse 
direction during the second half of the cycle. If the instant of 
the closing of the vacuous space does not coincide with the end 
of one complete interval, the shape of the pressure-rise peaks 
in Fig. 19 (c) becomes irreguar. If the valve is closed gradually 
in a time less than one interval u, the same pressure rise will re- 
sult, but the curve becomes sharp-pointed. 

Air Chamber and Check Valve. Air chambers are used ef- 
fectively to reduce pressure fluctuations at the pump check valves. 
The size of the chamber and air space are selected so that the ail 
chamber will be able to store the excess volume of the expanding 
water and that due to the contracting pipe without raising the 
air pressure beyond a predetermined limit. To be effective the 
air vessel should be placed as close as possible to the source o/ 
water hammer. In Fig. 20 assume we are to determine the 
pressure variation at the pump (point A) in the case of power 
failure. Suppose that the physical dimensions of the system are 
such that the pump comes to rest, and the check valve closes, it- 
stantaneously. The height of water column in the air chamber 
is very small in comparison with the total head Ho. The pro 
cedure is the same as in Fig. 12 except that the system char- 
acteristics for the point A are determined by the air chamber and 
not by the check valve. The surge characteristics are drawn a 
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as follows: 


As soon as the check valve is closed and pressure begins to 
drop at A, air in the air chamber will expand and force water 
into the pipe, and, in u/2 sec, the volume of water lost from the air 
chamber will be approximately equal to Avo. = AVou/2 where A 
is the pipe area. The volume of air in the air chamber at the end 
of »/2 sec is v.35 = vo + Avo.s, where vo is the initial air volume in 
the vessel. 


The location of the point Ao. is determined 


The air pressure in the air chamber and pressure at the point 
A at the end of the u/2 period is Hy; = Hwo/vo.s, which locates 
point Ao.5 on the diagram. . Point A; is determined in the same 
manner; H, = Hos vos/v where v; = v9.5 + AVos Note 
that velocity in the pipe varies from V» to Vo.s during the time 
period »/2; thus the average of the two should be used to calculate 
the air-volume increase more accurately. 

If the time of one interval u« is very small, or if the surge lines 
are drawn at »/4, or u/8 spacing, no second approximation is 
necessary. The rest of the diagram is drawn following the usual 
procedure. By comparing Fig. 20 with Fig. 12, it will be noticed 
that for a sudden valve closure without an air vessel the flow in 
the pipe is reversed in one time interval u, and the full pressure 
rise appears at the end of the second interval (point As, Fig. 12) 
With an air chamber it takes several periods to reverse the flow 
in the pipe, (or extinguish the initial velocity Vo) and produce 
supernormal pressures. By that time a considerable portion 
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Fig. 20 Arr CHAMBER AND CHECK VALVE 


of the energy available is destroyed by friction losses, and the 
pressure rise appears greatly reduced. A small pressure drop 
during each interval (point Ai, Fig. 20) (large air chamber), re- 
sults in a longer time to reverse flow in the pipe, and hence the 
more effective the air chamber becomes. Thus friction in the 
system and not the “cushioning effect’’ of the air chamber is 
mostly responsible for the reduction of pressure rise in the pipe. 
Allievi has shown theoretically (14) (also it has been noted ex- 
perimentally), that for the systems with little or no friction the 
air chambers are a very ineffective means of protection against 
water hammer. Thus to reduce a pressure rise 30 per cent, a 
Volume of air containing 30 times the energy contained in the 
Water column would be required. 

Air Chambers With a Throttle. Frequently air chambers are 
provided with a throttle at the inlet to the chamber to increase 
the power dissipation and thus raise the effectiveness of the air 
chamber, Bergeron (15) describes a design of a throttle which 
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is made in a form of a nozzle of suitable size which permits water 
movement from the vessel without much loss, but which im- 
pedes flow into the chamber due to the resistance of the inverted 
nozzle, Fig. 21. In this way the throttle reduces the pressure 
rise without increasing the pressure drop (vacuum) appreciably. 
The net effect of this device is a reduction of the air vessel for a 
given limit in pressure rise. 

During the normal pump operation pressure in the air cham- 
ber (point A’, Fig. 21) is the same as that immediately below the 
nozzle (point A). But as the pump stops, the pressure at A be- 
gins to fall and pressure at A’ is higher than at A, which causes a 
flow from the vessel to the pipe. When the flow is reversed in 
the pipe the pressure at A outside of the vessel is higher than at 
1’ inside the vessel by the amount of head loss through the in- 
verted nozzle. To draw the surge diagram for an air chamber 
with a nozzle, follow the same procedure as in Fig. 20, but the 
air chamber pressure Ho.5 and Mi, ete., are reduced by the amount 
of friction loss at the corresponding pipe velocity to obtain points 
Ao. and A;, respectively. The curve of resistance for the flow 
vessel-to-pipe —h, and for the flow pipe-to-vessel + h,’, including 
friction and velocity head, should be known or assumed. Note 
that for a negative flow the throttle resistance + h,’ is added 
to the calculated pressure in the air chamber, as pressure at A is 
higher than at A’ by this amount. 

A “through type” of the air chamber was found more effective 
than the single-inlet air chambers attached to a branch in the 
pump discharge pipe (16). In these the pump discharge entered 
on one side of the vessel with the outlet on the other side or 
bottom of the vessel. Hydraulically this scheme is equivalent 
to an orifice inserted into the pump discharge pipe between the 

pump and the air chamber. While reducing the pressure rise at 
the pump, both affect adversely the efficiency of the system 
during its normal operation. 

Air Chamber and Flywheel Effect. If a pump has an appre- 
ciable flywheel effect the system characteristics for the point A 
during the pump deceleration time are determined both by the 
pump head capacity curve and the air chamber. In Fig. 22 
the pump head capacity curves are drawn for the times yu, 2u, 
etc., and marked Ra, Raz, etc. Point A’ determines the pump 
head H, and capacity (pipe velocity at the pump V;). The pipe 
velocity at point A between the air chamber and point C, is 
greater by the amount AV, furnished by the air chamber as a 
result of the pressure drop from Hy, to H;, computed from 
AV, A = — where = o/H;. Thus point A,’ repre- 
sents the conditions between the pump and air chamber, and A, 
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those for a point A on the other side of the air chamber, Fig. 20 
(a). The diagram is continued from the point A, to locate the 
C,.; and A’; points. The point A: is obtained by adding AV, to 
the pipe velocity V2 from AV2A = wv, — v4; v: to be calculated 
by ». = v,H,/H,. After the pump rotor comes to rest the con- 
struction of the diagram proceeds in the,same manner as in Fig. 
20. 

Air Pockets. If the volume of the air is not sufficient to ac- 
commodate the whole volume of the expanding water column, a 
dangerous pressure rise may occur under certain conditions (17). 
Small air pockets, or traps in the pipe line or valves, may cause 
surprisingly great surges in the same manner. One major acci- 
dent in a European low-head plant is attributed to this cause (18). 
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Fic. 22 Arr CHAMBER AND FLYWHEEL EFFECT 
Evidently, for a small volume of air to store the whole kinetic 
energy of the flow, its pressure should be very high. In other 
words, a small air volume causes a reversal of the flow which is 
almost immediately stopped, producing sudden pressure rise, — 


EXAMPLES OF WATER-HAMMER DAMAGE 


Starting and Stopping Pumps. Water hammer — ai cen- 
trifugal pumps themselves can take place in the process of stop- 
ping and starting them. Vertical turbine pumps with open im- 
pellers running in close vertical clearances with the casing seat 
furnish examples of damage to a pump by water hammer. In 
one case, a vertical pump of this type was used to circulate hot 
molten salt in an oil-refinery process. When started with the 
discharge valve closed and the discharge pipe (20 in.) air or 
steam-filled, a violent shock was produced-which resulted in a 
bent 4-in. pump shaft. The difficulty was eliminated by start- 
ing the pump with the valve partly open and shaft rotating in the 
reverse direction. Stopping of vertical turbine open-impeller 
pumps used for deep-well service is always followed by pressure 
surges which cause the impellers to hammer against their seats 
while revolving backward. It is impossible to maintain close 
running clearances between the impeller and the casing under 
these conditions. Introduction of nonreversing clutches in con- 
nection with hollow-shaft motors eliminated impeller grinding but 
not the surges and vibration. 

Stopping of pumps with the discharge valve open (automatic 
or due to power failure) may produce objectionable water hammer 
which may damage the check valve, loosen the bell-and-spigot 
lead joints, cause stuffing-box troubles or endanger other equip- 
ment connected to the discharge system. Sometimes noise and 
vibration alone, due to check slamming, may be objectionable. 
It is common belief that water hammer is accompanied invariably 
by a clearly audible blow. Severe surges have been observed 
when a high pressure rise was built up after the valve had closed 
quietly (22). 

Water Hammer Originated by the System. In certain types of 
systems such as hydraulic descaling systems on strip mills, 
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hydraulic presses, refinery loading stations, and boiler-feed in- 
stallations, the delivery from centrifugal pumps may be shut off 
suddenly while the pump is running. Destructive water hammer 
will result if no precautionary measures are provided by the in- 
stallation. In the case of descaling and hydraulic-press systems, 
pneumatic accumulators serve as protective air chambers. With 
long suction lines, air chambers are also used on the suction to 
prevent breaking the water column at the pump suction. A by- 
pass from the discharge pipe to suction (or atmosphere), while 
protecting the pump from overheating at zero discharge, also 
alleviates the hydraulic shock. Open-impeller pumps, of the 
vertical-turbine type, enclosed in a suction barrel, when used 
for petroleum-products loading service, are particularly vulnera- 
ble to hydraulic shock. In several instances pump shafts were 
bent (by compression) and the pump-discharge piping (cast-iron 
increaser) was ruptured as a result of sudden closure of the dis- 
charge valve. Instances in which volute pumps with closed im- 
pellers developed cracked casings when used on loading service 
are numerous. A sudden rupture of the discharge pipe pro- 
duces the same effect as a sudden valve opening, resulting in a 
high pressure rise as discussed already. In one instance a pipe 
rupture on an oil pipe line caused pipe “explosions” in several 
other places, possibly due to a liquid-column break and subse- 
quent water hammer at points where the subnormal pressures 
fall considerably below the vapor pressure. 

Means to Reduce Water Hammer. The pressure rise can be 
reduced only by reduction of the rate of velocity destruction in the 
pipe. This can be accomplished by one or several of the following 
means: 

1 Designing pipe systems with low original velocities. 

2 Positively controlled valves combining functions of both 
a check and gate valve. The slower the closing rate, the less is 
the resulting pressure rise. Loss of water and reverse rotation 
of pumps is seldom objectionable. 

3 Use of special check valves such as ‘“‘balanced,”’ and 
‘floaded,” or a by-pass around a check valve which can be closed 
slowly (manually or automatically) after the check valve is closed. 

4 Use of air chambers, accumulators, or surge tanks. The 
latter are the most expensive and hardly ever justified under 
ordinary circumstances. One installation of this type was built 
by the United States Government at Granby, Colo. (23). 

5 Relief valves are widely used for protection of various types 
of hydraulic equipment. When provided with a positive control 
these are known as surge suppressors. 

6 When water column parting is unavoidable in a pipe line, 
vacuum breakers are installed to admit air which cushions the 
shock when the two parts of the water column join together. 
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CONCLUSION 


The graphical solutions ef water-hammer problems are just as 
accurate as the analytical solutions. There are numerous ¢x- 
perimental proofs of the soundness of the basic water-hammer 
theory. The irregular shape of pressure-rise curves plotted from 
theoretical calculations were reproduced with surprising accuracy 
by accurate recording instruments. The accuracy of solutions 
depends entirely upon the accuracy of the information about 
the rate of flow during the valve-closure time. In centrifugal- 
pump applications it is not often that the rate of flow for differ- 
ent valve positions is known. A motorized gate valve with 4 
uniform stem travel does most of the throttling in the last quarter 
of travel. Follower-ring-type valves produce a more uniform 
retardation of flow. With special ‘(ported follower ring” valves, 
any desired rate of flow retardation (including uniform) can be 
obtained, but their use is very limited(4). Thus for an accurate 
solution of water-hammer problems (graphical or analytical), it 
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is necessary first to visualize the sequence of events clearly, and 
then to establish the end conditions accurately, including the 
rate of pipe-flow retardation. The drawing of the diagram then 
becomes a simple mechanical procedure. 
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Discussion 
R. W. 
engineers have long appreciated the importance of water hammer 
and have provided against its effects, but in the case of pumping 
plants and their pipe lines, the subject has only recently received 
much attention. If treated from the purely mathematical angle, 
- calculations of pressure rise, due to gate closure or other cause, 
are long and tedious, but graphical methods have been devised 
which greatly simplify the calculations, and the method described 
in this paper is probably the best in use because the results are 
easily worked out, on the drafting board. Unfortunately, the 
author has tried to cover too much ground in the space occupied, 
and his explanations are hard to follow by anyone not familiar 
With the method. The writer suggests a reference to his own 
paper mentioned with incomplete title in the author’s reference 
(4). 
In the writer’s paper, published in 1937, he has given in an 
extended form a complete treatment covering both the rigid and 
the elastic water-column theories as applied to single lines of 


Ceo Emeritus, Mechanical Engineering, University of 
Toronto, Teronto,Can. Fellow ASME. 
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pipe, but having sections of varying diameters, the method used 
being illustrated with many examples, a number of which are the 
same as the present author’s. The author’s reference (6) is to 
the writer’s paper dealing with branched and compound pipes, 
and the two papers together cover the field of application of the 
method of treatment described by the author. 

Since the mechanism of the events due to sudden changes of 
velocity is complicated, it is only to be expected that the funda- 
mental ideas are hard to grasp. However, if one first spends 
the necessary time and effort to master the physical ideas in- 
volved, and gets a clear picture of what goes on in the pipe, then 
there is no great difficulty with the mathematics, because only 
an elementary knowledge of the calculus is required, and the re- 
sulting equations are very simple and easily applied. The author 
suggests that these be derived by Bergeron’s method, which ap- 
parently avoids the mathematical approach, but with other com- 
plications; the reader must decide for himself which method ap- 
peals to him, but the writer, though not an expert in mathe- 
matics, finds its application most satisfactory in this case. 

Under the subsection “Pipe of Variable Diameter,” the author 
refers to single pipes of varying diameter and his Equations 
[5] and [6] are in general use, though no proof of them has ever 
been given, to the writer’s knowledge. In most cases it is not 
necessary to reduce the actual pipe to an equivalent uniform 
pipe because the actual case usually can be easily dealt with by 
the graphical method given here. However, in the case, for 
example, where the pipe consists of alternate lengths of, say, 
16-in. and 18-in. pipe, it is desirable to deal with an equivalent 
uniform pipe of dimensions found by the author’s formulas. 

Velocity head is always difficult to deal with, but fortunately 
it is usually relatively small compared with the total head so that 
it may usually be neglected. Of course where a pipe bursts, all 


the head in the issuing fluid is in the form of velocity head and it — 


must be reckoned with, but there is not space enough to deal with 
it here. Friction loss comes under a different category; in many 
pumping lines, as in most water-supply piping, the design is such 
as to keep the friction loss to a relatively small part of the total 
head, but there are many other cases such as in low-head pump- 
ing, where the friction loss far exceeds the static head and where 
the effect of friction must be considered. A well-known ex- 
ample of the latter is the long oil line where the pipe is nearly 
horizontal and where the pump pressure, often as high as 500 to 
1000 psi, is entirely taken up in friction. 

The graphical method given in the paper provides no exact 
method of dealing with friction, and the adopted method is to 
assume this loss concentrated at definite places on the pipe. 
For example, in a line 5000 ft long with a friction loss of 50 ft, it 
might be assumed that 10-ft loss, due to some kind of obstruction, 
was concentrated at the end (entry or discharge) of each 1000-ft 
length, and that no loss occurred between these obstructions. 
Such an assumption enables friction to be dealt with by the 
graphical method, and, obviously, by dividing the total loss up 
into enough parts, the assumed pipe may be made to approach 
the actual one as closely as desired. In the cases the author 
illustrates, the friction loss appears to be relatively small, in 
which instance no great error is likely to result where the total 
loss is all concentrated at the entry end of the pipe or at its exit, 
but such concentration gives poor results where the friction loss 
is relatively high. 

The author’s illustration in Fig. 19 is of a case which cannot 
be dealt with accurately by this or any other method because of 
our lack of knowledge of what happens in the vacuous space. 
Should there be any danger of the discharge valve closing sud- 
denly while the pump is operating, provision should be made 
to admit air or water on the discharge side of the valve. The 


graphical solution is then readily applied. 
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Long suction pipes are by no means uncommon, those in the 
oil lines being often over 50 miles long. The writer examined a 
waterworks case with a mile of suction line. Unless the suction 
line is very short it should always be taken into account. 


O. G. GotpMaN.’ There are two basic errors in the develop- 
ment of the theory of water hammer: 


(a) In the development and interpretation of the Joukowsky 


The author states: ‘This equation follows from the applica- 
tion of the second Newton’s law, which states that the force (in- 
crease in the pressure at the valve) is equal to the time rate of 
change of momentum of the moving mass..... ” This funda- 
=< mental equation is then given as 


A 
t 
- where X = length of pipe line. 
™ Note that the foregoing equation consists of two parts, namely 


Ayz 


* Now, in order to get Joukowsky’s equation, the “error” oc- 


curs: “Here z/t is the rate at which the pressure wave travels 
along the pipe line, and this is equal to the velocity of sound in the 
water within the pipe... .’ 

The value of t in the foregoing equation is a function of V» and 
determines the value of the ‘“‘rate of change of momentum,”’ or 
the “acceleration” of the mass, and hence Vo/t must be treated 
as “‘one term.” 


h is Vo 4 
In other words, Joukowsky’s equation is a “unit” equation and 
not a “‘general” one. 


given the author’s Equation [3], as follows abe! 


* Assistant Superintendent, San Francisco Water Department, 
San Francisco, Calif. Mem. ASME. 
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One of the fundamental equations from which this equation was 
derived is given in ‘‘Hydraulics”’ 
is as follows 


where L = length of column or pipe line. 

tion for determining the value of k is 


Under the section entitled, “Velocity of Pressure Wave,” 
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by Schoder and Dawson, and 


~ A(AL) — 2er(Ar)(L — AL) 


Now the basic equa- 


equation. 
(b) In the development of the equation for the velocity of the k =p eal 
In this paper is given Joukowsky’s law (author’s Equation [1]), 


Equation [15] is a general equation and applies to any and 
all materials. For predetermined conditions, namely, constant 
temperatures and pressures, k is a constant. Now note that the 
numerator of Equation [14] is identical to the numerator of 
Equation [15]; also that the first term of the denominator 
of Equation [14] is identical to that of Equation [15] but in Equa- 
tion [14], the denominator also contains a minus term, namely, 
—2zxr(Ar)(L — AL), which is not in Equation [15]. Only when 
the term —2zr(Ar)(L — AL) is equal to zero do Equations [14] 
and [15] become identical. This means that for any value of 
(Ar) greater than zero, the value of k increases and is not a con- 
stant. As (Ar) increases in value, the value of the denominator 
decreases. Hence when 2zr(Ar)(L — AL) is equal to A(AL) 
then k becomes infinite in value, and when 2xr(Ar)(L — AL) is 
greater than A(AL),then k becomes indeterminate. 

With the development of the fundamental equations in error, 
the validity of the conclusions reached therefrom must be ques- 
tioned. 

Another point at issue is the following statement: ‘When the 
wave front reaches the open end of the pipe C, the whole pipe is 
completely filled with water at rest under an additional pressure 
head Amax uniform along the whole pipe length.” 

The writer’s Equation [12] can be expressed as follows 


where L = length of column in pipe line. 

Now L is the length of the pipe line ‘‘measured from the open 
end” (in the case of a simple pipe line) ‘‘to the point of creation of 
the surge.” Hence the magnitude of the surge pressure is di- 
rectly proportional as the distance the point of observation is 
measured from the open end of the pipe line to the total length of 
the pipe line. 

Let x be any point of surge-pressure observation along the pipe 
line, the distance being measured from the open end. of the 


pipe line. Hence when 
z=L, h = maximum peta 
z=0, h = zero 


Again, under the section, ‘Pipe of Variable Diameter,” the 
author states: “In the case of a compound pipe consisting of 
several sections of different diameters, an equivalent velocity is 
used for calculation of the maximum pressure rise with Equation 

Referring again to the writer’s Equation [12], it should be 
noted that it is the “change in velocity’ which produces the 
surge pressure. Therefore whatever change in the velocity 
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occurs, in the particular pipe section under observation, will de- 
termine the surge pressure. An “equivalent velocity’? may give 
a greater or lesser value than the actual. 


G. D. Jounson.* This paper is virtually a ‘‘symposium” on 
water hammer in centrifugal-pump systems. It summarizes 
most of the available information on this increasingly important 
subject and illustrates the application of the graphical method to 
a wide variety of pumping problems. 

However, there is one notable omission, namely, no specific 
mention was made of the automatically operated, rotating, conical- 
plug-type valve which is now almost universally accepted as the 
most nearly ideal pump discharge valve. This popularity is 
due to negligible head loss when fully open for pumping and a 
discharge cutoff versus servomotor stroke characteristic that 
inherently minimizes water-hammer effects. Similar hydraulic 
characteristics are also found in follower-ring gate valves, as men- 
tioned by the author, but superior mechanical features of the 
conical-plug valve have led to its widespread acceptance for 
modern centrifugal-pump installations. The characteristics of 
this type of valve have already been fully explained in the tech- 
nical press.7?** The graphical treatment applies to any system 
regardless of the type (or types) of valves employed, provided 
that a proper analysis is made of the various factors involved. 

It should be noted, as pointed out by Angus,'® that the char- 
acteristic curve of discharge versus servomotor stroke for any 
particular valve (of any type) will be modified by the system in 
which it is installed, unless pipe friction be negligible. Although 
friction frequently can be ignored in the calculation of water 
hammer in hydraulic-turbine penstocks, it usually constitutes a 
sufficiently large percentage of any total pump-discharge head 
to necessitate its consideration in calculations for pumping mains. 
The author illustrates two methods of taking friction into ac- 
count graphically, both of which yield similar results when 
properly interpreted. 

The use of positively controlled pump discharge valves, such 
as the conical-plug or follower-ring types, instead of swing-type 
check valves, is illustrated and recommended by the author, be- 
cause the maximum pressure rise resulting from emergency 
closure after failure of the power supply to a pump motor can be 
limited to any desired value by permitting a reasonable loss of 
water and a short period of reverse pump rotation. Closure of 
& swing-type check Valve just as the water column comes to rest 
prevents flow reversal, but not pressure rise, which can almost 
equal the pumping head if the friction head is small and the 
“correct” relationships exist among the system characteristics. 

If it is desired to prevent reverse pump rotation, automatic 
fast closure of the pump discharge valve and opening of an ade- 
quate relief valve, which subsequently closes slowly, also serves 
to limit the maximum pressure rise as desired. As discussed by 
Peabody,’ normal operation, with the conical-plug valve auto- 
matically opening slowly after the pump is up to speed and with 
the pump motor being shut off by the valve after it has closed 
slowly, can be effected with negligible pressure disturbances. 
Moreover, as mentioned by the author, a positively controlled 
valve is not only “a superior check valve but also serves as a 
stop valve, thereby replacing both the swing-check and the gate 
valve of earlier installations. 


‘Hydraulic Engineer, S. Morgan Smith Company, York, Pa. 
Mem. ASME. 

7™“Pump Discharge Vaives on the Colorado River Aqueduct,” 
by R. M. Peabody, Trans. ASME, vol. 62, 1940, p. 555. 

*“Typical Analysis of Water Hammer in a Pumping Plant of the 
Colorado River Aqueduct,” by R. M. Peabody, Trans. ASME, vol. 


61, 1939, p. 


*“Action of Valves in Pipes,” by R. W. Angus, The Canadian 
Engineer, vol. 74, March 29, 1938, pp. 28, 30 and 32. 
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Another important recommendation by the author is to pro- 
vide for automatic admission of air at any point in a system where 
the water column may part, thereby increasing the parting time 
and cushioning the shock when the portions of the column re- 
join. 


JoHN PaRMAKIAN.'® The following discussion applies to only 
a part of the paper, namely, that pertaining to the water-hammer 
effects in motor-driven centrifugal-pump discharge lines upon a 
power failure at the pump motors. 

In attempting to present to pump designers the water-hammer 
theory for pump discharge lines in its ‘simplest terms,” the 
author bases his graphical water-hammer solutions on certain 
simplifying assumptions which are improper for most pumping- 
plant installations. As a result, the correct physical phenomena 
associated with the transient hydraulic conditions in pump dis- 
charge lines following power failure are completely obscured. 
For example, in the graphical solution of the water-hammer con- 
ditions following a power failure to the pump motor at a pump- 
ing-plant installation with no check valve, the author states: 
“In the event of power failure assume that the pump will slow 
down, stop, and reverse in less than one (round-trip wave travel) 
interval of time u. The pump will then operate as a hydraulic 
turbine under a head Hg at runaway speed.”!! Comparable 
assumptions are also made in the graphical water-hammer solu- 
tions for a pump discharge line with various types of valves or 
pressure-control devices. 

Judging from the water-hammer analyses and available test 
results which have come to the writer’s attention, for over 50 
pumping plants with pump motors ranging from 10 hp to 65,000 
hp, these assumptions cannot be justified at a single pumping 
plant. A careful study of recent papers on this subject? will indi- 
cate that a correct explanation of the physical phenomena and 
the graphical water-hammer analysis of pump discharge lines of 
any size or capacity can be obtained from the following considera- 
tions: 


When the power supply to the motor is suddenly cut off, the 
only energy that is left to drive the pump in the forward direc- 
tion is the kinetic energy of the rotating elements of the motor 
and pump, and that obtainable from the flow of water through 
the pump casing. Since this kinetic energy is usually small com- 
pared to the pumping energy that is required to maintain the 
flow against the discharge head, the reduction in the pump speed 
is rapid. As the pump speed reduces, the pump discharge and 
the velocity of water in the discharge line also will be reduced. 
As a result of the decrease in the water velocity, water-hammer 
waves of subnormal pressure will originate in the pipe line adja- 
cent to the pump and will move up the discharge line. These 
subnormal pressure waves are then reflected at the discharge end 
of the pipe line, causing waves of superpressure to form which 
will move down the pipe line toward the pump. When these 
waves of superpressure reach the pump, they will cause an in- 
crease in the pumping head which exists at the pump and further 
reduce the pump discharge. Soon the speed of the pump is re- 
duced to a point where no water can be delivered against the exist- 
ing head. If a control valve is not present on the discharge side 


10 Engineer, Bureau of Reclamation, Denver, Colo. 

1! This assumption was suggested by Dr. O. Schnyder in 1933, who 
stated at that time that a thorough analytical study of water hammer 
in pump discharge lines had not yet been accomplished. See dis- 
cussion No. 12, by Dr. O. Schnyder, ‘Supplement to the Report of 
the ASME Committee on Water Hammer,” 1933. 

12 For example see, ‘‘Comparison Between Calculated and Test 
Results on Water Hammer in Pumping Plants,’’ by O. Schnyder, 
Trans. ASME, vol. 59, 1937, or “‘Typical Analysis of Water Hammer 
in a Pumping Plant at the Colorado River Aqueduct,”’ by R. M. 
Peabody, Trans. ASME, vol. 61, 1939. 
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STEPANOFF 
of the pump to prevent reverse flow, reverse flow through the 
pump and the discharge line will soon start although the pump is 
still rotating in the forward direction. This abnormal pump 
operation is usually referred to as “the zone of energy dissipation.” 
The speed of the pump will now drop more rapidly, and soon will 
pass through zero speed. A short time later the pump, acting 
as a turbine under no load, except for the inertia of the rotating 
parts, windage, etc., will reach a runaway speed with the pump 
running in the reverse direction. On most pumps the maximum 
reverse flow which can pass through the pump impeller is at- 
tained when the pump woe is nearly stationary or has reached 
a small reverse speed. As the pump increases its reverse 
however, and aperendhes s the runaway reverse speed, the reverse 
flow which can pass through the pump is reduced. This reduc- 
tion in reverse flow contributes principally to an increase in pres- 
sure or water hammer at the pump and along the discharge line. 
It can be seen from the foregoing description that, after power 
failure at the pump motor, the flow of water and the correspond- 
ing water-hammer effects in‘the discharge line are determined by 
the flow characteristics of the pump impeller and by the inertia 
of the rotating elements of the pump, motor, and entrained water. 
In order to make a correct water-hammer analysis of the transient 
conditions following a power failure at the pump motor, it is 
necessary to derive a pump-inertia relation which can be used to 


rse speed, 


determine the pump speed at successive time intervals after power 
failure. This relation is as follows!® 


18 The significance of each of the terms in this relation is indicated 
in the accompanying illustrations, Figs. 23-28, inclusive. 
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where 


a, — az = A(Bi + At... 


91,000Q@H, 

Furthermore, the graphical water-hammer solution is then per- 
formed on a set of characteristic pump-speed and torque curves 
which are plotted on a system of h, and v co-ordinates. Such aset 
of curves for a single-volute pump for the zone of normal pump 
operation, the zone of energy dissipation, and the zone of tur- 
bine operation is shown in Figs. 23 and 24 on page 530. 

The complete graphical water-hammer solution for an actual 
pumping-plant installation without a check valve, following a 
power failure at the pump motors, can then be performed on these 
charts, as shown in Fig. 25, using the conjugate water-hammer 
equations with the pump-inertia relation. It may be noted that 
for this particular installation, the maximum reverse speed for a 
simultaneous power failure at all pump motors is attained at 
about (19L) /(2a) see after power failure. The water-hammer solu- 
tion is considered to be valid as long as the minimum pressure at 
any point in the pipe line does not fall below absolute zero. This 
minimum pressure condition can be examined by plotting the 
minimum values of the transient pressures which were obtained 
from the graphical water-hammer solution on the actual profile 
of the pipe as shown in Fig. 26. 

This pumping-plant installation is equipped with standard 
motors with no added flywheel effect. The WR? of the pump 
motor as actually furnished was 350 lb-ft? and the WR? of each 


~ 


wR? of fotating ports =364 9 pound 
feet? for each pump and motor 


0 = 2820 feet per second 
Yo: $81 feet per second (for 3 pumps) 
Qo: 33 7cubic feet per second (for 3punps) Pump speed-1760 PM 


A=:5 squar feet Pump ef ficiency = 64.7 per cent 
Hp: 220 feet 
Pump motor rating 400 horsepower 397 seconds 

for each pump motor 
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pump, including the coupling and entrained water was 34.9 
lb-ft?. In analyzing the water-hammer effects for a pumping 
plant which has a very small value!‘ of K, water-column separa- 
tion will generally be found to occur at the pump or at some point 
in the discharge line. Ordinarily this will result in very large 
water-hammer effects upon the rejoining of the water columns. 
Such a condition could occur, for example, at the installation shown 
in Fig. 25, upon the failure of the pump-shaft coupling with the 
flywheel effect of the motor removed. 

The graphical method of water-hammer analysis which has 
been described may be extended to solve a large variety of pump 
problems with various types of pressure-control devices. For 


14 Note that it is the value of K and not the value of the WR? alone 
which determines the speed changes of the pump impeller for any 
time interval. 
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example, in Fig. 27 the graphical water-hammer solution is 
shown for the same installation with a check valve.'* Similarly, 
in Fig. 28 part of the graphical water-hammer solution is shown 
for the same installation with a long suction line. 


KE. B. Strowcer.'* The author has made a worth-while con- 
tribution to the present engineering literature on water hammer 
In connection with his introduction, it may be interesting to point 
out that the first development of a simple graphical method of 
determining water hammer was made by Professor Wood of 
McGill University in July, 1926. This contribution was pub- 
lished as a discussion of a paper by S. L. Kerr and the writer.” 
Wood’s method is based upon the Gibson formal equations fo 
water hammer which have been shown to agree with the Alliev! 
equations.'* While the basis of the graphical method was firs! 


16 In this solution, the check valve is assumed to close instantly 
upon the reversal of flow. The actual closing time of the check valve 
and the corresponding water-hammer effects require an additiona 
study and further refinement in the calculations. 

4% Hydraulic Engineer, Buffalo Niagara Electric Corporation, 
Buffalo, N.Y. Mem. ASME. 

17 ‘Speed Changes of Hydraulic Turbines for Sudden Changes 
of Load,” by E. B. Strowger and 8. L. Kerr, Trans. ASME, vol. 48, 
1926, pp. 209-232; discussion by Prof. F. M. Wood, pp. 243-252. 

18 See discussion by E. B. Strowger, of paper by Angus entitled, 
“Simple Graphical Solutions for Pressure Rise in Pipes and Pump 
Discharge Lines,” The Engineering Journal, May, 1945, p. 266. Se 
also op. cit, discussion by F. Knapp, p. 267. 
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developed by Professor Wood, he did not recognize the full im- 
portance and extension of his method. This was done quite 
independently by Schnyder and Bergeron in Europe, and later by 
Angus in Canada. 

The author refers to trouble which has been experienced with 
boiler feed pumps where they have had unstable characteristics 
and where a mass oscillation of the water column produced pres- 
sure surges in discharge lines. He also cites examples of water- 
hammer damage and gives some helpful suggestions on how to 
reduce water hammer 

Distinction should be made between the mass oscillation of a 
column and the oscillation accompanying water hammer, i.e., 
a vibration of period 2L./a. On two boiler feed pumps with 
which the writer is familiar, a water-hammer vibration in com- 
bination with an unstable quantity-head curve caused a severe 
vibration which was eliminated by changing the pump impeller 
to obtain a steeper head curve at low pump velocities. In this 
case the system resistance curve was relatively flat, the spe- 
cific speed of the pumps was high, and the head-quantity 
curve was flat at low velocity. In fact, there was some evi- 
dence that it reversed direction. This characteristic is not a 
stable one, when operating under varying pressures at or near 
the point where the head-flow curve reverses direction, espe- 
cially when the pressure rises and falls periodically due to a 
recurring water-hammer wave. This wave repeats itself in 
phase with a change in flow through the pump as the latter op- 
erates at varying points along the head-flow characteristic and 
may assume large pressure amplitudes. 

Slow-motion moving pictures taken of pressure gages on the 
pump-discharge line showed square-topped waves which indi- 
cated that the vibration was water hammer and not a mass os- 
cillation. Also, the vibration was eliminated when the discharge 
valve was closed and a recirculating line was opened, thus elimi- 
nating the long discharge line. The water-hammer period of the 
pump-discharge lines (2L/a) was '/2 sec, corresponding to 
a frequency of 2 per sec, and the pump vibration had this same 
frequency. The natural period (mass vibration) of the system, 
however, had a frequency of 8 per sec. Accordingly, the phe- 
nomenon involved a water-hammer vibration and not a mass 
oscillation of the water column. 

The following changes in the pump or system were considered 
in order to eliminate or reduce the vibrations which occurred at 
low values of pump discharge: 


1 Increase the number of stages in the pump, thereby increas- 
ing the specific speed and making the H-Q curve steeper. 

2 Put in a large amount of friction, concentrating it at one 
point to dampen out the water-hammer wave. 

3 Shorten the discharge lines to reduce the 2L./a value of surge 
interval and thereby eliminate resonance. 

4 Put a surge chamber in the discharge line to eliminate the 
water-hammer waves. 

5 Change the pump characteristics so that the H-Q curve 
is steep, i.e., replace impellers and diffusers of four stages. 


Suggestion 1 meant a new pump, and this solution was not eco- 
nomical. Adoption of alternative 2 would have interfered seri- 
ously with the operation of the boiler-feed-pump controls and 
therefore was impractical. No. 3 was not possible on account of 
the plant layout. No. 4 was not workable because if air was used 
as the medium it would be dissolved quickly by the deaerated 
water, and consequently, 5 was the only practical approach to 
the problem. The solution to this problem was indicated from 
a study of the water-hammer characteristics of the system. 


AvuTHOR’s CLOSURE 


Before commenting on some of the objections raised by several 
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diseussers, the author would like to restate that the objective of 
the paper is to present a brief introduction to the subject of 
water-hammer theory, based on best authentic information, and 
the graphical method of solution in its simplest terms. Solutions 
of actual problems were not contemplated; on the contrary, 
attention was concentrated on the method itself, i.e., to establish 
the end conditions and draw the surge lines. 

A number of topics, such as divided flow, compound conduits, 
distribution of losses among several points, etc., brought up by 
Professor Angus, were not included in the paper to conserve 
space, and for the reason that it is not often that a pump engineer 
would have use for these. On the other hand, after the funda- 
mentals and the method are grasped by the reader, a further study 
of Professor Angus’ papers can be followed without difficulty. 

Professor Angus inquired about the validity of Equations [5] 
and [6] of the paper. The first one is obtained by equating the 
total kinetic energy of the flow of the several pipes, comprising 
a compound conduit, to that of one pipe with an equivalent sec- 
tion area A and carrying water with the equivalent velocity V 

2 2 

where A, Ai, Aa, are the pipe sectional areas for pipes L, I, 
Iz, ete. respectively; y is the specific weight of water. But 


AV =A, Vi = A: V2 = rate of flow......... [19} 


By combining Equations [18] and [19] herewith, Equation [5] 
of the paper is obtained. 

Equation [6] expresses that the total time to travel the com- 
bined pipe length of pipe Z with an effective velocity of sound 
a is equal to the sum of times to travel pipe length Z; with a 
volocity ai, pipe length Zz with a velocity a2, etc. Thus both 
Equations [5] and [6] are well grounded and have been found 
to give satisfactory results within the limits indicated in the 
paper. 

The author is in agreement with Mr. Johnson in regard to the 
suitability of the revolving plug-type valve to control the rate of 
flow during the valve closure. However, in smaller sizes, these 
valves do not possess such refinements as streamlined plug open- 
ing, and incur losses greater than the common gate valves. In 
one large pipe line the plug-type valves are being replaced to re- 
duce the hydraulic losses through the valves. 

Mr. Parmakian’s several examples of graphical solution of 
water-hammer problems, following power failure in an installa- 
tion without a check valve at the pump, correspond to the 
author’s case represented in Fig. 15 of the paper (apparently 
overlooked by Mr. Parmakian). A more simplified case of the 
same problem, based on an assumption that the pump will slow 
down, stop, and reverse in less than one interval of time, is dealt 
with in Fig. 11. There is nothing “improper” about making 
such an assumption to facilitate the presentation of the method 
itself. In practice any pump with sufficient discharge pipe length 
will stop and reverse in a less than one interval of time. Dia- 
grams supplied by Mr. Parmakian (Figs. 25, 27, and 28) could be 
drawn without resorting to the “conjugate equations” and would 
look exactly the same. ~All three diagrams are drawn on dimen- 
sionless scales (ratios) introduced by Allievi in his analytical 
solution, which is an unnecessary complication for the graphi- 
cal solution as pointed out by Bergeron in his discussion of refer- 
ence (4) of the paper. Equation [17], used by Mr. Parmakian, is 
derived directly from the author’s fundamental relationship as 
given in Equation [9a]. The contribution of the two charts 
of centrifugal-pump characteristics, extending beyond the normal 
range, is very welcome, as such data are still very scarce. 

Mr. Strowger reports an interesting case of the effects of water 
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aia on the behavior of boiler feed pumps with an unstable 


head-capacity characteristic. The author has suspected super- 
imposition of water-hammer pressure waves on the pressure 
fluctuations induced by the pump but has had no opportunity to 
investigate it. 

The author feels that he failed to impress upon Mr. Goldman 
the importance of a complete understanding of the events in a 
conduit in the case of a sudden and gradual valve closure. With- 
out a clear visualization of the mechanism of pressure rise, pres- 
sure-wave propagation and reflection, it is possible to misinterpret 
the simple relationships and formulas for water hammer estab- 
lished a long time ago. The author went to much more detail 
on this matter than any of the previous authors. 

Perhaps the author misled Mr. Goldman by arranging the 
terms of the equation reproduced by Mr. Goldman in Equation 
[11] the way it appeared in the preprints and later changed to 


F xX Vo 


Il 
x 


Although, dimensionally, Equation [11] may be read (mass) X 
(acceleration), no such meaning was attached to it, the whole 
expression representing the “rate of change of momentum,” a 
term having a quite definite meaning and physical quantity dif- 
ferent from (mass) X (acceleration). True, in the mechanics of 
solid bodies the difference may be overlooked as mass is always 
constant, and change in momentum can be realized only by 
velocity change, or acceleration. Not so when a force is applied 
to a compressible body, like a water column in a pipe. There is 
no mechanism by which velocity changes can be impressed on 
the whole mass (or mass center) of a compressible body. In the 
case of a sudden valve closure, a constant rate of velocity change 
(from Vo to QO) is steadily extended to an increasing mass along 
the pipe at the velocity of sound. 

To arrange the terms of Equation [11] to read (mass) X 
(acceleration ) leads to algebraic difficulties in the case of a sudden 
valve closure. Thus when t = O, Vo/t becomes infinite, and 
mass becomes zero, and the right-hand side of the equation takes 
an indeterminate form O X ~. Considering the same expression 
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as a rate of aici of momentum, it is finite and din fact is con- 
stant. 

The difference in application and interpretation of mechanics 
laws of solid bodies and compressible bodies, is more spectacular 
and instructive in the case presented in Fig. 19 of the paper. 
Here, after the valve is suddenly closed at A the column of water 
in the pipe continues to move against a constant force (H, + 
Hatm ) equal to absolute static pressure available at point (. 
Since this force is constant, one would expect that the deceleration 
should be constant, or velocity should be reduced gradually to 
zero, when all the kinetic energy of the column is converted into 
potential energy of position. Actually, deceleration and accelera- 
tion (velocity change) will occur in jumps AV each interval of 
time, remaining constant during each interval of time, but ex- 
tending gradually to the whole mass of water column from one 
end to the other. 

The author prefers the development of Equation [3] as it ap- 
pears in Moody’s article in the symposium (reference 7 of the 
paper) to that given in Schoder and Dawson’s ‘‘Hydraulies” 
quoted by Mr. Goldman. 

Mr. Goldman’s algebra is difficult to follow due to confusion 
of terms and symbols. Thus he introduces a new term ¢; (time) 
which must be different from author’s time ¢; a little further, 
a term L differently defined twice in two lines that immediately 
follow Equation [16], and different from the author’s notation in 
Fig. 1. Asa result, Mr. Goldman obtained a picture of pressure 
distribution along the pipe different from that shown in Figs. 1 
and 2 for a sudden valve closure, and Figs. 3 and 6 for a gradual 
valve closure. 

Very frequently, in the field of centrifugal-pump application, 
no exact determination of the maximum pressure rise is required. 
Mere recognition of the existence of conditions leading to water 
hammer is sufficient to arrive at a procedure of starting or 
stopping a pump, or manipulating the discharge valve to avoid 
objectionable pressure rise. However, an understanding of 
water-hammer theory is a prerequisite for any consideration 
of water hammer. The author hopes that this paper, together 
with the discussion, will be of help to those not yet initiated in the 
subject. 
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Definition and discussion of recently discovered funda- 
mental gear characteristic called “‘belt-length ratio,’”’ to 
simplify gear design and generation computations, are 
given with necessary measurement procedures, formulas, 
and a graphical calculating chart. The concepts and 


7 methods are proposed as alternatives to use of conventional 

” involute-function tables and formulas. Relationships 
are given in nondimensional (ratio) form so that a mini- 

- mum of data are applicable to all gear sizes. A new stand- 

e) ard for pin measurements of gears and involute splines is 

r, suggested. 

in INTRODUCTION 


HE primary purpose of this paper is to introduce and ex- 
I plain the use of the graphical “belt-length-ratio” chart 


al which is appended, and which is intended to simplify the 
computations necessary for the analysis of involute gears and for 
r design for optimum performance. . 


It is presumed that the procedures and means here to be pre- 
sented may supplant the conventional involute-gear tables and 
= the established computation methods to a great extent. Pri- 
marily they are intended to afford short-cuts in gear calculations 


of without loss of accuracy; and to present a more simple concep- 

= tion of mesh conditions, reducing the need for checking designs 

“a by accurate drawings of the gears themselves. It is recognized 
e 


of course that large-scale drawings should be regarded as the 
most reliable means for checking a gear design and for analyzing 
conditions in a gear mesh whenever practicable. However, cir- 
cumstances are often such that facilities for large-scale graphical 
analyses are not conveniently at hand. 

It is expected that the devices here offered in the form of non- 
dimensional or “ratio” relationships will serve the purpose of 
helping to visualize better the general scope of gear-mesh varia- 
tions. The data are presented in nondimensional form, so that 
complications on account of size are eliminated, and the results 
of the analyses have the most general application. Gear prob- 
lems are attacked by reducing all dimensions to ratio numbers, 
entering them into the charts and formulas. The results then 
come out as pure numbers which are multiplied by the same size 
factors with which the original dimensions were reduced. 

Included are the derivations of procedures for determining such 
individual gear properties as: (1) the characteristic number of 
teeth in contact N,, which a given gear brings into the mesh with 
any other mating gear; (2) a belt-length ratio (gamma ratio) 
which describes tooth thickness, and which in combination with 
the corresponding gamma ratio of any other meshing gear, read- 
ily establishes the close-mesh center distance (or deduces the 
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backlash of the pair on any specified operating centers); and (3) 
a simplified system of pitch-diameter pin measurement for es- 
tablishment and inspection of gear size. ; 

Opportunities for improvement of involute-gear action over 
that usually obtained within the limits of the conventional ‘“‘stand- 
ard’”’ tooth proportions have been more or less generally recog- 
nized, and the benefits of such refinements are now being realized 
to an increasing extent in commercial practice; particularly 
in closely limited designs and those for large production where 
special effort is justified to obtain optimum performance at mini- 
mum cost. This is especially true in the automotive industry. 
Potential benefits available from careful study of gear action are: 
(a) greater carrying capacity for a given center distance; (b) 
smoother action through greater overlap in the mesh; (c) higher 
ratios in coarse pitches with well-designed pinions of small 
tooth numbers; and (d) improvements in efficiency. 

However, when departures are made from the proportions of 
the conventional “uniform circular pitch” systems (which have 
been developed as standards for stock gears and which satis- 
factorily meet the great majority of ordinary simple gearing 
problems), many problems present themselves. The standard 
“stock”’ systems are restricted by the limitation that eack gear 
of the system must mesh with every other gear in the system. 
Such a restriction necessitates sacrifice of performance mostly 
on account of “undercut” in low tooth numbers. 

General gear-design problems are involved usually with the 
questions: (1) what are the significant factors which govern the 
tooth proportions and what is the effect of each on the over-all 
performance of the gear drive; (2) can the gears be cut by con- 
ventional methods and with available tools; (3) is the action free 
of interference and fouling; (4) is there danger of the teeth be- 
coming pointed; (5) what will be the backlash on the required 
center distance; and (6) how can the strengths of the teeth on 
pinion and gear be equalized? 

The answers to these and other questions can come readily 
from a thorough theoretical understanding of the properties of 
the involute, combined with wide experience in the laying-out 
of gear drives which have met a variety of operating and manu- 
facturing conditions. Lacking the experience, a designer may 
equip himself with fundamental knowledge of the principles 
and limitations of the available gear-cutting methods and tools, 
and gain a clear picture of the mechanism of gear action, pri- 
marily involving the geometrical relationships of involute teeth 
with different proportions of thickness, height, and position on 
the involute. Unfortunately, the tediousness and complications 
of ordinary trigonometric and involute-function methods tend 
to discourage the student of gearing from extended analytical 
exploration of involute properties; and the usual lack of readily 
available equipment for easily drawing the involute curves to 
large scale is a great handicap to graphical studies. 


CrossED-BELT ANALOGY AS A CONVENIENT MEANS OF EsTAB- 
LISHING Tootu THICKNESS 


The analogy between the mechanism of involute-gear action 
and that of two pulleys joined by a crossed belt is well known and 
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almost always used in teaching involute-gear theory, and for 
forming the mental picture of the gear mesh. The crossed-belt 
conception has been here analyzed in detail. From it has been 
derived a general tooth-thickness characteristic to be called the 
“gamma ratio,’ and which has shown to be an easy means for 
determining close-mesh center distance of any pair of mating in- 
volute gears (necessarily with the same base circular pitch) which 
will run together. It has also been found that by using the 
gamma ratio it is a simple matter to determine backlash accu- 
rately for any pair of gears on any given centers (usually a trouble- 
some computation when dealing with gears of unequal addenda 
or for modified annular internal-tooth gears), and for determining 
cutting depths in gear generation. 

Fig. 1(a) shows a 10-tooth pinion in a tight mesh with a 30- 
tooth gear, the angular relationship being such that a pinion tooth 
is placed squarely into a space of the gear. In Fig. 1(b) the 
same gears are shown rotated through half a pitch so that a tooth 
of the gear now stands in the center of the mesh centrally in a 
space of the pinion. In Fig. 1 (c) is seen a pair of equivalent 
pulleys having the same diameters as the base circles of the 
gears, placed at the same center distance, and with a crossed+ 
belt stretched tightly between them. It should be obvious that 
the gear and pulley systems are kinematically equivalent to each 


other. The condition of tight mesh, obtained by pressing the 


gears hard against each other, is similar to tightening the belt in 


the pulley system by drawing the pulleys apart. 
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ae on Lo (Demonstrating that each gear brings an invariant main belt length to a tight mesh with any other mating gear.) 
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At (a) may be noted the heavy band L,, wrapped around the 
base circle of the pinion and extended to end at the contacting 
surfaces of that tooth which is in central engagement with the 
mating gear. The heavy band L,, may be regarded as the generat- 
ing line, the ends of which trace the two involutes composing the 
opposite flanks of the pinion tooth. This line L,, is observed to 
consist in that portion of the total ‘‘crossed-belt’’ which the 
pinion brings to the mesh when a tooth is engaged on both 
sides, 

At (6), a similar heavy band or belt L,, is shown terminating 
at the sides of a pinion space, i.e., that space which contains a 
tooth of the mating gear; and in this situation the heavy band 
L,, is seen to be that portion of the total crossed-belt which the 
pinion brings to the mesh when its space is engaged. The 
difference in length between the two different position belt lines 
L, and L,, is clearly equal to one base pitch P», (sometimes 
called “normal circular pitch’). Therefore the portion of 
“belt’’ which any gear brings to a tight mesh fluctuates between 
L, and L,; and in view of the fact that when one of a pair of mesh- 
ing gears contributes its longer length Z,, the other gear in- 
evitably and simultaneously contributes its correspondingly 
sharter L, (and vice versa), we may say that the mean (aver- 
age) length of belt which any gear contributes to a tight mesh is 
equal to 
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L,, = mean (average) operating belt length of gear 

L, = belt length whose ends generate two sides of a gear space 

P, = base pitch (normal circular pitch or distance from tooth 
to tooth along base circle) 


In Fig. 1 (d) the mean belt length is illustrated for the two 
gears (now separated) which were shown in mesh at (a) and (bd). 
The illustration —s "7 each of the mean belt lengths 


ve. Ly 


terminates at the center of a circle or measuring pin which is 
pressed tightly into a space between teeth, and that each of these 
pins has a diameter of one half the base pitch (#/. P,). That this 
arrangement is consistent with Equation [1] should be plain, 
inasmuch as the belt length which generates the two sides of'a 
gear space is augmented at each of its two ends by the radius of 
the pin (which equals '/, P,). 

Henceforth this ‘mean’ (average) operating belt length will 
be referred to as the ‘“‘main’’ belt length, partly because it is an 
important inherent gear property, and primarily because with 
such a belt length (when stretched tightly and with its ends joined 
together), the junction of its two ends falls on the main pitch 
circle (where tooth thickness and gear space are equal). 

Fig. 2 is a supplementary illustration of the relationships 
among the main belt length, the main pitch circle and the 
main measuring pin. It is there shown that the main 
(average) operating belt length, which characterizes a given gear 
and which it invariably brings to a mesh has a length of 


and 


ON. 3/2) Py {2] 
in which 
L, = average or main belt length 
V = number of teeth in gear 


base circular pitch 
= (cutter circular pitch X cosine of cutter pressure angle) 
tooth thickness at base circle 


In Fig. 2(c) are shown two auxiliary involutes (dotted) passing 
through the main pitch point. These represent the traces of 
the ends of the main belt length L,,, as it is unwrapped from 
the base circle. 
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If the pressure angle of these auxiliary involutes is ¢,, at the 
center of the measuring pin having diameter '/, P, (Fig. 2(c)), and 
the terminals of the main belt length are followed in their paths 


along the auxiliary involutes as it is wrapped around the base 
circle, we find that the length of the main belt length 


where 
inv ¢, = angle intercepted between “origin” 
involute z; and the main pitch point 
R, = base-circle radius 


of the auxiliary 


Expressed in nondimensional form as the ratio y,, of main belt 
length to the base-circle circumference 


L L 
where 


N = tooth number and other quantities are as defined in 
Equations [1], [2], and [3]. 
Substituting for L,, in Equation [4] from [3] 


+ 2 inv ¢,,)R, 


Qn R, 
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for any pitch radius at pressure angle . 

As will be shown later, y,, is a significant nondimensional char- 
acteristic of an involute gear, which can be used conveniently to 
establish tooth-thickness effects, the tight-meshing conditions 
with mating gears, and the proper depths for gear cutting. 

In Fig. 1(d) further, we see that the radius of the circle upon 
which the center of the main measuring pin lies is designated 
as R,,, which denotes the main pitch radius. The ratio of this 
radius to the radius of the base circle R,, will be referred to as 


and generally 


K Brn secant @ 


where ¢,, = main pressure angle. 
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Generally, K = R/R, = sec ¢, for any pitch radius. 

In the Appendix is given a graphic chart which shows the re- 
lationships among pressure angle ¢, K = sec ¢, and y = belt 
length ratio for pressure angles of from 0 to 60 deg. An additional 
scale of log K has been added to assist in accurate computations. 
The chart is in graphic form to avoid the necessity for interpola- 
tion. The accuracy of the chart is such as to yield results pre- 
cise to at least one part in ten thousand. It may be used easjly to 
compute many general gear-tooth and mesh characteristics as 
will be shown. 


GEAR-SIZE MEASUREMENT 


The remarkable significance of the position taken by the 
main measuring pin (which has a diameter equal to one half 
the base pitch) is demonstrated in Figs. 3 and 4 which show 
several gears having different tooth thicknesses and different 
numbers of teeth. In each case, it is demonstrated that the 
“main measuring-pin center falls precisely on a pitch circle at 
which the tooth thickness exactly equals the tooth-space width,” 
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(constituting Theorem [7], and this relationship holds for internal 

(annular) gears as well as for external spur gears. The proof of 

this is implied by Earle Buckingham,? and is given in detail by 

Merritt,? although the fagt has not received particular atten- 

tion. 

An equivalent proof may be made by referring to Fig. 2 (c) 
where it is seen that one end of the belt line terminated at the 
center of the main measuring pin has a portion of its length 
intercepted between the auxiliary involute z,, (dotted, passing 
through the roll center) and the adjacent tooth surface z2, toward 
the right. The intercepted belt-length interval is equal to the 
main pin radius, of value one quarter of the base pitch ('/, P,). 

If the gear is rotated clockwise so that the auxiliary involute 
(dotted) coincides with the adjacent tooth surface zz, the neces- 
sary rotation of the gear must be one quarter of a tooth angle, 
since this is the amount of belt taken up by rolling onto the 
base circle. If the gear has turned through one quarter of a 
tooth angle, then the auxiliary involute z:, must have moved 
through one quarter of a circular pitch on the main pitch circle 
to coincide with position zz Therefore the whole gear-space 
width must be twice as great as this (one half a circular pitch on 
this main pitch circle). It is obvious that the tooth thickness 
must also be one half a circular pitch on the main pitch circle 
R,,. Since this proof contains no restrictions on the number of 
teeth or on the proportions of the involute, the Theorem {7} is 
completely general. 

The knowledge that the main measuring roll (1/2 P,), always 
takes its position on that circle, where tooth and space are equal, 
is useful as an inspection device inasmuch as it easily establishes 
the position of the main pitch circle, that diameter on which 
is terminated the main belt length.‘ The designations of 
main pitch diameter and main pressure angle for the pitch circle, 
having equal tooth and space widths, have precedent in their 
use by Vogel.§:67 

Fig. 6 reveals an important relationship between different sizes 
of measuring pins and the positions which they assume with 
2 “Spur Gears,” by Earle Buckingham, McGraw-Hill Book Com- 
pany, Inc., New York, N. Y., 1948, Eq. 53, p. 77. 

3 “Gears,’”’ by H. E. Merritt, Pitman Publishing Company, New 
York, N. Y., 1942, p. 145. 

4 A handicap encountered in the use of this particular main meas- 
uring pin (diam = '/2 P») is that for gears where the main pitch 
circle is to be located on full-depth-addendum teeth, the outer sur- 
face of the roll falls within the tips of the teeth. However, this dis- 
advantage may be overcome by the use of gear-measuring microme- 
ters having partially pointed anvils as shown in Fig. 5. 


5“Involutometry and Trigonometry,” by W. F. Vogel, Michigan 
Tool Company, 1947, p. 260. For footnote 6s and 7 see p. 543. 
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Fig. 6 or THEOREM THAT ANY MEASURING PIN 

CENTERS ON PitcH CrrcLteE WHERE Toots Space Is Same FractTION 
or Toots ANGLE As Pin D1AMeTER Is or Base PitcH 

Pin diameter Space [at pin center] 

Base pitch Tooth angle 


where, tooth angle = 2r/N. ) 


respect to the gear teeth. It may be noted that a measuring pin, 
having a diameter equal to a full base pitch P,, rests with its 
center on the circle where the gear teeth would become pointed if 
sufficiently extended. Also, the center of a pin of diameter equal 
to */, P, stands on a circle on which the space occupies */, tooth 
angle (*/, 8,). By a proof similar to that immediately following 
Theorem [7] it may be established that the pins of the same pro- 
portions will take the same relative positions on any involute 
gear (of corresponding base pitch); and the general theorem may 
be stated: 

‘A measuring pin will take the position such that its center falls 
on a pitch circle where the space angle is the same proportion of 
the tooth angle as the pin diameter is of the base pitch” (Theorem 
(8}). 

Theorem [8] is useful in such cases where a measuring pin of the 
desired diameter is not available; in which case it is possible to 
translate its position in terms of the presently recommended 
main or even of conventional measuring pins, by the help 
of the gamma-ratio chart. Theorem [8] is also useful for drawing 


involute-gear teeth accurately. Both methods will be discussed 
in more detail near the end of the paper. eee eo 
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L L fi 
(pinion gear) 


DETERMINATION OF TiGHT-MésH CentER Distance or Two 
Gears BY Use or GamMa-Ratio CHART 

Referring to Fig. 1 (e), it is noted that the gears shown at (a), 
(b), and (d) have been brought back together in mesh, and their 
main belt lengths Z,, (pinion) and L,, (gear) (shown separately 
at (d)), have been joined together again at the joints zz. The 
junction points zz are displaced from the operating pitch point 
po by the intervals A. That portion of the pinion main belt 
length which extends from the operating pitch point po around 
the pinion base circle and back to po is shorter than L,, (pinion) 
by 2; and similarly the augmented belt length from po around 
the base circle of the large gear is longer than L,, (gear) by 2A. 
The ratio y,, (pinion) which is equal to eel 
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(pinion) 
pinion) 


in this case is greater than 


L 


m 


(gear) 


This is clear from an inspection of Fig. 1(d) where it is evident 
that ¢,, (pinion) is greater than ¢,, (gear), and study of Fig. 7 
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“Rp” 
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FORMULAE: 
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Np 


+ 
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aN 
Ne = Negar -Jo 4 be ~ bo | 
2 180° 
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(WHERE FORMULA IS APPLIED TO INTERNAL a 
GEAR TEETH “N” IS NEGATIVE) 


MEANING OF GAMMA-RatTI0-CHART SYMBOLS AND SUMMARY 
or GEAR FoRMULAS 


Fia. 7 


(the latter of which shows the meaning of the gamma ratio,ffas 
the length of a belt stretched around a base circle and to a point 
on any pitch circle, divided by the circumference of the base 
circle). Itis evident that the larger the pitch circle and therefore 
the greater the pressure angle, the greater the gamma ratio. 
Returning to the particular analysis of Fig. 1(e), the gamma ra- 
tio for the mesh fecal 


| 
bo | 
Oo 
| 
, \ R N Ws 
BASE CIRCLE J i ech 
ch 
r- 
4 


4 Yn 24 
inion-gear = . + ——..[9 
(p “A (pinion) N, P, ~ (gear) * N, P,’ [9] 


This value of the gamma ratio yo is obviously intermediate be- 
tween 7,, (pinion) and ,, (gear), and so we may conclude that 
generally two gears which are cut so as to have main pitch 
circles at different pressure angles on their involutes will mesh 
tightly at an “operating-mesh pressure angle which is intermedi- 
ate between their main pressure angles.”” The intermediate value 
of pressure angle may be determined as follows: 

From Equation [9] 


Ye (pinion) A ,? (the 117 figure is used since we are cutting in the enlarged blank). 
The kappa ratio for this cutter-pinion operation is obtained by 
aides by NV, dividing the center distance by the sum of the base radii of pinion 
2.4 and cutter from Equation [13] 
By adding Equations (9] and (10) 1/40 10\cos 20 deg 
(Ny + N,)v0 = (pinion) (gear) . 
I g and referring to the gamma-ratio chart (see Appendix, chart 1), 


from which 


Ym 
4 me (pinion) (gear) [12] 
mesh) P 
where 
AL 
N, = number of teeth in pinion 
N, = number of teeth in gear ail apie 


From the result, Equation [12], it is possible by reference to 
the gamma-ratio chart, to determine the corresponding Ky (from 
which the center distance may be obtained since 


Ro Ro Ro ) 
(pinion) (gear) (pinion) + (gear) 
(pinion) (gear) (pinion) (gear) | (13] 
center distance 
on)" (gear) 


Therefore the knoWledge of the main pitch-circle diameters, 
combined with the base-circle diameters, enables one to predict 
the tight-mesh center distance by the use of the gamma-ratio 
chart. 


OF TypicaL GEeAR-MesH CENTER DISTANCE, 
Ustne GamMA CHART 


As an example of the procedure, let us take some values which 
may apply to Fig. 1. 
been cut with a standard Fellows 10 DP 20-deg stub cutter in an 
enlarged blank, so that the specifications are as follows: 


20-deg-pressure-angle cutter. 


Cut 30 teeth in a 29-tooth blank with» 12 DP 


20-deg-pressure-angle cutter. 
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We shall say that the pinion and gear have 


Pinion: Cut 10 teeth in an 11-tooth blank with a 10/12 DP 
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This is common procedure to avoid undercut in the pinion 
and still operate on standard-center distance., However, if the 
gear cutting is done to a standard depth with a circular cutter 
it has been found by experience that they will not mesh tightly 
exactly at the standard center distance of (10 + 30)/(2) (10) = 
2.000 in. It is assumed that a 4-in-diam 40-tooth Fellows shaper 
cutter is used; its main pitch radius then will be R,, (cutter) = 
2.000 in. since these cutters are made with tooth and space equal 
on the nominal cutter pitch diameter. 

At the standard cutting depth, the center distance for cutting 
the pinion will be 


center distance (3) 40T + 117 


(cutter + pinion) 10 DP = 2.550 in. 


the corresponding value to Ko is 


(cutter-pinion) 


\ 


es be read as 22.9 de 


Now reading again on Chart 1 i 


™ = 1.00475 since, . = 20 deg exactly 
(cutter) ‘y utter) Te dats 
ing Equation [12] 
N, Ym + N, Ym 
ye (cutter) (cutter) (pinion) (pinion) 
(cutter-pinion) N, + Ny 
Y 
99723 = £40)(1,00475) + (10) (pinion) 
from which is solved y oi 
| 
Ym (40 + 10)(1.00723) — (40)(1.00475) L.OI715 
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gilt es 
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The corresponding values from the gamma-ratio chart 1, are 


Yo ond do 
= 1 = 17.58 de 
(cutter-gear) ie (cutter-gear) 17.56 deg 
Solving by Equation [12] transposed ee 
Ym Ym 
(cutter-gear) ~ 


+N, 


(40) (1.00475) + (30), 


1.00320 = 
40 + 30 


= 1.00080 


From which 


(40 + 30) (1.00320) — (40) (1.00475) 
(30) 


Ym 
(gear) 


We now have the main belt-length ratios of the pinion and 
gear as they would come off the Fellows gear shaper (and pre- 
sumably we have checked these values by actual measurement of 


the positions of the main measuring pins). (28) 
Taking from the foregoing e (corrected) (uncorrected) (base circle cireum) 
¥ 
(pinion) Li (2) — sin Prop 
ea 


(30) (1.00080 10) (1.01715) 
) ) + ( ( 1.00489 
30 + 10 | 


= (1.0655) | - 
2 


30 + 10 
10 
(0.940) 


X cos 20 deg = 2.003 in...... 


ye 
. . = 
(pinion-gear ) 


And from the gamma chart 


) 
_(pinion-gear 


= 1.0655 


Tight-mesh center distance 
(pinion-gear) 


Equation 
“corrected” 


{14] checks the common experience that when 
gears are generated by circular cutters, additional 
depth of cut must be allowed over that usually provided for 
backlash, if the expected mesh conditions are to be obtained. 
In this case either pinion or gear should be shaped an additional 
(0.003 in. deeper before allowance for backlash is made. 

On the other hand, if the same gears were hobbed with a stand- 
ard hob or even if cut with a different-size shaper cutter from that 
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MODIFIED (CORRECTED) 
TOOTH PROFILE 


UNMODIFIED om 
TOOTH [PROFILE 4 CIRCLE 


Fie. 8 Intustratine Increase In Leners as 
ERATING Hop Ig WITHDRAWN CorRRECTION OF TooTH PROFILE 


(> = DP «sin ) 


40) 


met 26 = (2) ('/, addendum) sin 20 = 


=> 
(pinion-gear) 


exactly, indicating that when hobbed, the corrected gears mesh 
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assumed in this case, the gears would mesh tightly on still differ- 
ent centers. 

For example, if the gears are hobbed or rack-shaped to the same 
specifications, in cutting the 10/117 pinion, the hob or rack would 
be withdrawn by '/2 addendum from the usual position for a 
10-tooth pinion. This is shown in Fig. 8. 

The withdrawal of the hob (or cutting rack) by (1/:)/DP = 
addendum causes the main belt length of the pinion to be in- 


creased by 
10 DP 


over that possessed by a standard (unenlarged) 10-tooth pinion. 
Generally the enlargement of pinions is expressed as a correction 
factor which represents the withdrawal of the generating cutter 
(as well as the radial enlargement of the blank) in terms of a full 
addendum (1/DP). If, as in the case under discussion, the hob 
is withdrawn by '/, addendum, the correction factor C is 0.5. 
When “enlarged” pinions are hobbed, the main gamma ratio 
becomes 


Ym 


2 C tan Prop 
(uncorrected) 


aN 
Pa 
where N is the number of teeth in the gear being cut; y,, (un- 
corrected) is 1.00475 for 20-deg hobs (and 1.00178 for 14!/.- 
deg hobs); as may be read from the gamma-ratio chart, for these 
pressure angles, in the Appendix. 

Applying Equation [15] to the 10/117 pinion and 30/297 gear 
to be hobbed 


0.3640 


Ym (2) (+1/.) (tan 20 deg) 
(pinion) ~ 1.00475 + (10) = 1.01633 
Ym (2) (+1/3) tan 20 
(gear) = 1.00475 — (x) (30) = 1.00089 


These values of main belt-length ratios are appreciably dif- 
ferent from those obtained previously by shaping with the 4-in- 
diam cutter. 


The tight-mesh center distance of these gears may now be ob- 
tained 


(10) (1.01633) + (30) (1.00089) 
10 + 30 


Yo 


= 1.00474 


This value of yo corresponds on the gamma chart to 


dis = 20 deg 
(pinion-gear) 


tightly on standard centers, that is, if pinion and gear are cor- 
rected oppositely to the same degree, as in this case. 

It has been found that a correction factor of C = 0.5 is a good 
general figure to use for elimination of undercut in low-tooth- 
number pinions down to 8 teeth. Below 8 teeth full-depth teeth 
may become pointed. 
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CHART 


It is possible to find the proportion of contact ratio which a gear 
brings to a mesh by the following method: 
_ Referring to Fig. 9, the amount of belt length intercepted be- 
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Fie. 9 Contact Ratio N, ConrrisuTep BY A GEAR OF GIVEN 
OvursipE Rapivus AND OPERATING AT A GIVEN PRESSURE ANGLE 


(% Po = 1/2.N Ps [ |) 


tween the operating pitch point Oo and the outside circumference 
of the gear is seen to be (in terms of p,, the base pitch) 


r 


Py ve + — oe) Ry — 


2rR, 


ash 


N 
= (1/2) 


162) 
o°.—o°o 
180 


N. = (gear) 
2 


= pressure angle at tooth crest, deg a 

pressure angle at operating pitch point, deg 

gamma ratio corresponding to radius at tooth crests 4 

number of teeth in contact between tooth tip and oper- 
ating pitch point 

N = number of teeth in gear 


or 


As an example of this calculation, take the contact ratio of 
the gear pair in Fig. 1, in tight mesh at ¢° = 20 deg. For the 
10/117 pinion, the crést radius is, with 10/12 pitch stub teeth 


a R, 117 1 4 
(pinion) ~ (1/2) (2 + 0.6333 in. 
7 R 0.6333 0.6333 
(pinion) R, (1/2) 107 aa 0.4700 


Referring to gamma chart 4 in the appendix ive 

Ye = 1.05368 and 8 


(pinion) = 42.08 deg 


(pinion) 
(ve = 1.00475 for @o = 20 deg) 


Now applying Equation [16) 
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= 1.4500 + 0.0833 = 1.5333 in. 


which corresponds on gamma chart 1, to 


Ye = 1.00751 and 23.16 deg 


(gear) 


(yo = 1.00475 for go = 20 deg) 


The number of teeth brought to the contact by the gear at 20 deg 
pressure angle operation is then, by Equation [16] 


N, (30) | 23.16 — 20.00 | 
(gear) 1.00751 — 1.00475 + 180 0.30 


The contact ratio for the mesh is 


N, N 


e = 
(pinion) 


(gens) 0.867 + 0.30 1.16 


which is rather low, indicating that full-depth teeth would be pref- 
erable for such a mesh. 


DETERMINATION OF TooTH POINTING 


When corrected pinions are designed it is desirable to check 
that the teeth are not pointed, and how much land width exists 
on the crests of the teeth. This is a relatively simple procedure 
when Theorem [8] is used, which states that a measuring roll of 
diameter equal to a base pitch will stand in a tooth space with its 
center on the circle where the teeth would become pointed. Re- 
ferring to Fig. 10, it is seen that the belt length L, to the center 
of this large measuring pin must be longer than the main belt 
length L,, by '/2 P,. 
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Fic. 10 Demonstratine THat THE LENGTH TO Toors Points 
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(This figure also shows how the tooth profiles may be constructed with 
knowledge of locations of the main pitch circle and the bm pitch circle 
four slope dire¢ 
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tions. 


The gamma ratio for the point location is then 
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Therefore if the main belt-length ratio y,, for the gear is 
known (from knowledge of how it is cut), the value of K, may be 
found in the gamma chart, corresponding to y, determined by 
Equation [17]. This is an extremely easy procedure for finding 
the point pitch radius of off-standard gears when compared with 
the usual method involving direct use of the involute function. 

As an example of the use of Equation [17], the position of the 
points of the 107 pinion in Fig. 1 are found as follows: 


The hobbed 10/117 pinion had a main gamma ratio © 4 


Ym 


= 1.01633 
(pinion) 


and from Equation [17] 


Yp 
(pinion) — 1.01633 + 


~ = 1.01633 + 0.05000 = 1.0663 


(: oo 20 deg) = 0.660 


(2) (107) 


From the chart 4 in the Appendix 


and the point-pitch radius 


= (K,)(Ry) = (1.4053) ( 


in. which is well beyond the crest radius of 0.633 in. previously 
determined. Actually, full-depth teeth could be used safely 
without pointing. 

Examination of Fig. 10 will reveal how by locating the point- 
pitch radius, the main pitch radius, and the base radius of a gear, 
the involute curves may be readily drawn tangent to the meas- 
uring pins there shown. 
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Appendix 

The Appendix contains a “gamma-ratio chart”’ which graphi- 
cally relates pressure angle ¢, ratio of pitch circle to base circle 
K, and ratio of belt length to base circle y. Note that K = 
sec @. Corresponding values of ¢, K, log K, and y are located 
on the same horizontal line. 


*“Involute Gear Calculations Simplified,” by A. H. Candee, 
American Machinist, September, 1945, vol. 89, no. 14, p. 122. 

7“Playing Hob With Involute Gears,”’ by J. D. Howell, Machine 
Design, April, 1942, vol. 14, no. 4, p. 106. 
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E. Ricuarp pe Invited by the 
this paper, the writer finds himself in a difficult position, for he had 
expected new facts on involute gears and how they could be im- 
proved for practical purposes. The reading of the paper left him 
disappointed, as nothing so revolutionary has been attempted. 
All that the author has submitted is a new method of calculating 
various involute-gear characteristics. 

Many calculations on involute-gear teeth require the use of the 
so-called involute function tang — ¢. Apparently, it was the elimi- 
nation of the use of the involute function which was in the author’s 
mind. However, no method of calculation of whatever nature can 
get around the involute function, and the latter is bound to come 
up sooner or later in any such method. All that can be done and 
has been done in the past is to provide, by computation before- 
hand, tables which correlate various functions with the involute 
functign and the pressure angle. What the author has done is to 
produce such a correlation of data, which he has published in the 
form of a “‘gamma-ratio chart.’’ In order to do this and keep its 
size down, he found it necessary to eliminate the size factor, and 
this he has achieved by deriving, from well-known relations, a 
formula involving the involute function in nondimensional form. 
The remainder of the paper shows how this formula can be used to 
solve various problems on involute gears, and it is claimed that 
this formula simplifies such calculations. 

It is true that the author’s approach appears to be novel and as 
such merits attention. However, it necessitated the introduction 
of the rather artificial concept of “belt length ratio,” as well as the 
setting up of a “graphical calculation chart,’’ his gamma-ratio 
chart. It seems unnecessary to point out the great amount 
of work which the latter undoubtedly involved. In its creation 
lies the principal value of the paper. 

Whether the author has succeeded in simplifying involute-gear 
calculations by his method is debatable. By the introduction of 
the belt length ratio, the lucidity and directness of approach to 
involute-gear problems suffers. Thus it remains to be seen 
whether the author’s expectations that the “procedures and 
means here presented may supplant the conventional involute- 
gear tables and the established computation methods to a great 
extent,”’ will be realized, for the practical engineer, in general, 
makes use of the most direct methods which he can easiest com- 
prehend and remember, and, to the writer’s mind, the method pre- 
sented by the author does not fall in this category. Although the 
author has taken great pains to show, by a number of well- 
chosen examples, how his method can and should be applied in the 
solution of various involute-gear problems, it remains to be seen 
whether practical engineers will follow him in applying his 
method to still other problems. 

While the writer is always gratified to find new solutions to 
existing problems, he is mindful of the fact that they should be 
simpler and more direct than previously known solutions. A 
comparison of the author’s method with the one cited by him 
(footnote 6) shows that the latter is undoubtedly more direct and 
briefer. This method makes use of precalculated tables for the 
correlation of the various values with the pressure angle, the in- 
volute function, and other trigonometric functions of the pressure 
angle, but when these are known, the actual solution of involute- 
gear problems involving, for example, variations of gear mesh, 
and so forth, by this method seems to the writer to be more simple. 

The use of large-scale drawings is recognized by the author to 
be the most reliable means for checking gear design and for analyz- 
ing conditions in a gear mesh. Indeed, by actually drawing the 
profiles of gear teeth in mesh with each other, the greatest clarifi- 
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cation is obtained, and this task is by no means as difficult as the 
author seems to think. The curves can easily be drawn by simple 
means, generally by compass and ruler, but it should be men- 


” 


tioned here that there exist ‘‘involutographs” which draw the 
involutes directly just as “ellipsographs’’ draw ellipses. The 
use of celluloid templates, or even ordinary tracing paper, allows 
the study of gear-yeneration problems and of undercutting in the 
simplest manner. 

The writer wishes to draw attention to the fact that there still 
exist numerous problems concerning the generation and manu- 
facture of involute gears of highest accuracy and means for check- 
ing the accuracy of such gears. In addition, there still remains 
the problem of noise suppression and the means by which noise- 
less gears can be obtained. In practice, slightly relieving the 
tooth face toward the tip has been found to improve the silent 
running of gears, and this can be shown theoretically to be neces- 
sary, but data on how much this relief should be do not seem to 
have been published. At present this is still done by trial and 
error. Such problems seem to the writer to be far more im- 
portant than the attempts at simplifying some numerical calcula- 
tions, although the value of their simplification should not he 
underrated. 

The author has given wide space to the use of measuring pins. 
These have been used in practice for a long time and have been 
described, as stated by the author, by H. E. Merritt who has also 
discussed their properties. The extension of this knowledge of 
their properties by the author will prove a valuable aid to the 
technician who has to produce highly accurate gears. 

Unfortunately, there are numerous numerical errors and mis- 
prints in the paper, and the omission of symbols in some figures 
cited in the text, which, as well as the small size of Figs. 1 and 2, 
prove to be an impediment to the reader. 

The detailed discussion of the various problems solved by the 
author and their comparison with solutions by other methods 
would take far too much space to be permissible here, and the few 
general remarks made will have to suffice. As regards simplicity 
and directness of a method, the writer wishes to close with the 
well-known exhortation by Lord Kelvin: ‘A problem is never 
solved until it is reduced to the simplest terms,’’ which, in all in- 
vestigations, should never be lost sight of. : 


J.D. Howe.u.® To understand the importance of this paper, 
let us take a practical example, and assume that our maintenance 
mechanic has brought us the gear shown in Fig. 11 of this discus- 
sion. Except for the missing teeth, it is a good gear, or at any 
rate, a necessary one. The mechanic knows it had 10 teeth, and 
its outside diameter is 13.000 in., but beyond that, he is stuck. 

The first thing we do is to measure the base pitch, by method 
(a) in Fig. 11, if we have a micrometer or vernier caliper capable of 
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getting between the teeth, or by method (b) if we prefer to use a 
height gage. Knowing the base pitch, we can identify the system 
or basic rack of the gear just as positively as we can identify a 
person by his fingerprint. In fact, though the writer has never 
come across such a table, it would be practical and very con- 
venient to have the base pitches of all standard gear systems 
tabulated in an ordered series against. their respective racks, 
identified by pitch and pressure angle. We have found the base 
pitch to be 2.952, and lacking a table, must use the formula. 


4 ball 
P, = - = CPya COs gata 


Trying 141/2° and 20° for ¢gsta, we decided that the gear belongs to 
the 1 DP 20° PA system, though it has been modified by cutting 
on an 11-tooth diameter. 

While the mechanic turns up the '/: base-pitch pins to 1.4711 
in. diam (we got the extra accuracy by substituting back in the 
formula), we find a machine shop that has the necessary shaper, 
cutter, or hob (it does not matter which). When we get the pins, 
we find the main pitch diameter, and with the formulas of this 
paper, obtain all the information necessary for cutting the re- 
placement gear. 

Reviewing this example, we see that the regular identification 
of a gear by tooth number, pitch, and pressure angle has been 
quite inadequate, as the two latter values cannot be measured. 
They are, in fact, variables dependent upon cutting and mesh. On 
the other hand, the base pitch is easy to measure and accurately 
defines the gear system. Similarly, the main pitch diameter, 
given the base pitch, is easy to measure, and definitely defines any 
cutting modification, whether it is a major modification for 
elimination of undercut or only an allowance for backlash. Thus 
with these two values and the tooth number we have a complete 
and practical three-parameter identification of any involute spur 
gear. 

Some comment is due the autho's y or belt ratio, a concept 
that has unquestionable pedagogic value in clarifying gear 
geometry. This writer will admit occasional confusion over the 
dual role of the involute function as a function of the pressure 
angle and as an angle in its own right. However, the relation be- 
tween y(g) and inv ¢ is linear (Equation [5] of the paper), and 
the writer suspects that the amazing simplification of gear formu- 
las which the author has obtained is due less to this concept than 
to the concepts of main pitch diameter and main pressure angle. 
Thus, transforming his Equations [12], [15], [16], and [17] from 
the 7 form to the ¢ form, we get 


N, inv + N2 inv Em2 


inv ge = [12a] 
Ny iVe 

x J 2C tan 

INV = INV + | 15a} 

N 

N, = —* (tan tam ge)...... [16a] 
2r 

%p = inv + ON . [17a] 


Which seem to the writer just as simple as the original forms. 
Also, to the writer, the use of K for sec ¢ seems to have no value 
and to add unnecessary confusion. 

These last points, however, are mere technicalities. The writer 
wishes to congratulate the author on a paper of importance to all 
engineers interested in gearing. 


_GROSSER—INVOLUTE-GEAR GEOMETRY 


Micuaet Vasvari.'° The author has given a valuable ex- 
plantion of involute-gear geometry, but the writer feels that 
the calculation by this method is somewhat lengthy and com- 
plicated. Such calculations may be accomplished more easily, 
more rapidly, and more exactly by using the conventional in- 
volute functions and formulas, than by the present method and 
by the “gamma-ratio chart.” 

The author shows his system in an example and concludes in 
Equation [14] that the center distance of the discussed pair 
of gears, which is corrected and cut to standard depth by a 
Fellows circular cutter, will be 0.003 in. larger than the standard 
center distance. He concludes: ‘In this case either pinion or 
gear should be shaped an additional 0.003 in. deeper before 
allowance for backlash is made.”’ 

By coincidence the result in this example checks with the gen- 
eral practice, but the conclusion drawn is not theoretically cor- 
rect. Pinion or gear should not be cut to the same additional 
depth, and this depth is not equal to the increase of the center 
distance. 


If corrected gears are generated by a Fellows circular cutter, | 
it is necessary to cut pinion and gear to an additional depth, and 
this depends only upon the number of teeth of the cut element 
and of the cutter, and on the value of the correction. 

This is based on the following calculation: 


A noncorrected pair of gear has a standard center distance aa 


and a pressure angle, which is equal with the cutter angle a, 
whether they are hobbed, rack-shaped, or generated by a Fellows 
circular cutter. In the foregoing formula, V, = number of teeth 
of pinion; N, = number of teeth of gear; DP = cutter pitch; 
a = cutter angle. 

If we will give the pinion (C,)/(DP) correction and the gear 
(C,)/(DP), then the new pressure angle ¢ 


Z2tana(C,+C,) .. 
+N, + inv a {18] 


which is the first base equation of the involute gears. (This is 


the same as Equation [12] in the paper.) _ 7 
The new tight-mesh center distance is ae: 
COS € 


b, and b, are the base circle radii, and b, + b, = ao cos a = acose. 
Equation [19] is the second base equation of the involute gears. 
(This is the same as the Equation [13] of the paper.) 
This new center distance is not equal to the sum of the stand- 
ard center distance plus the corrections, but less 


P 


This difference is very little, consequently for the calculations 
we must use seven-place logarithmic tables to get exact results. 
(The chart used by the author is only to five places.) 

Base Equations [18] and |19j herewith, are applicable, if we 
wish to cut corrected gears with the Fellows circular cutter. Of 
course in this case C, = 0, because the cutter is not corrected. 

The calculation of the author’s example will be as follows: 
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TRANSACTION S OF THE . 


dditional Depth of Pinion: (Cutter 10 DP, a = 20°) 
= 10C, = 0.5 Pitch radius of pinion 
40C, =0 Pitch radius of cutter 
Standard center distance 


2 X 0.5 X tan 20° 
a 10 + 40 
22° 43’ 15.9” 
cos 20° 
cos 22° 43’ 15.9” 


C,+C, a8 


Additional depth = difference = 
_ Additional Depth of Gear: 
NN, = 30C, = —0.5 Pitch radius of gear.. 
Pitch radius of cutter. 
Standard center distance.... 


0.0221838 

) 


+ inv 20° = 


= 2.5 


= 2.55000 in. 


0.00312 in. 


3.5 in. 
_ 2 X (—0.5) X tan 20° 
30 + 40 
= 17° 24’ 23.5” 
cos 20° 
cos 17° 24’ 23.5” 
C,+C, 0.5 
DP : 10 
: Additional depth 


= 0.0097049 


So 


+ inv 20° 


= 3.5 = 3.446763 in. 


a + = 3.45000 in. 


= difference = 0.003237 in. 


AUTHOR’s CLOSURE 


The author wishes to acknowledge with grateful appreciation 
the thoughtful comments and criticisms put forth by Messrs. 
de Jonge, Howell, and Vasvari in their discussions. 

In response to Mr. de Jonge’s general statement that the 
concepts af ‘main belt length’ and ‘‘main belt length-to-base 
circle (gamma) ratio” do not provide new facts on involute gears; 
it should be of interest to note that, in the author’s experience, 
these notions, which embody in a single specification the com- 
plete definition of the thickness of a gear tooth throughout its 
length, have enabled relatively inexperienced designers to grasp 
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more easily the intricacies of modified gearing. This has been 
found to be especially true in dealing with such special designs 
as “‘face,” ‘‘taper,”’ and off-standard internal-gear combinations. 

It is recognized that the imaginative device of “belt length” 
is perhaps not needed by the expert gear designer (such as Mr, 
de Jonge) who, as the result of long experience, has no difficulty 
in visualizing the implications of an alteration from standard 
proportions in terms of the involute-angle function. Also the 
belt method certainly is not intended to compete with the 
highly specialized short-cut procedures used professionally for 
problems often encountered in small tooth-number pinion altera- 
tion. But the “belt ratio’’ has been found to promote more 
rapid understanding of basic gear-meshing principles, particu- 
larly in student training. To the engineer who does not specialize 
in gear design, and only needs to apply himself occasionally to 
involute geometry, it is hoped that the “gamma ratio” will pro- 
vide a common and simple basis for tackling all manner of gear 
problems directly and with confidence. 

Mr. Howell has presented a strong argument for adoption of 
base pitch as a standard in gear specifications, which is most 
gratifying. The facts that conventional circular (or diametral) 
pitch systems do not possess the necessary flexibility and cause 
unnecessary near duplication of form, tools, and standards, are 
becoming increasingly plain to students of gearing. 

Mr. Howell’s criticism of the designation of sec ¢ by K (kappa) 
as being confusing is acknowledged, but it is perhaps justified on 
the basis of short-hand simplification of notation. 

Mr. Vasvari has apparently misunderstood the meaning of the 
author’s statement that pinion or gear must be cut to additional 
depth for operation on standard centers when generated by circular 
cutters. There is a small theoretical difference involved, as Mr. 
Vasvari has so ably demonstrated in his computations. This 
difference was ignored since it was known to be of less significance 
than tolerable gear-cutting error, since the cutting pressure angles 
and the operating pressure angle are very near the same value 
and therefore extra cutting depth has almost exactly the same 
effect as difference in operating centers 

The graphical chart will yield results uniformly within errors 
of 0.0001 in. per in., which makes unnecessary the use of seven- 
place tables for practical gear computations. The charts also 
eliminate the need for interpolation, which promotes speed in 
calculations. 
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Measurements of the pressure developed in the load- 
carrying film of a grease-lubricated journal bearing show 
that grease can operate under hydrodynamic conditions. 
In a testing fixture, constructed for the purpose, the mag- 
nitude and the distribution of that pressure is investigated 
using a cup grease under conditions of copious feed. The 
graphical analysis of the results shows a grease dome simi- 
lar to that of oil, but flatter and extending over a larger arc. 


INTRODUCTION 


N the course of experimental work carried on at The Penn- 

sylvania State College, in co-operation with The Texas 

Company, it was established that a grease-lubricated journal 
bearing could, under certain conditions, operate in the fluid- 
film region with low coefficients of friction and low grease-feed 
rates. The results of this investigation and the early uses of 
grease are described in a forthcoming paper.’ 

While a theory of oil lubrication for journal bearings is well 
established and applied in design, knowledge of the mechanism 
of grease lubrication is limited and publications along this line 
are practically nonexistent. 

Briefly, lubrication analysis may be divided into three broad 
fields: those of (1) friction, which determines the power informa- 
tion; (2) running position, which establishes the minimum film 
thickness; and (3) pressure distribution, which defines the 
film outline. 

Falling into the last division, the investigation described in 
this paper was undertaken to determine whether a hydrodynamic 
pressure exists in a grease-lubricated journal bearing, and if so, 
to obtain its magnitude and distribution. 

The experimental results reported herein were obtained with a 
testing machine similar in principle and construction to that of 
8. A. and T. R. McKee.‘ However, in this design the fixture 
has been made adaptable to lubrication by either oil or grease. 


DESCRIPTION OF APPARATUS 


A vertical steel shaft A containing a ground journal, 1 in. 
long, is attached to a drill-press arbor through a flexible coupling 
and is aligned by two steady bearings, Figs. 1 and 2. One of 
these is located in the top support bracket C, and the other in 
the base of the main frame of the fixture which is bolted to a spe- 
cial drill-press table. The bearing B, a 300-deg babbitt-lined 
brass shell, 2 in. long, is permitted to assume its own running 
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Lubricated Journal Bearings 


By GUNTHER COHN! anp JESS W. OREN? 


position. In order to confine the lubricant, oil seals are fastened 
to its top and bottom. 

A single pressure tap hole, °/ss in. diam, in the middle of the 
hentai surface, is used for all pressure traverses. 

Circumferential traverses are made by rotating the bearing in 
a yoke ring D. As the load is applied to the yoke, its circumfer- 
ential point of application remains fixed. A stop prevents the 
yoke from turning, and the bearing is held in the desired posi- 
tion by tightening a set screw. For ease of rotation, the bearing 
rests on a Timken cone, the cup of which is held in a container 
provided with three leveling screws HE. The angular bearing 
position is shown by a pointer F, which moves over a scale en- 
graved on the drill-press table. 

Longitudinal traverses are made by moving the journal past 
the pressure tap hole in the bearing. This is accomplished by 
means of the drill-press feeding mechanism which can be locked 
by a set screw. An indicator G, fastened to the testing fixture, 
points to a scale on the shaft which denotes the longitudinal 
position. The load is applied to a threaded rider H, which is 
moved axially by means of a lead screw, held by a fork fastened 
to the yoke ring. By this means mid-point loading is achieved 
at all times so that an axial bearing motion is simulated. The 
lead screw is used as a micrometer to obtain a particular setting. 
When once it is set, the friction in the threads holds the rider in 
position. 

Adjusted by a turnbuckle, a spring balance applies the load. 
The lubricant is fed through a street-ell into the top of a deep, 
60-deg channel which completes the bearing. Any excess, in 
the case of grease, is permitted to escape through a small vent 
at the bottom. 

Properties of the test lubricants are shown in Table 1. 

The pressure tap hole, at right angles to the axis of rotation, is 
plugged on the outside and an axial hole in the bearing shell 
connects with the gage through copper tubing. This is the ar- 
rangement used for tests with oil. In early tests with grease, a 
vaseline plug was used to separate the lubricant from the oil 
in the gage line. Later the tap hole was covered with a diaphragm 
with which steadier conditions were achieved. This necessitated 
a balanced-pressure system because of the small deflection of the 
diaphragm. 

The diaphragm is a rayon-enforced synthetic rubber, 0.02 in. 
thick. It is cut with a punch, cemented into the '/,-in. enlarge- 
ment of the tap hole and held in place by a spacer. Finally, 
the hole is sealed and plugged. Flexible tubing, permitting 
bearing rotation, connects the axial hole to the stationary oil 
system, a series of valves, the measuring gage, a hand pump which 
supplies the back pressure, and an oil sump, Fig. 3. Great 
care in installing the diaphragm is required to prevent displace- 
ment of the disk or crushing of its edges. All lines in the oil 
system are carefully filled with oil. 


CoNDITIONS AND PROCEDURE 


The various test conditions are listed in Table 2. When test- 
ing oil, the machine was assembled without the grease cup and 
with the vent plugged. Oil was introduced into the bearing until 
its level was above the journal. The pressure gage was con- 
nected directly to the bearing. After the axial location of the 
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E, Leveling screws of bearing support 


F, Circumferential pointer 
G, Axial positionindicator 
H, Rider; pointofloadapplication 


Fig. 1 MACHINE 


Fig. 2. Cutaway SEcTION oF TESTING MACHINE 


(Parts are as designated in Fig. 1.) 
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expected curve; the steeper the curve, the smaller the intervals. 
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journal and the point of application of the load were adjusted to 


i I. ite: desired position, the machine was started and the load applied 


Pressures were read at eleven longitudinal positions, 0.1 in apart 
in the center of the bearing and 0.05 in. apart at the ends, des- 
ignating the locations as 0.051, 0.1L, 0.2L, and so forth. The 
circumferential intervals varied depending upon the shape of the 


Sufficient pressures were recorded to plot a distribution curve, 
thus covering about 200 deg of bearing are. Both circumferential 


TABLE 1 PROPERTIES OF TEST LUBRICANTS 


Grease: 
NLGI No. 2 grade ball and roller-bearing grease 
Calcium and sodium soap (per cent approx)...........-0000085: 15 
Penetration at 77 F (ASTM) 
Values of extracted mineral oil ; 
300-Sec viscosity paraffin oil 
Kinematic viscosity (cs at 100 F).......... 62.7 
Specific gravity at 60/60 deg 0.8973 
Journal: nominal length = lin. | 
nominal diameter = lin. 
Diametral 
Test Speed, clearance, Load, Lubricant, 
no. in. perin, psi (see Table 1) 
1 a. 0.0082 40 Oil 
2 250 0.0082 40 Grease 
0.0071 40 Oil 
4 0.0071 whee 40 Grease 
250 0.0071 
6 500 40 Grease 
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and longitudinal changes in position could be made without 
stopping the machine. 

As even slight misalignments of journal and bearing caused 
unsymmetrical longitudinal distribution, leveling screws E, were 
added to the bearing support to obtain correct alignment. An 
oil test was performed, using the method described, taking spot 
readings at the 0.2Z and the 0.8L position. The bearing was 
then tilted by means of the leveling screws until as nearly iden- 
tical curves as possible were obtained for the two locations. 

When operating with grease, the diaphragm was installed, the 
pressure system filled with oil, and the bearing packed with 
grease to prevent air pockets. The machine was then assembled 
with the grease cup in place and the vent open. Several cupfulls 
of grease were fed into the bearing and the load was applied after 
locations had been adjusted as for an oil test and the machine had 
been started. With the bearing in a circumferential position of 
low pressure, the oil system was pumped up to a back pressure of 
about 10 psi less than the expected film pressure. While the 
bearing was turned to the desired position, the gage read the back 
pressure until the film surpassed it. In other respects the testing 
procedure was the same as that for oil. 

The difference in physical properties of oil and grease necessi- 
tated the use of different methods of assuring a copious supply to 
the active bearing arc. When oil is used, the journal is sub- 
merged, and the lubricant flows into the leading portion of the 
bearing angle by gravity and capillary action. In the case of 
grease, the moving journal tears the adjacent film of grease from 
the feeding channel and carries it into the active bearing arc, 
creating an empty space between the journal and the grease 
supply. To assure a copious feed, it was necessary to fill this 
space with lubricant as fast as the journal carried it away. This 
was accomplished by continually pushing the grease past the 
moving surface of the journal by manual operation of the grease 
cup and exuding the excess grease through the vent. 


PRESENTATION OF RESULTS 


Oil was tested in these experiments (1) to establish the func- 
tioning of the fixture, and (2) to obtain a basis for comparison 
with the grease. For proper comparison, the oil chosen has very 
similar properties to that extracted from the grease, Table 1. 
Fig. 4 shows the circumferential pressure distribution at the 0.5L 
location of an early test. This is a typical oil curve which checks 
with the fluid-film theory of a finite bearing and with the results 
found by McKee.‘ In the direction of rotation there is a slow 
rise to a large positive peak, then a rapid drop to a slight nega- 
tive peak, thus establishing the proper functioning of the machine. 
A combination gage, —8 to +20 psi, was used to obtain the low 
points. 
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Fig. 4 shows that grease develops a hydrodynamic film, the 
pressure distribution of which is similar to that of the oil. This 
traverse was taken with a vaseline plug instead of the diaphragm 
and with mechanical alignment only, which accounts for the 
difference in circumferential location of the pressure peaks. 

A complete comparative study of oil and grease at 250 rpm is 
shown in Fig. 5. Actual test points are plotted in the circum- 
ferential pressure curves A, obtained by using the diaphragm- 
back pressure method under copious lubrication. Negative 
pressures were not obtained since only one gage (0 to 200 psi) 
was used throughout. It was felt that this would not detract 
from the value of the results, as the investigation is primarily 
a test of grease. All curves rise slowly to a peak at the “off” 
side of the line of application of the load and then fall off more 
rapidly. The grease curves are lower and extend over a greater 
are but are similar in shape to the oil curves, namely, skewed sine 
curves. The maximum pressure with oil is about 3'/2 times the 
applied load, or about 2'/, times the load with grease at a bearing 
temperature of approximately 75 F. All pressure peaks fall at an 
angle of about 110 deg, proving proper alignment of journal and 
bearing. 

Curves B are the cross-plots against bearing length L, chosen 
at various intervals which depended upon the rate of change of 
curvature of the pressure-distribution plots. The most striking 
difference between the oil and the grease may be observed at 
the position at right angles to the line of action of the load where 
the grease curves are much higher, indicating that grease has less 
end leakage than oil. The arrangement of the longitudinal 
curves about the median plane of the journal (0.5L) can be seen 
in the curves of average pressure C. Here the 0.1L curve is 
plotted from the average points of the 0.1L and 0.9L location, 
and so forth. 

For a check with the applied load, curves D were plotted by 
integrating the longitudinal curves and plotting the mean pres- 
sure thus obtained at the angular positions projected on the di- 
ameter at right angles to-the line of action of the load. In the 
case of grease there is a good correlation but in the case of oil, 
the value obtained by integrating is low (88 per cent of the applied 
load). This is due to the failure to measure the negative pres- 
sure which helps carry the load and the inability of the gage to 
record low pressures accurately. A better check was obtained 
with the early oil curves of which the 0.5L plot is shown in Fig. 4. 

A series of tests were made at 100 and 500 rpm in addition to 
that at 250 rpm so as to study the effect of speed upon pressure 
distribution of grease. Curves from the 0.05L to the 0.5L loca- 
tion are plotted in Fig. 6.5 The most apparent effect is a decrease 
in the leading-edge angle and an increase in the trailing-edge angle 
of the film as the speed increases. This phenomenon agrees with 
that found by other investigators with oil. No significant 
changes in magnitude or position of the pressure peak were 
found when operating with grease. In their study of oil, S. A. 
and T. R. McKee‘ found that the maximum pressure increased 
with an increase of speed. Here it can be seen that speed has very 
little effect upon the pressure distribution in a grease film. 

The curves of integrated pressure for the three speeds are 
shown in Fig. 7. 


SuMMARY 


The validity of the results obtained on this fixture was estab- 
lished in tests made with oil as a lubricant. With grease it was 
desired to determine whether a hydrodynamic pressure exists 


5 Detailed test data are given in the theses by the authors (refer 
to ‘‘Acknowledgments’’). 

* “The Prediction of Bearing Performance,”’ Lubrication Magazine, 
The Texas Company, New York, N. Y., vol. 18, December, 1932, pp. 
133-144. 
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in the film of a journal bearing and to determine its magnitude 
and distribution. It has been shown that such a pressure exists. 

The distribution and the magnitude of the pressures is shown 
in the various figures. Proper alignment of the bearing has been 
proved by the alignment of the peak pressures at the “‘off’’ side of 
the bearing and the symmetry of the curves about the median 
plane of the journal. A diaphragm-back pressure method was 
used successfully, and the method of a copious grease supply gave 
consistent and correct readings, as shown by the integrated check 
plots. The curves obtained with grease are similar to those with 
oil and therefore substantiate a fluid-film operation. 

The results obtained in this investigation apply only to the 
conditions mentioned, in particular to a cup grease under copious 


feed. 


CONCLUSIONS 


From the results of this investigation, the following conclu- 
sions are drawn: 


1 Grease can operate under hydrodynamic conditions. 

2 Curves of pressure distribution of the grease film are flatter 
and extend over a greater arc than those of a comparable oil, 
showing that grease has less end leakage. 

3 Speed affects the pressure distribution by shifting both 
leading and trailing edges of the grease film, but has little other 
effect. 

The authors hope that these experiments wil! be of use as a 
basis for scientific analysis and will lead in time to a development 
of a theory of grease lubrication. 
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Discussion 


- Mayo D. Hersey.’ A few notes on plastic lubrication have 
been published by A. G. M. Michell* and the writer.? Michell 
concluded that the performance of a grease-lubricated bearing 
would be similar to that of an oil-lubricated bearing but “less 
efficient.”” The yield-shear stress of the grease would oppose the 
motion with a force of constant magnitude in addition to the hy- 
drodynamic stresses. The writer’s study, based upon dimen- 
sional analysis, was prompted by his experiments of an early date 
at the Massachusetts Institute of Technology. Tests using a 
plastic lubricant gave an apparent intercept of 0.015 on the co- 
efficient-of-friction axis, as compared with 0.002, using Newtonian 
oils. Both types of lubricants gave the same slope when plotting 
against Z/NP, where Z is the mobility reciprocal, N the speed, 
and P the load. 

The authors’ observations on film pressure are of special value 
in supplementing von Schroeter’s experiments,’ which were 
limited to friction measurements. Their discovery that the pres- 
sure distribution differs from that in an oil-lubricated bearing 
does not seem to confirm Michell’s theory, and thus invites tenta- 
tive explanations. Do the authors find that the film remains 
uniformly plastic or that the oil separates out? Would it be 
possible to identify their grease more completely by giving ap- 
proximate values for its yield-shear stress and mobility, as von 
Schroeter did? Or better still, determining its true rate-of-shear 
against shear-stress curve by the Weissenberg-Rabinowitsch 
method, as done by Norton, Knott, and Muenger,'! and by Blott 
and Samuel.!?_ It is to be hoped that this interesting paper may 
form just one part of a more comprehensive investigation. 


P. M. Srarrorp.'* The authors have established the ap- 
plicability of the hydrodynamic-film principle to grease-lubricated 
journal bearings with copious feed. This fact may be considered 
an intermediate step in an attempt to determine the suitability 
of grease as a lubricant for journal-bearing applications. It ap- 
pears that the tests were made under condition of low speed and 
very light load. 

Indications are that more stringent operating conditions, par- 
ticularly high-speed operation would result in higher working 
temperatures than for corresponding oil-film lubrication, and the 
problem of heat dissipation is further aggravated by the inherent 


7 Research Associate in Mechanical Engineering, Massacusetts 
Institute of Technology, Cambridge, Mass. Fellow ASME. 
8 “Progress of Fluid Film Lubrication,” by A. G. M. 

Trans. ASME, vol. 51, 1929, MSP-51-21, p. 157. 

® “Theory of Lubrication,’”’ by M. D. Hersey, John Wiley & Sons, 
New York, N. Y., 1936, pp. 91-92. 

10 ‘Die Schmierung von Gleitlagern mit konsistenten Fetten” 
(Lubrication of Plain Bearings With Plastic Greases), by von Hellmuth 
von Schroeter, Petroleum Zeitschrift, vol. 30, no. 15, 1934, pp. 1-20. 

11 ‘Flow Properties of Lubricants Under High Pressure,”’ by A. E. 
Norton, M. J. Knott, and J. R. Muenger, Trans. ASME, vol. 63, 
1941, pp. 631-643. 

12 “Flow Characteristic of Lime-Base Greases,’’ by J. F. T. Blott 
and D. L. Samuel, Industrial and Engineering Chemistry, vol. 32, 
1940, pp. 68-72. 

13 Associate Professor of Mechanical Engineering, McGill Uni- 
versity, Montreal, Que., Can. 
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lack of fluidity of the grease, compared with even the higher vis- 
cosity oils. 

There is no indication of comparative surface condition of the 
mating surfaces for oil and grease lubrication and the writer 
understands from the authors that the duration of the test was 
not sufficient to make such observations. Comparative figures of 
wear for various operating conditions and degree of surface finish 
could be obtained in the same series of tests. Sommerfeld’s 
curve relating the coefficient of friction to a combination of vis- 
cosity, speed, load, and clearance ratio would be expected to hold. 
The lower the viscosity of the grease and the larger the radial 
clearance—which, presumably is required—the greater will be 
the reduction of Sommerfeld’s constant, thus reducing the co- 
efficient of friction in the stable zone, but increasing it very rap- 
idly in the boundary zone. 

Being fully aware of the fact that the authors have limited 
their study to the film-pressure distribution, the writer suggests 
that the points mentioned are sufficiently important to be in- 
cluded in subsequent investigations, thus presenting a more com- 
plete picture of the problem at hand. 

The writer shares the authors’ hope that their experiment may 
be used as a basis for a scientific analysis of the problems in- 
volved, but, rather than leading to a theory of grease lubrication, 
it is suggested that the existing theory of hydrodynamic-film 
lubrication can be extended to cover grease lubrication. 


AuTHors’ CLOSURE 
-_ It is very gratifying that Messrs. Hersey and Stafford agree v ee wit th 
uy the authors’ position that this preliminary investigation should be 
ae followed up by a more extensive study. The several suggestions 
ee for further parameters are appreciated. 


= Fig. 8 of this closure shows the “‘apparent” ra rate-of-shear against 
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shear-stress curve.'? The rate is ‘apparent’ because of the 
“plug” effeet which exists in the capillary-flow-type viscosim- 
eter. While the film did not remain uniformly plastic, measure- 
ments were not made to determine whether or not the oil separa- 
tion exceeded that found in the fresh grease. 

Since the coefficient of friction was not measured, Michell’s 
statement pertaining to efficiency will not be considered. Fur- 
thermore, his theory of identical film-pressure distribution for oil 
amd grease presupposes the same viscosity. When tested, these 
two lubricants undoubtedly operated at. different viscosities as 
there was no provision for the control of film temperature. 

No attempt has bee n made to analyze the results of this - a 


mental study. 
experiment with the theory of grease mf ren ition in detail. 


a9 * rom data supplied by The Texas C ompany. 
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The viscosities and densities of a large group of high- 
boiling synthetic and petroleum fluids were investigated 
over a wide range of temperatures. These were selected 
because of their promise for use at extreme temperatures 
or their ability to supply fundamental data for viscometry 
and lubrication. The variation of density with tempera- 
ture was practically linear over the range investigated. 
The ASTM viscosity-temperature chart, extended from 
—100 to 700 F fer this work, proved very satisfactory for 
analysis of the data obtained. Deviations from linearity 
at the extreme temperatures were studied and classified 
and nearly all could be explained on the basis of certain 
physical or chemical transformations shown to occur at 
the extreme temperatures The linear portions of the 
graphs are explained qualitatively in terms of the ability 
of many types of linear molecules to coil as helices. Con- 
vexity at high temperatures is believed general, caused by 
the disappearance of the helical configuration | under con- 
ditions of violent thermal agitation. 


INTRODUCTION 


HE viscosity is generally considered the most important 
single characteristic of a lubricating fluid. There is a 
~ dearth of information as to the viscosities of petroleum 
and synthetic oils at high temperatures such as may be en- 
countered in gas turbines and turbojet engines. Without such 
data it is impossible to ascertain the reliability of the many 
empirical or theoretical equations proposed for relating viscosity 
with temperature. 

Controversy exists as to whether the absolute viscosity 7, or 
the kinematic viscosity (u = n/p, where p = density) of a lubri- 
cant is the more significant in many applications. Since at ordin- 
ary temperatures the densities of a large number of petroleum oils 
do not differ greatly from unity, their kinematic and absolute 
viscosities do not differ significantly. 
fluids usually decreases with increasing temperature, the dif- 
ference in magnitude between the kinematic and absolute vis- 
cosities of petroleum oils may be considerable at high tempera- 
tures, and even greater differences will be observed in denser 
fluids such as perfluorocarbons. Furthermore, since the tem- 
perature coefficients of viscosity and density are not comparable, 
the coefficients of the absolute and kinematic viscosities may be 
very different. 


Fiurps INVESTIGATED 
A variety of synthetic and conventional mineral-base oils were 
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Fluids From —40 to 700 F 


By C. M. MURPHY,' J. B. ROMANS,? anv W. 
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studied over the temperature range of —40 to 700 F. The sili- 
cones studied include commercial samples of the polymethyl, 
polyethyl-, and poly(methyl-phenyl) siloxanes (1, 2,3,4).4 The 
poly(methyl-phenyl) siloxanes arranged in the increasing order 
of aromaticity (5) are DC 550, DC 703, and DC 702. Infrared 
spectra of the DC 710 fluid have not been obtained, but from 
other properties it is believed to have a higher phenyl to methyl 
ratio than DC 550. 

The polymeric ethylene glycols were obtained from Carbide 
and Carbon Chemicals Corporation (6), and the polymers of 
1, 2-propanediol from the Dow Chemical Company (7). The 
latter glycols have methyl! branches, while the former have not. 
Similar polymers are the ‘“‘Ucon”’ fluids (8, 9, 10, 11, 12), the LB 
series fluids being derivatives of 1, 2-propanediol, while the 
HB series is derived from copolymers of ethylene glycol and 1, 2- 
propanediol. Measurements on the Ucon fluids were made 
with and without the recommended antioxidant. 

Petroleum oils of high and low viscosity index (VI) were also 
studied. The low VI oils (Navy Symbol 2135 and 2250) (13) 
were procured from the Socony-Vacuum Oil Company and The 
Texas Company, respectively, and the high VI oils (Grades 1065 
and 1120 of Specification AN-O-8) (14) from The Texas Com- 
pany. Diester oils were represented by the n-butyl, 2-ethyl- 
hexyl and 1-methyl-4-ethyloctyl (or undecyl) esters of sebacic 
acid (15). A fraction of a fully fluorinated petroleum oil (desig- 
nated as Fluoro Lubricant FCD-331), which has a boiling range 
of 266 to 302 F at 10 mm (16), was procured from E. I. du Pont 
de Nemours & Company. Two polymers of monochlorotrifluoro- 
ethylene (17, 18, 19, 20) (designated as Fluorolube-Standard 
and Fluorolube-Light Grease) were obtained from Hooker Elec- 
trochemical Company. 


EXPERIMENTAL METHODS 


In order to minimize difficulties with nonreproducibility at 
high temperatures, all of the fluids were stripped of volatiles by 
passing them dropwise from a reservoir through a 2-cm-diam 
glass column filled to a height of 50 cm with glass helices. The 
column was maintained at 220 F, and the pressure within the 
system was 5 mm mercury. A countercurrent of dry carbon 
dioxide swept the volatile products from the system into a trap 
immersed in a dry ice acetone mixture. Because of excessive vola- 
tility it was necessary to strip the halocarbons at 165 F. Sev- 
eral of the silicones were slightly turbid as received and were 
clarified with activated Fuller’s earth. 

Densities were determined in a dilatometer of approximately 
12 cc capacity made by sealing to a small Erlenmeyer flask a 
precision-bore capillary of approximately 2.25 mm diam. Cali- 
brations were made at 77 F with mercury, and all weights in air 
were reduced to weights in vacuo (21). At the other tempera- 
tures from —40 to 700 F, the volumes were calculated from the 
coefficient. of cubical expansion of “Pyrex” glass (5.33 10-6/- 
deg F). An excess of the fluid to be investigated was introduced 
into the reservoir, the system was evacuated to a pressure of 5 
mm of mercury, and the oil was heated to facilitate the removal 


4 Numbers in parentheses refer to the Bibliography at the end of 


pe wid” 


pare 
ay 
> 
he 
n- 
l’s 
r- 
se 
la- Ge 
ate 
~ 
Ito 
ae 


of dissolved and entrained air. When foaming stopped, the 
reservoir was inverted and the dilatometer filled with the liquid 
to a height which would insure oil being in the capillary at the 
lowest temperature. Runs on all fluids were begun at the lowest 
temperatures to reduce drainage errors to a minimum at the 
higher temperatures. Determinations were made at increasing 
temperature increments until there was evidence of decomposition 
or the vapor pressure was so great that liquid condensed on the 


14 
7 cooler parts of the capillary. Densities were calculated from the 
7 weight of the fluid in vacuo, and the values for intermediate 
= temperatures were obtained by graphical interpolation. 
oe 7 All kinematic viscosities were determined in Cannon-Fenske 


modified Ostwald type viscometers according to ASTM Method 
D 445-46T (22), and Federal Standard Method 30.5 (23). Con- 
ventional water thermostats which maintained the bath tem- 
perature within + 0.05 deg F of the desired temperature were 
used over the range of 77 F to 210 F. The low-temperature 
- determinations were made in a Precision Scientific Company 
bath using ‘Methyl Cellosolve”’ for the bath liquid and dry 


we 


Li ice as the coolant. The temperature, controlled within +0.05 
: : deg F, was measured by the emf from a calibrated 6-junction 
ss thermopile. The high-temperature bath was made of Pyrex 
- tor glass, insulated with 2 in. of glass-fiber cloth, while the bath 
a liquid was DC 550 silicone fluid. Two double windows per- 


mitted observation of the instruments. Except for the use of 
a 3-junction iron-constantan thermopile, the same ‘temperature- 
measuring and control system was used. 

Each viscometer was calibrated at 100 F with two reference 
fluids obtained from the National Bureau of Standards, and the 
calibration constants agreed within 0.1 per cent. As the vis- 
cometers were filled at room temperature it was necessary to 
apply a temperature correction factor for tests at other tempera- 
tures, since the hydrostatic head of liquid will vary with the 
temperature and the coefficient of expansion of the liquid (22, 23). 
The temperature correction factors were calculated for each 
temperature interval, and the values are given in Table 1. From 
—40 to 210 F the facto agreed within 0.1 per cent for all fluids, 
but divergence occurred at higher temperatures. Petroleum 
oils had the smallest and halocarbons the greatest temperature 


correction factors. 
TABLE 1 TEMPERATURE CORRECTION FACTORS 
Ucon 
Petro- and Silicones Fluoro- Fluoro 
a: Temp, leum poly- an ube lubricant 
deg F oils glycols diesters standard FCD-331 
alt —40 1.006 1.005 1.006 jan 
1.005 1.005 1.005 
0 1.004 1.004 1.004 
7 32 1.003 1.003 1.002 1.003 1.003 
nine 77 1.001 1.001 1.001 1.001 1.001 eres 
210 0.995 994 
0.989 0.988 0.987 0.986 0:984 
0.986 * 0.985 0.984 0.983 
— 0.984 0.982 0.981 0.979 0.976 
0.978 0.975 0.974 
0.975 0.972 0.970 
650s 0.972 0.967 
7 0.967 0.963 “ee 


The calibration constant is also slightly affected by the surface 
tension of liquids, and it is necessary to apply a correction for the 
differences in effective head caused by differences in surface ten- 
sion (23). Barr (24) has discussed the surface-tension correc- 
tions and has shown that a correction factor for the change in 
head due to capillarity must be applied for any but small capillar- 
ies. The correction factor depends on the form of the meniscus. 
The petroleum calibrating liquids had surface tensions of 31.5 + 1 
dynes per cm at 77 F, Ucon fluids and the polyglycols had 
values of 30 to 32 — per cm, and the diesters had values of 


29 to 30 dynes per cm. However, the densities of these lieuids 
are all sufficiently close to unity to make the surface-tension cor- 
rections less than 0.1 per cent. 

It is well known that the surface tensions of most liquids vary 
linearly with the temperature until close to the critical tempera- 
ture (25). Winchester and Reber (26) found that the tem- 
perature coefficient of surface tension of several petroleum oils be- 
tween 180 and 600 F was constant, the average value being 0.033 
dynes /em/deg F, and the maximum variation from the mean was 
0.0017 dynes/em/deg F. Unpublished investigations of the 
authors’ laboratory reveal that temperature coefficients of sur- 
face tension of the Ucons, polyglycols, and diesters are approxi- 
mately 0.03 dynes/em/deg F. Differences between the surface 
tensions of the petroleum oils and the fluids mentioned will re- 
main practically constant since the surface tensions are decreas- 
ing at the same rate. Corrections due to surface-tension differ- 
ences, therefore, will become even smaller at the elevated tem- 
peratures, 

Surface tensions of the other fluids investigated, at 77 F, were 
approximately 23 dynes per cm for the halocarbons, 19.5-21.0 
for the polymethylsiloxanes, 23 to 25 for the polyethylsiloxanes, 
and from 20 to 26 for the poly(methyl-phenyl) siloxanes (5), 
depending upon the phenyl to methyl ratio. Correcting for the 
meniscus, the surface-tension corrections become 0.2 to 0.4 per 
cent for the silicones and halocarbons, the latter having the largest 
values. As the temperature coefficients of surface tension (5 
are approximately 0.037/deg F for polymethylsiloxanes, 0.036 /- 
deg F for polyethylsiloxanes, 0.044/deg F for the poly(methyl- 
phenyl) siloxanes, and 0.027/deg F for the halocarbons, appro- 
priate corrections can be made at temperatures other than 77 F. 
The coefficients of surface tension with temperature of the halo- 
carbons were not linear, and it is possible that other fluids also 
deviated from linearity at high temperatures. This would 1 
introduce an appreciable error in the calculated corrections as 
the differences in surface tension become smaller at the elevated 
temperatures, 

Viscosities were determined at —40, —20, 0, 32, 100, 130, 210, 
250 F, and at 50-deg F increments thereafter up to temperatures 
where reproducible results could not be obtained. Above 400 
F it was impossible to obtain efflux times reproducible within 
0.2 per cent with some fluids. Viscometers were selected so that 
the kinetic energy corrections were negligible except at very high 
temperatures, where some of the fluids had efflux times less than 
the minimum (23). In order to minimize the effect of atmos- 
pheric oxygen, the bath was blanketed with carbon dioxide, dis- 
charged from a funnel inverted over the top of the bath, thus per- 
mitting the viscometers to breathe an inert atmosphere. Prior 
to filling, the viscometers were swept out with carbon dioxide 


Discussion OF RESULTS 


Densities. The densities of the fluids investigated are accurate 
to +0.1 per cent and are arranged in Table 2 in order of increas- 
ing viscosities for each group of homologous fluids. Graphs of the 
density-temperature data can be fitted to straight lines without 
an error of over 0.2 per cent for the range of temperatures given 
in the second from the last column, and the resulting slope 
—|[(dp)/(dt)} X 10* is given in the preceding column. The 
cubical coefficient of expansion at 77 F was calculated from 
(dp) /(dt) and the density at 77 F. 

Except for the halocarbons the density-temperature graphs 
deviate from linearity only very slightly at the extreme tempera- 
tures. The graph for Fluoro Lubricant FCD-331 is not linear 
anywhere, but the two polymers of trifluoromonochlorethylene 
behaved linearly up to 300 and 450 F, respectively. In general, 
(dp) /(dt) and the cubical coefficient of expansion decrease as the 
viscosity increases in any homologous series of fluids. The latter 
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TABLE 2 DENSITIES OF FLUIDS 


Coefficient 


Density, Grams/cc, at = Applicable of Expansion 
Identification (dp/dt)x19* Range, °F, 104 
Polymeth Isiloxanes 
_ be 500 "aN 1.011 0.950 0.386 0.720 4,86 32 to 600 5el2 
nao ll. 1.022 0.962 0.898 0.737 4.74 32 to 600 4.9 
pc 500 "Ch 1.026 0.965 0.902 0.743 4.71 32 to 600 4.8 
pe 200 "D" 1.030 0.969 0.906 0.749 4.67 32 to 600 4.82 
DC 200 ~ a 1.031 0.970 0.908 0.751 4.65 32 to 600 4.79 
Polyethylsiloxanes 
De 400 "A" 1.003 0.952 0.895 0.792e 4.31 -40 to 450 4.53 
DC 400 "Cc" 1.042 0.994 0.941 0.825¢ 4,02 -40 to 500 4,04 
Poly (methyl-phenyl)siloxanes 
be 702" P 1.107b 1.071 1.008 0.845 4.74 0 to 500 4.43 
De 703 1.117b 1.081 1.022 0.869 4.52 0 to 500 4.18 i ¢ 
710 14125 1.092 1.037 0.898 4.13 to 550 3-78 
DC 550 fh op ie = 1.104b 1.070 1.016 0.876 4.09 77 to 600 3.82 
POLYALKYLENE GLYCOLS AND DERIVATIVES 
Polyethylene Glycol 200 1.175a 1.122 1.062 0.895 4.50 -40 to 300 4.01 ave 
Carbawax 1000 1.0984 1.064 0.937f 4.33 130 to 400 3.94 
Polypropylene Glycols 
Polyglycol P=400 1.053a 1.007 0.945 0.784 4.69 =-20 to 400 4.66 aa 
Polyglycol P=750 1.047a 1.004 0.945 0.794 4.44 -20 to 550 4.42 
Polyglycol P-1200 1.045a 1.002 0.944 0.798 4.33 -20 to 550 4,32 wl, 
Polypropylene Glycol Derivatives 
Ucon LB-100 1.022 0.970 0.911 0.762 4.41 -40 to am a 
Ucon LB-100-X 1.027 0.975 0.917 0.767 4.41 -40 to 550 4.520 
Ucon LB-250 1.042 0.992 0.935 0.790 4.25 0 to 550 4,28 
Ucon LB~250=X 1.048 0.996 0.939 0.794 4.27 0 to 550 4.29 
Ucon LB-550-X 1.037b 0.994 0.939 0.797 4.19 77 to 550 
Ucon HB-100-X 1.070 1.017 06958 0.805 4.47 -40 to 450 4.40 wie 
Ucon HB-260 1,086a 1.033 0.976 0.828 4.34 32 to 550 
HB-260-X 1.090a 1.03 0.979 0.830 4,36 32 to 550 4,21 
) Ucon HB-600-X 1.095a 1.051 0.994 0.849 4.27 77 to 550 4.06 
PETROLEUM OILS 
Navy Symbol 2135 0.937b 0.909 0.861 0.736 3.64 to 500 4,00 
Navy Symbol 2250 0.954c 0.937 0.890 0.765 3.61 32 to 500 3.85 
Grade 1065 0.890c 0.874 0.828 0.709 3.49 32 to 550 
Grade 11H 0.841 0.725 3.44 32 to 700 3.88 
r 
Di(n-butyl) sebacate 0.950c 0.932 0.874 0.722 4.35 32 to 450 4.67 ie 
Di(2-ethylhexyl) sebacate. 0.962 0.91 0.860 0.719 4,09 -40 to 500 4.48 
Di(undecvl) sebacate = 0.942 0.89 0.844 0.708 3.92 -40 to 450 4.38 a 
‘ wy 
Fluoro Lubricant FCD-332 2.083c 2.040 1.903 1.561f 11.15 (g) 5047 
Fluorolube - Standard 1.994c 1.953 1.832 1.550f 9.07 32 to 300 4.64 vere 
- Fluorolube = Light Grease 1.9754 1.898 1.594 8.91 130 to 450 4.51 ones 
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is highest for the Fluoro Lubricant FCD-331 and the polymethyl- 
siloxane of lowest viscosity, and it is least for the petroleum oils 
and the most aromatic silicones. 

The densities of the diesters agree within the limits set by the 
lesser accuracy of our earlier work (15), while those for the sili- 
cones and polyglycols and derivatives agree well over the com- 
parable temperature range with values already reported (4, 6, 
7,9, 12,27). The deviations from linearity of the density versus 
temperature graphs obtained with the petroleum oils are not 
necessarily in contradiction to the results reported by Winchester 
and Reber (26), since their oils were very viscous fractions having 
viscosities above 30 centipoises at 210 F. 

Kinematic Viscosities. Viscosities are given in Table 3, and 
all values reported from —40 to 400 F are believed accurate to 
within 0.2 per cent relative to the accepted value of water at 68 F 
(1.007 centistokes). At temperatures above 400 F, the viscosi- 
ties of some of the fluids were not reproducible with this precision 
and are so indicated by the number of significant figures in the 
value reported. 

Due to gel formation and pyrolysis within the 30 to 40 min 
required for measurements, the viscosities of the polymethyl- 
siloxanes could not be determined accurately above 550 F. 
Turbidity was noticed at 500 F, but it decreased as the fluid 
was cooled to room temperature. It became pronounced at 
550 F, and the phenomenon was not reversible since a slight 
turbidity was apparent when the fluid was cooled. Such tur- 
bidity effects are attributed to the precipitation of higher poly- 
mers formed at the high temperatures (28). Evidence that 
cracking took place (28) at 550 F was revealed by a 1 per cent 
decrease in the viscosity at 250 F. Polyethylsiloxanes A and 
C became cloudy at temperatures below zero, which is believed 
due to the precipitation of high polymers. Gel formation was 
evident at 450 F, while at 500 F it fouled the capillaries. The 
poly(methyl-phenyl) siloxanes become cloudy at 0 F, the tur- 
bidity increasing with the aromaticity. These fluids were the 
most heat-stable of the silicones, and it was possible to measure 
viscosities at 700 F on all but DC 710. No clouding at high 
temperatures was observed with any of these fluids, and only DC- 
710 formed gel below 700 F. 

A reversible color change was exhibited by the inhibited 
Ucon fluids which became marked at around 500 F. Around 
300 to 350 F viscosity decreases with time of 0.2 per cent to 0.3 
per cent were observed on the uninhibited Ucon fluids but this 
disappeared at higher temperatures. The same effect was ob- 
served at about 50 deg F higher with the inhibited fluids. No 
difficulties with clouding or precipitation were encountered at 
low temperatures with glycols or Ucon fluids but vapor- 
locking difficulties limited going to higher temperatures. 

The petroleum oils caused lacquering above the liquid level at 
temperatures above 500 F, but it was possible to deterniine the 
viscosities at 700 F on all.oils except Navy Symbol 2250 which 
vapor-locked at that temperature. None of the petroleum oils 
was studied below the cloud points. Dibutyl sebacate vapor- 
locked at 600 F as did the di(2-ethylhexyl) sebacate at 650 F. 
Diundecyl sebacate was changing chemically at 550 F, for the 
viscosity increased 1 per cent with each pass through the vis- 
cometer. Nothing unusual occurred with these diesters at low 
temperatures. It was impossible to obtain viscosity measure- 
ments on Fluoro Lubricant FCD-331 above 500 F, because it 
vapor-locked in the viscometer. Fluorolube “Standard” and 
“Light Grease” decomposed at 550 F and 600 F, respectively, 
as evidenced by increases in times of efflux for each pass through 
the viscometer. 

Evans (29) investigated a number of equations relating the 
change of viscosity with temperature as applied to hydrocarbons 
and petroleum oils. He concluded that the three outstanding 
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equations were the ASTM equation, a modification of the An- 
drade and Silverman equation, and a modification of Batschin- 
ski’s equation. Though empirical, the ASTM equation fits the 
data for hydrocarbons with remarkable accuracy over the rather 
narrow temperature range investigated (32 to 212 F) and has only 
two arbitrary constants. The other two equations, though hav- 
ing some theoretical justification, contain three arbitrary con- 
stants, making them tedious and unwieldy to use. As a large 
number of theoretical equations, attempting to relate viscosity 
with temperature, refer to the absolute viscosity and contain a 
term which is a function of the molecular weight, they are not 
readily adaptable for work with most lubricating fluids. 

The ASTM equation in the chart form of Method D 341-43 
(22) is used widely for estimating the viscosities of petroleum oils 
at temperatures from 300 F to the cloud point, and it has been 
used with success for synthetic oils such as silicones (4), Ucons 
(12), and diesters (15). The well-known Walther equation is as 
follows 


log log (u +c) = Alog +B 


where uw is the viscosity in centistokes, c is a constant which 
Walther evaluated for petroleum oil as 0.95, A and B are con- 
stants characteristic of each liquid, and 7’ is the absolute tem- 
perature. The ASTM equation and chart differ only in that « 
is a constant varying from 0.75 at 0.4 centistokes to 0.6 at 1.5 
centistokes and above. The use of this equation in chart form 
obviates the necessity of determining the constants A and B, 

As the ASTM chart does not cover the temperature rang: 
of this investigation, it was necessary to combine the C and D 
charts to include the viscometric data and extend the range at 
both the high and low temperatures. Extended charts were 
printed on the same scale as the ASTM chart by the Nautical 
Chart Branch of the Coast and Geodetic Survey. 

Other choices of c in the Walther equation have been made 
Values varying from 0.6 to 0.95 have been introduced into the 
equation to extend the viscosity range of the chart below 1 centi- 
stoke, while the particular value assigned was determined by the 
ability of the equation to predict the viscosity of the fluids of 
interest to the investigators. In general, the larger values of the 
constant c produce more linear graphs in the low-viscosity region. 
Objections to the choice of a varying term c by the ASTM in its 
chart (D341-39) have been raised. No difference in the dimen- 
sions of this chart and one based on a value of c equal to 0.6 ca: 
be observed above 1.5 centistokes, but below 1 centistoke the 
differences become increasingly great, and at 0.4 centistoke 
the latter chart extends to minus infinity. When c has a value of 
0.75, the dimensions of this chart do not differ significantly from 
that of the ASTM chart above 3 centistokes, but it is approxi- 
mately 16.5 per cent smaller over the range of 3 to 0.4 centistoke. 

The data from Table 3 were plotted on these extended ASTM 
charts, and the resulting curves will be found in Figs. 1 through 
4. Outstanding features of these graphs are listed and com- 
pared in Table 4 which also gives the approximate temperature 
limits for the essentially linear region of each graph. With th 
exception of Fluorolube-Standard the graphs of all fluids are 
linear for a temperature interval varying from 140 to 450 F. In 
any homologous series of fluids this interval increases with the 
viscosity (or average molecular weight). In the last column 
of Table 4 brief remarks are given covering the nature and 
amount of the deviation from linearity at the extremes of tl 
curves. 

There is no curvature in the low-temperature region, and 1 
graphs are convex at high temperatures for the polymethy!- 
siloxanes, petroleum oils, and diesters. This behavior of petro- 
leum oils at high temperatures agrees with the only available 
other work (30). The polyglycols and the lower-viscosity Ucon 
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TABLE 4 OUTSTANDING FEATURES OF VISCOSITY-TEMPERATURE GRAPHS he 


Viscosity 


CS. Straight Line Region 
@ 100°F, Fro T 


SILICONES 


JULY, 1949 


Curvature* At: 
Identification 


Convex 
Convex 
Convex 
Convex 
Convex 


None 
None 
None 
None 
None 


‘ -40 O. 4 
DC 500 -40 25 
DC 500 "Cc" -40 
DC 200 "D" 
DC 200 "E" -40 


0.288 
0.264 
0.225 
0.207 


Polyethylsiloxanes 
De 400 "A" 
De 400 "B" 
DC 400 


0.563 Convex (sl) Convex 
0.522 None Convex 
0.449 Concave (sl)Convex 


Poly (methyl-phenyl)siloxanes 

DC 702 Concave (sl)Convex 
Concave (vy)Convex 
Concave (vy)Convex 
Concave (sl)Convex 


100 0.702 
DC 703 100 0.629 


100 0.441 
POLYALKYLENE GLYCOLS AND DERIVATIVES 
Polyethylene Glycols 


Polyethylene Glycol 
Carbowax 1000 


Polyglycol P-400 
Polyglycol P-750 
Polyglycol P-1200 


Polypropylene 


Polypropylene Glycol Derivatives 


Ucon LB-100 


Ucon LB-100-X 


Ucon LBe250 
Ucon LBe250=-X 
Ucon LB=550=-X 


25.5 
Solid 


Poly (ethylene-propylene)Glycol Derivatives 


Ucon HB-100-X 

Ucon HB-260 
Ucon HB-600-K 


Navy Symbol 2250 
Grade 106 
Grade 


Di(n-butyl)sebacate 


Di(2-ethylhexyl) sedacate 


Di(undecyl) sebacate 


Fluoro Lubricant FCD-331 
Fluorolube-Standard 
Fluorolube-Light Grease 


DIE STER 


-40 


32 210(7)1.184 
None 
210 400(?7)0.939 


Concave(med) Convex 
Convex 


None Convex 
Concave(med)Convex 
Concave(med)Convex 


Concave(sl) Convex 
Concave(sl) Convex 
Concave(med)Convex 
Concave(med)Convex 
Concave(vy) Convex 


Concave(sl) Convex 
Concave(med) None 
Concave(med) None 
Concave(vy) None 


Convex 
Convex 
Convex 
Convex 


Convex 
Convex 
Convex 


Convex (sl) Convex 
Convex(med) Convex 


(med) 
(med) 
(med) 
(med) 


(vy) 
(med) 
(med) 


(vy) 


Convex(med) Convex (vy) 
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pel 
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(vy) Trev 
be 
Vv 
— 130 «3500520 
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— 33.5  -20 300 0,852 (ned) the 
5166 (100 350 0.715 (s1) cus 
73.4 130 400 0,609 
ran 
(sl) 
19.59 32 350 0.744 enc 
ae 53.9 100 450 0.570 (s1) of « 
=, 57 100 300 0.982 (sl) hav 
A 121.7 210 500 0.476 4 “ah 
100 400 0.687 (s1) liar 
49 7 100 550 O. 520 mal] 
52.3 100 550 0.552 flui 
: re) 300 0.8 (@) None com 
Navy Symbol 21 169 32 300 0. None 
120.6 32 300 0.685 None exp 
359 32 350 0.661 None wou 
210 0.713 None 
300 0.713 None coil 
300 0.719 None by | 
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fluids show both convexity at elevated and concavity at low tem- 
peratures. In any homologous series of fluids, increasing molec- 
ular weight or viscosity causes the convexity at high tempera- 
tures to decrease. The halocarbons are unique among the fluids 
studied in that their graphs are convex rather than concave at low 
temperatures. 

From the straight-line portion of each viscosity-temperature 
graph, the tangent has been calculated and is given as the “‘slope” 
in the fifth column of Table 4. The uniquely low slopes of the 
polymethylsiloxanes are evident here, as is the increase in the 
slope going from methyl to ethyl to phenyl side chains, this being 
analogous to the rule for hydrocarbons that the slope increases 
with the ratio of the cross-sectional diameter of the molecule to 
its length. Another example of this rule is shown by the in- 
creases in the slopes with aromaticity of the series of methyl- 
phenyl siloxane copolymers. Due to the presence of methyl 
side chains in the polypropylene glycols, they have larger slopes 
than the polyethylene glycols of comparable viscosity. As the 
Ucon fluids are polymers of ethylene and/or propylene glycol, 
chain-stoppered at one end by a monohydric alcohol (10, 11), 
comparison with the analogous polyglycols of the same viscosities 
reveals they have much lower slopes (or higher VI) than would 
be expected from the increase in chain length caused by the chain 
stopper. It is obvious to assume that this improvement is 
caused by the decrease in association or hydrogen bonding re- 
sulting from blocking of one OH at the end of the polyglycol. 

The addition of the Ucon antioxidant had little effect on the 
slope of the viscosity-temperature graph at the higher tempera- 
tures. At high temperatures the graphs of the LB and HB 
fluids having the same viscosity at 100 F became practically 
coincident. Relations between the molecular structures and 
the slopes (or VI) of diesters and petroleum oils have been dis- 
cussed previously (15). The aliphatic diesters and the high VI 
petroleum oils behave similarly over the entire temperature 
range. It is notable that the halocarbons had the highest slopes 
encountered. 

It is suggestive to treat the linear viscosity-temperature region 
of each fluid as a region of ‘‘more normal’ or “more ideal’ be- 
havior, and the regions of convexity or concavity as regions of 
“abnormal” behavior having their origin in the increasing 
prominence of some chemical or physical transformation pecu- 
liar to the particular class of liquids studied. Such an approach 
makes it necessary to learn more about the other properties of the 
fluid at extreme temperatures, and it is justifiable only if it is 
thereby possible to collate a diverse group of phenomena. Be- 
cause of the uniform gradation possible in all properties of the 
synthetic fluids like the silicones, Ucons, and diesters, their 
comparative study is especially valuable in such a connection. 

The convexity of the graphs at high temperatures cannot be 
explained by evaporation, cracking, or oxidation since these 
would cause much larger irreversible changes in the viscosities 
than were encountered. It is suggested that this is due to a sta- 
tistical uncoiling of long-chain molecules as the temperature 
rises due to the disorganizing effects of thermal agitation. This 
coiling is pronounced in the polymethylsiloxanes and is decreased 
by the number and size of the side chains as outlined earlier (5). 
In linear molecules with freedom of rotation about the chemical 
bonds in the main chain, coiling should be most pronounced the 
higher the molecular weight (and the higher the viscosity of the 
fluid). As high temperatures are approached, a more random 
distribution results, and the molecule exhausts its capacity to 
uncoil, with a resulting rapid dropping away from the “normal” 
Straight line on the viscosity-temperature chart. The convexity 
occurs at lower temperatures for the lower members of any homolo- 
gous series, 

The point of deviation from linearity on the ASTM chart for 
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all the polymethylsiloxanes occurs at a viscosity of between 18 
and 20 centistokes. This unexpected regularity may be another 
manifestation of the uncoiling mechanism. The similar behavior 
with respect to curvature on the ASTM chart of high VI petro- 
leum oils, aliphatic diesters, and polyethylsiloxanes may be 
attributed to their essentially straight-chain and short-branched 
structure. At high temperatures the graphs of the highly aro- 
matic silicones are very convex, and this is probably due to 
the great hindrance offered to coiling by large phenyl groups. 
A similar situation holds with respect to the halocarbons, but 
here the cause is the large diameter of fluorine or chlorine atoms 
and the slightly shorter carbon-carbon bond distance because of 
which hindrance is created to free rotation about carbon to car- 
bon bonds. The exceptional behavior of the Ucon fluids at 
high temperatures may be caused by an increase in association 
at high temperatures resulting from the loss of hydrated water. 
This needs further study. 

At low temperatures the lack of concavity of the viscosity- 
temperature graphs of the polymethylsiloxanes, petroleum oils, 
and aliphatic diesters studied is to be considered evidence that 
no new phenomena are occurring such as precipitation, crystal- 
lization, or association. The slight curvature for the polyethyl- 
siloxanes can be associated with the precipitation of an insoluble 
fraction as reported earlier. Similarly, the concavity of the 
graphs for the poly(methyl-phenyl) siloxanes is also due to the 
precipitation of an insoluble fraction, and it is more pronounced 
the higher the aromaticity, due possibly to the van der Waal’s 
forces developing at low temperatures between adjacent phenyl 
groups of different polymer molecules. 

The viscosity data presented here when plotted, using the 
Walther equation with c = 0.6, gave graphs essentially the same 
as those on the ASTM chart, except that the convexity was 
greater in the low-viscosity region. When c was chosen as 0.75, 
the convexity at low viscosities was less than on the ASTM 
chart. The linear portion of some of the graphs was extended 
to higher temperatures (notably the fluorocarbons), but in no 
case was the convexity eliminated at extremely high tempera- 
tures. By using the Walther equation as three constant equa- 
tions it is evident that c can be selected for each liquid so as to 
increase the range of linearity of the graph. The arbitrary intro- 
duction of the constant c, having values greater than the vis- 
cosity of the liquids under investigation, would appear as an 
artificial means of obtaining linear graphs. Lack of theoretical 
justification also makes this inappropriate here. The attempt 
to correlate convexity at high temperature on the ASTM chart 
with the properties of the liquids studied is probably mathe- 
matically equivalent to correlating such properties with the values 
of c. 

In Fig. 5 are some typical graphs made by plotting the absolute 
viscosities in centipoises on the extended ASTM chart. No 
particularly new features are revealed by these graphs, except 
that the linear region is shortened and the convexity at high 
temperatures is increased as the density of the fluid decreases 
from unity. Conversely, the graphs of the halocarbons whose 
densities exceed unity are straighter for longer temperature 
ranges and show less convexity at the high temperatures. These 
data were also plotted on a log 7 versus 1/T chart, but very curved 
graphs resulted for all fluids except the polymethyl siloxanes. 
Further study is being made of the applicability of other equa- 
tions for predicting the viscosity-temperature characteristics of 
these fluids. 


CONCLUSIONS 


It is shown that the deviations of the graphs from linearity on 
the modified ASTM viscosity-temperature chart can be given 
reasonable explanation based upon other physical and chemical 
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properties of the fluids. It is believed that any equation capa- 
ble of predicting the change of viscosity with temperature of a 
fluid over such a large temperature range will have to take ac- 
count of the other physical and chemical changes which take 
place. The observed convexity at high temperatures appears 
general, and it has been found possible to present a qualitative 
explanation based on the idea of coiling of linear molecules and its 
disappearance under conditions of excessive thermal agitation. 


regions for which linearity can be safely assumed on the extended 
ASTM viscosity-temperature chart. Comparative data have 
been presented on the kinematic and absolute viscosities, densi- 
ties, and cubical coefficients of expansion as functions of tempera- 
ture over the entire useful range of the fluids investigated. It is 
pointed out that hindrances to rotation about carbon-carbon 
bonds may be responsible for the large decrease in viscosity 
index with halogenation of hydrocarbons. 
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Metal Membranes 
By W. F. BROWN 


Circular hydraulic bulges were formed from a group of 
materials having widely varying strain-hardening rates. 
The complete development of the shapes and strain dis- 
tributions was determined experimentally, and the 
stress and radius of curvature at the pole were calculated 
as a function of the maximum strain. An analysis of the 
data revealed that strain gradients and, therefore, the 
bulge heights were influenced by the stress-strain char- 
acteristics of the metal. It was also found that the bulge 
contour was closely approximated by a sphere only at 
strains in the vicinity of the instability strain. Instability 
was exhibited by all materials having a sufficient ductility 
at strains varying from e, = —0.47 for 75S-O to «, = —0.64 
for annealed low-carbon steel. The phenomenon of in- 
stability was related to both the development of the shape 
and the strain distribution. The previously reported dif- 
ferential equation for instability in a circular bulge was 
found to yield strains which agreed with the maximum 
load strain and the instability strains derived from the 
analysis of the shape and strain distributions. These in- 
stability strains were not found to be simply related to the 
necking strains in uniaxial tension. The height and 
maximum strains (forming limits) obtainable in bulg- 
ing were found to be greatly reduced by the presence of 
surface flaws or a large grain size. 


8, = 8 = two principal stresses in plane of sheet 


= principal stress acting perpendicular (normal) to plane of 
sheet 


NOMENCLATURE 
The following nomenclature is used in the paper: 


. effective 


" V2 V (8: — 52)? + (8 — 83)? + (8; — &)?.. 


stress 
€1, €, €; = conventional principal strains in directions of corre- 
sponding principal stresses 
= In(1 + e) = natural strain 


2 
V (a — «)? + (2 — + (6 — a)? = effective 


strain 
radius of curvature at pole 


R' = computed (average) radius of curvature for chord length L 
h = thickness of metal membrane at any point 
ho = initial thickness of metal membrane 

1 Formerly Research Metallurgist, Research Laboratory for Me- 
chanical Metallurgy, Case Institute of Technology, presently Re- 
search Metallurgist, Flight Propulsion Research Laboratory, NACA, 
Cleveland, Ohio. 

* Metallurgical Engineer, Allegheny Ludlum Steel Corporation, 
Dunkirk, N. Y.; formerly with Research Laboratory for Mechanical 
Metallurgy, Case Institute of Technology, Cleveland, Ohio. 

Contributed by the Metals Engineering Division and presented 
at the Annual Meeting, New York, N. Y., November 28—December 
3, of THe AMERICAN Sociery oF MecHanicaL ENGINEERS. 
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p = hydraulic pressure 
L = chord length 
n = strain-hardening exponent in generalized stress-strain — 
function equal to necking strain in uniaxial tension 
H = height of bulge at pole 
INTRODUCTION 


The load and geometrical conditions present in many structures 
subjected to underwater explosion or to the action of high hydro- 
static pressures are similar to those encountered when a metal 
membrane restricted at its periphery is deformed by means of 
a hydraulic pressure. Problems of a similar nature arise in the 
design of safety diaphragms used in the protection of pressure 
vessels. In addition, the study of such membranes offers the 
possibility of investigating the fundamentals of plastic flow and 
fracturing in a biaxial stress state. 

Circular membranes are, for reasons of symmetry, subjected 
to a state of balanced biaxial tension (s; = 82). In a previous 
publication by Sachs and Lubahn (1),* a theory of tensional in- 
stability similar to that for the necking of a tensile test specimen 
2) was extended to several other load and geometrical conditions, 
including a circular hydraulic bulge. In this analysis it was shown 
that instability in a circular bulge should occur at much higher 
strains than in a tensile test. These conceptions were verified by 
an experimental analysis of a hard-rolled and an annealed elec- 
trolytic-copper bulge in a previous publication by Sachs and 
Brown (3).4 It was shown that the instability was associated 
with a maximum in the pressure-strain curve, and that the in- 
stability strain could be derived from a suitable analysis of the 
development of the meridional strain distributions. 

The deformation characteristics of metal membranes have 
also been investigated by Gensamer and associates (4) and by 
Saibel (5). Gensamer investigated both circular and elliptical 
bulges of the aluminum alloy 24S-T clad and 24S-O clad. Saibel 

attempted to develop an expression which for the circular bulge 
would yield the strain distribution in terms of the height at the 
pole and radius of the die. This analysis was then extended 
using the condition of instability (1) to yield an expression for the 
instability strain in terms of the strain-hardening exponent n, of 
the generalized stress-strain relationship (6, 7) relating the effec- 
tive stress s, to the effective strain,e,(8) sits 

8 = 
These results, however, do not appear to be in agreement with the 
experimental data presented in this paper, as will be discussed 
later. 

A considerable amount of experimental and theoretical work 
on circular bulging of large steel diaphragms has been carried out 
at the David Taylor Model Basin of the Navy Department. 
These results are described in recently declassified reports by 
Gleyzal (9, 10), Greenfield (11), and Mostow (12). However, 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
4 These results have been added to many of the graphical repre- 


sentations in this paper and some additional dai ae — been pre- 
sented for these materials. P 
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this information was not av ail: ible at the time this paper was pre- 
pared. 

Related to the problem discussed here are also some bursting 
tests on hemispherical shells by Marin and Wilson (13). How- 
ever, the data reported are not sufficient to permit an analysis of 
the shape, or to determine whether instability may have occurred. 

This investigation is an extension of the previous experimental 
work on circular bulges (3) to further analyze their shape and 
determine the effects of the metal strain-hardening character- 
istics. For several materials, the meridional strain distributions, 
the bulge contours, and the pressures were experimentally deter- 
mined. From these measurements the radii of curvature and the 
meridional stresses at the pole were computed. Both the strain 
distributions and the contours were analyzed to reveal whether 
or not the bulge exhibited an instability. In addition, the pre- 
viously developed instability equation was solved graphically 
using the calculated values of stress and radius of curvature at 
the pole. 

An experimental analysis of the type presented here yields 
many useful basic relations which will be the subject of later 
papers. Thus the energy to fracture may be determined from 
the pressure-strain and height-strain curves. This quantity is 
an important consideration in the resistance of a structure to the 
effects of underwater explosion. Also, as was previously pointed 
out (3), the stress-strain relation derived in circular bulging can 
be represented in such a manner that it is equivalent to the stress- 
strain relation in pure tension, but over a much wider range 
of strains than could be investigated by the conventional tensile 
or compression test, 

The analysis of the data presented here is being extended 
with the purpose of relating the stress distribution in a circular 
bulge to the strain-hardening constant of the particular material 
tested. It now appears that such an attack may yield the cor- 
rect strain distributions for the materials reported here, and, 
consequently, permit the instability strains to be calculated from 

the stress-strain relations in uniaxial tension. 

In this investigation the following assumptions were made re- 
garding conditions at the pole: 


1 The normal principal stress s3, is negligible compared with 
the principal stresses (s; = s2) in the plane of the sheet. 

2 The effects of the edge conditions may be neglected. 

3 The bending stresses (due to the flexural rigidity of the 
sheet) are negligible compared with the tensile stresses. 

4 The material is isotropic, i.e., the ratio between the prin- 
cipal strains, é2/e:,, is unity during the entire deformation. =| 

Five materials (Table 1) covering a wide range of stress-strain 
characteristics were investigated. All the alloys were tested in 
the “as-received”? condition, with the exception of the annealed 
low-carbon steel. This steel (0.040 in. thickness) was available 
as 60 per cent cold-rolled sheet. The annealed condition was 
produced by holding at 1250 F for 2 hours, furnace-cooling to 
700 F, and then cooling to room temperature in still air.§ 


MATERIAL AND PROCEDURE 


5 This heat-treatment should approximate a full commercial proc- 
ess anneal. 


In addition, attempts were made to bales the aluminum alloy 
528-1/2H, 50 per cent cold-rolled low-carbon steel (0.050 in. 
thickness) and 70 per cent cold-rolled low-carbon steel (0.030 in. 
thickness). However, for various reasons to be discussed later, 
these attempts were unsuccessful. 

Before testing, the (12 in. X 12 in.) bulging blanks were photo- 
gridded with a 20-line-to-the-inch net (14), the grid lines being 
parallel and perpendicular to the rolling direction of the sheet. 

Tensile tests were made for all materials. For each alloy, 
specimens were cut in the rolling direction, transverse, and at 
45 deg to the rolling direction. The average rate of straining in 
these tests was comparable to that in bulging. The conventional 
yield strength® and tensile strength derived from an average of 
tests in the three directions are reported in Table 1. 

The bulging equipment and the preparation of the gridded 
specimen blank have been described in detail in previous papers 
(3, 15). However, in this investigation a Riehle testing machine 
was used to furnish oil to the bulging head at pressures up to 
3000 psi. The pendulum-type load-measuring device on this 
machine was adapted to indicate the bulging pressure to +0.5 per 
cent. When testing the stronger alloys, lead fuse wire (0.030 in. 
diam) was used as a gasket between the specimen blank and the 
bulging head to prevent oil leakage past the studs. 

A complete experimental analysis consisted of determining the 
pressures, the distribution of meridional strains, and the contours 
at appropriate intervals of strain (at the pole) up to fracture. 
Strain and contour measurements were made in the transverse 
direction (90 deg to the rolling direction),’ using the same tech- 
niques described previously (3). All measurements were made 
after removal of the applied pressure. The strain distribution 
after fracture was determined for all alloys except 248S-T. The 
many-branched fracture of 24S8-T (15), interfered with strain 
measurements made after bursting. 

In order to check the reproducibility of the results and the 
magnitude of possible material variations, pressure versus merid- 
ional-strain-at-the-pole curves were determined for an additional 
specimen of each material, Fig. 1. In general, the data obtained 

on the two specimens, and in the case of low-carbon steel on three 
specimens, agreed quite well within the limits of experimental 
error. It should be pointed out in this respect that the agreement 
of the pressure-strain data does not preclude the possibility of 
material variations having a significant effect on the distribution 
of strain and curvature. 


Resttts = 


In this paper the data have been represented by the use of & 
“universal stress-strain relationship,” i.e., one which yields the 
same relation between some selected function of a principal stress 
and some selected function of a principal strain, for any 
stress state considered. 


® Tensile specimens were */,in. in width and similar to those recom- 
mended for sheet materials by the ASTM but possessing a longer 
(5 in.) gage length. The conventional yield strength is that deter- 
mined by the 0.20 per cent (plastic) strain-offset method. 

7A certain degree of anisotropy of strain and shape was noted 
particularly for the annealed low-carbon steel, and these effects of 
directionality will be considered in a subsequent investigation. 


TABLE 1 MATERIALS TESTE 
1 ALS TESTED 
_ thickness, ——— Yield ~ ———Tensile strength, psi—————— 
Material in. (+0.001) Longitudinal 45 deg aneen Average* Longitudinal 45 d ransverse Average® 
Annealed stainless steel 
34 -.. 85500 35000 34500 35000 95200 93700 93000 94000 
gga steel 0.041 = 34400 33200 32400 45700 50000 48700 48100 
MET bore 0.039 rye te 45500 45600 48200 72500 69500 70300 70800 
248-0 bare 0.041 15200 14700 14700 14900 35900 34800 34300 35000 
758-0 bare 0.041 7 Rupe 15200 15700 15000 15300 35400 35900 34800 35400 


® Average of one test in each direction, i.e., longitudinal, transverse, and 45 degrees to rolling direction. 
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PRESSURE-STRAIN Curves FOR CrrcuLAR BULGING OF 
Various MATERIALS 


Of the several relations which have been proposed, the repre- 
sentation of twice the maximum shear stress 


stress, as a function of the greatest absolute natural 
strain, “decisive” strain, ¢max,* is the most simple. This repre- 
sentation may lead to stress values which are in error by as much 
as 15 per cent for plane strain (s; = 2s:, s; = 0). However, for 
the cases of balanced biaxial tension (s; = 82, 8s; = 0), considered 
by the authors, this relationship yields the same function between 
the stresses and strains as would the use of the effective stress 
and effective strain discussed by Dorn (8). Therefore, the data 
have been represented in terms of the largest maximum stress, 
8: = 8; (equal to twice the maximum shear stress), and the great- 
est natural absolute strain, = = —2e. 

Since the stresses and strains are not uniformly distributed 
across the contour, the instability equation previously developed 
(3) is in terms of the maximum values of the decisive stress and 
decisive strain. These occur at the pole and are referred to as 
the maximum meridional stress and maximum meridional strain, 
respectively. In the following discussion, unless otherwise noted, 
the stress and strain values referred to are those at the pole of the 
bulge. 

Pressure-Strain Relations. Plastic instability of a mechanical 
system is characterized by an increase in strain at constant or 
decreasing load. Fig. 1 shows the pressure-strain relations for 
bulges of various alloys. It can be seen that a pronounced maxi- 
mum is present in the pressure-strain curves for stainless steel and 
low-carbon steel; 75S-O bulges exhibited a constant load before 
fracture; however, no decrease in load could be detected. Both 


248-O and 24S-T bulges exhibited continuously increasing pres- 
Sure to fracture. 


“decisive” 


* ¢is the natural strain = In(1 + e). 
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.In general, the strain distributions become less uniform (steeper) 
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The instability strains (strains at maximum load) are leg ‘ome 


to determine accurately from these plots. However, the values 
as reported on the graphs varied from approximately «, = 0.24 
for 758-O to e, = 0.33 for low-carbon steel. 

Strain Analysis. Figs. 2 and 3 illustrate the meridional strain — 
distributions at a series of selected pressures. The strains at a — Sol 
given point are plotted against the original position of this point _ 
on the undeformed sheet. The strain distribution, measured after 
fracture, has been added to these figures, with the previously men- 
tioned exception of 248-T. 

In general, the strain increases continuously from the die 
periphery to a maximum at the pole. However, the strain is not e 
necessarily zero at the die edge (3 in. from the pole), since for 
the higher bulges an martian strain may occur over the radius ee 
of the die. a 

For a particular material, the shape of the distribution curves : 
varies considerably, depending on the magnitude of the strain. 


with increasing strain at the pole. However, this change to : 
higher strain gradients may not be continuous at the lower strains. 
Considering, for example, low-carbon steel, Fig. 2, the strain gra- 

dient becomes increasingly steeper until a strain at the pole of 

= 0.08 is reached; however, the next distribution shown 
nent uniform. This cycle is repeated once more between 4 = 

0.095 and e, = 0.18; with further deformation the strain gradient — 
increases continuously to fracture. 

In addition, it appears for most alloys that after a certain rela- — 
tively high strain, increasing strains at the pole produce only a : 
very small increase in strain at distances greater than i nil 
mately 1 in. from the pole. 

Comparing the strain distributions for bulges of the various | : 
alloys, it is evident, particularly for relatively high strains at — _ 
the pole,that considerable variation in strain gradients exists. — 

Shape Analysis. The height of the bulge at the pole is repre- 
sented as a function of the normal strain in Figs. 4 and 5. _ 

In general, the height increases at a decreasing rate with pre- — 
gressive strain. Ata particular strain the rate of increase is most _ 
rapid for the very ductile alloys, i.e., annealed copper, low-carbon = 
steel, and stainless steel. The shapes of the curves for this group . ¢ 
of materials are very similar, particularly at the higher strains. 
Height-strain curves for the less ductile aluminum alloys, 248-0, 
24S-T, and 75S-Oare practically identical, the only difference being 
in extent. On the other hand, the height for hard copper ata 
particular strain is less than the other alloys in spite of its high | 
ductility. 

It is obvious that the heights at fracture are not a simple fune- 
tion of the total strain (ductility). 

The radius of curvature at the pole may be determined from 
the contour measurements. Thus as described previously (3), 
curves relating the radius to the chord length (see Figs. 8 and 
9) are extrapolated to zero chord length. This method has the — 
advantage that it yields a very close approximation to the true — 
curvature at the pole for any smoothly contoured shape. In Figs. — 
6 and 7, the radius is plotted as a function of the normal strain. — 
For a particular material, the radius of curvature decreases at a 
decreasing rate with increasing strain. 

In the past, it has been tacitly assumed by most investigators® 
(4, 5) that the contour of the circular bulge closely approximates 
a sphere during the entire deformation. That such an assumption 


is correct over a large portion of the contour at strains approach- 7 

ing the instability strain has been shown for an annealed-copper Ea 

bulge (3). cn 
Variations in the curvature (reciprocal of the radius of curva- d _ 


ture) are not readily obtained from plots of the contours. How- 


* Such an assumption is necessary when the radius of the curvature Re Pra 
at the pole is determined by means of a sphereometer (4, 5). ee 
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ever, the technique for determining the radius of curvature at 
ft the pole used in this investigation clearly reveals such variations 
jm the curvature. Figs. 8 and 9 show the computed radius of 
eurvature as a function of the chord length with strain as a 
parameter, for 24S-O and stainless steel. The trends noted are 
typical for all materials investigated thus far. At small strains 
these curves have a negative slope, indicating that the curvature, 
1/R, decreases toward the pole. With progressing strain, the 
slope gradually approaches zero, i.e., a straight line. This is an 
indication of uniform curvature over the distances investigated.!° 
With further increasing strains in the vicinity of the instability 
strain, the slope of these curves increases in a positive direction, 
showing that the curvature is greatest at the pole. 

The development of the bulge shape may be further analyzed by 
a consideration of the height strain (see Figs. 4 and 5), and curva- 
ture strain relations. Thus fora particular maximum meridional 
strain, using the corresponding values of radius of curvature and 
height at the pole, a circle may be constructed with its center on 
the vertical axis of symmetry. This construction has been made 
in Fig. 10, for stainless steel at several different strains. 


oa i" 4 At a low strain, «5 = —0.15, the constructed circle intersects 
the base plane at the point B, which is at a greater distance from 
can the vertical axis of symmetry than is the point of tangency /, be- 

tween the die radius and base plane. From the point /, the actual 


bulge shape must conform to the die radius for a distance which 
is greater the larger the deformation. To satisfy this requirement 
and in order for the contour to be smooth, the curvature must 
decrease as the pole is approached. This has been shown sche- 
matically by the dotted line JC. 

With increasing strain the intersection between the constructed 
circle and the base plane moves toward the vertical axis of sym- 


oo metry. Consequently, the constructed circles conform more and 
airs more closely to the requirement that the shape be tangent to the 
ee die radius. This results in an increasingly more uniform curva- 


ture distribution as the instability strain is approached. 

It was observed that, at instability (¢. = —0.60), the are of 
the constructed circle intersected the base plane at point P, a 
distance of 3 in. from the vertical axis of symmetry;'! i.e., one 


4» 10 These measurements were limited by the wall of the die to ch rd 
ee - lengths not exceeding approximately five inches. Therefore, changes 
er im curvature beyond approximately 2!/2 inches from the pole are not 
revealed. 

ai tee 11 This peculiar relation between the development of the shape 


and the instability was observed for all materials exhibiting insta- 
bility (see Figs. 14 and 15) and cannot be explained at present. 
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half the die diameter. With still further deformation (e; 
—0.78) the radius at the pole decreases and the point of inter- 
section G, of the are of the constructed circle with the base plane 
moves inside the die diameter. Therefore, straining beyond 
a certain point in the vicinity of instability would result in the 
ares of the constructed circles conforming less and less closely 
to the requirement that the shape be tangent to the die radius. 
Thus the curvature of the actual shape must increase toward 
the pole, as is shown by the dotted line JH. At still higher 
strains, the increase in curvature becomes more pronounced. 

It should be noted that following instability only comparatively 
small changes in curvature of the dotted construction lines (such 
as [H) in Fig. 10, would be necessary for rather large deformations 
in the region of the pole. In other words, the strains at sufficient 
distances from the pole may remain practically constant for a 
rather large change of strain at the pole. These conclusions in 
regard to changes in curvature during the development of the 
bulge shape are in qualitative agreement with those derived from 
the variation of radius of curvature with chord length (see Figs. 
8and 9), 

By another method of analysis (discussed later, Figs. 14 and 
15), it has been demonstrated that the shape of all materials 
tested develops in the manner described in the foregoing. Ap- 
parently the assumption, that the bulge contour is spherical dur- 
ing the entire deformation, is in error, the amount of error being 
variable and a minimum at strains in the vicinity of the maximum- 
load strain. 

The observation that the curvature decreases toward the pole 
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at comparatively low strains may be explained as follows: Cal- 
culations for several cases have revealed that the stress distribu- 
tion becomes more uniform with increasing strain at the pole. 
At low strains the stress decreases rather rapidly toward the die 
periphery. This reduction in stress may be caused by either 
(a) an increase in thickness, or (b) a decrease in radius. The 
change in thickness at low strains is, however, practically neg- 
ligible. Therefore, this reduction in stress must be explained by 
an increase in curvature as the die periphery is approached. 
Stress-Strain Relationships. The true maximum meridional 
stress s,, for a particular value of the measured maximum meri- 
dional strain ¢,, may be obtained by the following relation 


pRO + pR 


~ 


where p is the hydraulic pressure, ho the initial sheet thickness, 
and R the radius of curvature at the pole. — 
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RELATION BETWEEN TRUE Stress S; AND NORMAL OR 
STRAIN €; AT PoLe IN CrrcuLaR BULGING OF VARIOUS 
MATERIALS 


Fig. 11 shows the stress-strain relations obtained for the various 
materials.'2 It is evident that a wide variation in stress-strain 
characteristics is represented. 

It has been shown (3) that the stress-strain relationships in 
circular bulging conform to the general laws of plasticity and are 
a function only of the stress state, being independent of changes 
in curvature. These relations as represented in terms of the 
decisive stress and decisive strain should be identical to the 
stress-strain curves for these materials in uniaxial tension. How- 
ever, the range of strain in uniaxial stress which can be covered in 
a conventional tensile test is usually considerably restricted, due 
to necking which alters the stress state. 

Fracturing Characteristics. All the materials fractured in the 
vicinity of the pole, the locus of fracture extending parallel to the 
rolling direction, approximately equal distances either side of the 
pole (with the exception of 248-T, the total length of metal separa- 
tion was from 1 to 2 in.). The alloy 24S-T, on the other hand, 
fractured in an “explosive manner” (15), the fracture extending 
over a considerable meridional distance and exhibiting many 
branches. In some cases a large section was blown out of the 
top of the 24S-T bulges. 

It has been shown previously by Gensamer (4) and Sachs (15) 
that for certain aluminum alloys a localized reduction in thickness 
occurs in the immediate vicinity of the fracture. This would 
indicate that for those materials the actual metal separation 
may take place in a state of plane strain, i.e., strain parallel to 
the fracture being constant. 

The existence of such a phenomenon would render impossible 
the determination of the actual fracture stress and strain in a 
biaxial stress state by means of a hydraulic bulge. As yet, it 
is not known whether such effects are associated with fracturing 
of the materials investigated here. 


'8 Since the pressure was removed before strain measurements were 
ca these curves do not include the elastic strains and, therefore, 
have been terminated at the conventional aiid stress. 
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The maximum normal! strains (ductility) at fracture were ob- 
tained by extrapolation of the strain distributions measured 
after fracture (dotted curves in Figs. 2 and 3), and therefore do 
not include the local region of high strain mentioned. These 
values are larger than the maximum load strains, Fig. 1. How- 
ever, they are less than the fracturing strains which would be 
expected from the reduction in area (ductility) of these metals 
in a tensile test. Thus annealed stainless steel exhibits a duc- 
tility in a tensile test of approximately 70 per cent reduction in 
area, or «, = 1.2. In bulging, the corresponding maximum value 
of ¢; obtained from the strain distributions is —0.82. 

Several rather interesting phenomena which determined the 
forming limits were noted in some preliminary tests made on 
various materials. Thus it was found that the bulge was very 
sensitive to imperfections which would constitute a groove or 
notch in the metal surface. A small defect of this type was ob- 
served at a considerable distance from the pole in a test made on 
low-carbon steel, Fig. 1 (test D-1). This developed into a very 
small fracture at e; = —0.52. 

Several attempts were made to form bulges of 52S-'/:H, a cold- 
rolled aluminum alloy which develops severe stretcher strains 
in a tensile test. In bulging, these stretcher strains which con- 
stituted narrow trough-shaped regions of reduced thickness, 
appeared after various small amounts of deformation. Fracture 
would then occur shortly in one of these stretcher strains. The 
maximum meridional strains at fracture varied from e, = —010 
to e; = —0.30 for presumably identical specimens of 52S-1/:FL. 

In a previous investigation of bulging of aircraft aluminum 
alloys (15), the experimental high-strength aluminum alloy 
XA 7558-0 bare, was found to develop severe ‘‘orange peel’ due toa 
large grain size. This phenomenon resulted in the formation of 
irregular localized regions of reduced thickness which considerably 
lowered the forming limits and introduced considerable scattering 


Discussion OF RESULTs 


As previously mentioned, when instability occurs, the pressure~ 
strain curve exhibits a maximum. To be correct the strain at in- 
stability obtained by any indirect method of analysis must be in 
agreement with this maximum load strain. 

In subsequent discussion, an attempt will be made to determine 
the instability strains from a consideration of the strain distribu- 
tion, the shape, and also the differential equation of instability 
(1), and to compare these values with the maximum load strains. 
Also, it will be shown that the development of the shape and 
strain distribution may be related to the strain-hardening char- 
acteristics of the metal. 

Analysis of Instability. The instability of a tensile test speci- 
men results in a restriction of plastic flow to a small region (neck) 
and thereby produces a distinct change in the contour of the 
specimen. Also, in uniaxial tension the nonuniformity in strain 
distribution, resulting from necking, is readily apparent, since 
the strain is essentially uniform before instability. 

However, in certain shapes which include the bulge, it is diffi- 
cult to visualize how plastic flow could be confined to a smali 
area and result in a pronounced change in the contour. Also, 
in bulging, any increase in the nonuniformity of strain as a con- 
sequence of instability would not be readily apparent from the 
strain distributions, because of the steep gradients present before 
instability. 

The variation of strain gradients during the deformation may 
be analyzed if the meridional strains at several given distances 
from the pole are plotted against the strains at the pole, Figs. 12 
and 13. For all metals except 24S-O and 24S-T,, after a certain 
strain at the pole the strain at a given distance from the pole in- 
creases at a considerably reduced rate and may become nearly 
constant at distances ciel than 1.50 in. According to this 
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concept, the strain at which these curves show a sudden change in 
slope should be the instability strain. In late discussion, it will velopment of the shape. Thus it was shown by a process 
be referred to as the “experimental instability strain.” This graphical construction (see Fig. 10) that at large strains, in tt Mate 
constancy of strain at large distances from the pole might also be vicinity of the maximum load, the contour of a stainless-ste’ MH Annesieg 
concluded from the shape analysis, Fig. 10, which revealed that bulge could be closely approximated by a sphere which passe my , ot (T 
only small changes in curvature occur in this region after insta- through the pole and intersected the base plane at the die pt Annealed rn 
bility. riphery. This analysis may be made in another manner by cH 1535 (ee! 
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the experimentally determined radius of curvature R and the 


height H at the pole according to the following equation a 
L = (8RH — 


In Figs. 14 and 15, these calculated chord lengths have been 
plotted as a function of the normal strain at the pole for all mate- 
rials investigated. It is evident that with increasing strain the 
calculated chord length decreases at a rapidly increasing rate. 
In those cases where instability occurred, this calculated chord 
length becomes smaller than 6 in. (the die diameter). It is ap- 
parent that, at a calculated chord length of 6 in., the strain is 
approximately equal to the instability strain. This peculiar rela- — 
tion between the shape and the instability has not yet been ex- 
plained satisfactorily. Results of such an estimate of the insta- — 
bility are rather inaccurate, since they are subject to errors in | 
the zero reading on the height gage which are difficult to elimi-— 
nate. In addition, the effects of die radius are variable, depending 
upon the metal, and this introduces additional uncertainties. 

The strain at which the bulge becomes unstable may also be 
determined from the differential equation of instability (1). 
This expression is written in terms of maximum meridional stress 
s,, the natural normal strain «;, and the radius of curvature F, 
at the pole, as follows 


dins, dinR 


de; de; 
ds, 1 dR l 1 
de; 8 de; R 


The functions 


din 8 l ds, 


na 


des 8; de; 
and 


occurring in this equation may be obtained graphically from 
Fig. 11 and Figs. 6 sie 7, respectively. If the functions 


1 dt 
8) de; 


are plotted against the normal strain ¢, the intersection will repre- 
sent the solution of the instability equation. Such graphical 
solutions, yielding the “theoretical instability strain,” are pre- 
sented in Figs. 16 and 17. 

The instability strains obtained by these various methods of 
analysis are assembled in Table 2, together with the maximum 


D 
ne load strains. The agreement between these various values and 
TABLE 2 INSTABILITY STRAIN VALUES IN BULGING 
Instability 
my Maximum Theoretical strain Experimental 
load instability from shape instability 
the Material strain strain analysis strain 
yssed steel (Type 347) 0.62 0.60 0.60 0.59 
nnealed copper. . 0.60 0.60 0.65 0.62 
pe ow-car- 
oak stee ces 0.66 0.64 0.64 0.64 
58-O bare........ 0.48 0.47 0.50 0.46 
g “ard copper....... 0.56 0.59 0.57 0.58 
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the maximum load strain for a particular material is good (the 
maximum variation in no case being greater than approximately 
8 per cent). These analyses also indicated that instability was 
not reached for 24S-O and 24S-T. This is confirmed by the ab- 
sence of a maximum in the pressure strain curves of these metals. 

These instability strains in bulging are considerably higher 
than those in uniaxial tension. This is explained by the fact that 
in bulging the instability is dependent not only upon the stress- 
strain characteristics but also on the curvature changes. In- 
stability of the system will occur when the rate of increase in 
pressure due to strain-hardening of the metal and increasing 
curvature of the shape is no longer able to compensate for the 
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decrease in pressure due to the decreasing thickness of the metal.'* 
Thus the curvature change of the bulge co-operates with the 
metal strain-hardening to increase the pressure and, consequently, 
to delay instability. In some cases the metal ductility will not 
be sufficiently great to reach the instability strain as evidenced 
in tests on both 24S-T and 248-0. 

Influence of the Strain-Hardening Rate. At instability, all 
materials exhibit a very nearly spherical contour, while the strain 
gradients, Figs. 2 and 3, vary considerably. Referring to Figs. 
12 and 13, it is apparent that. for the same strain at the pole the 
average strain over the contour may be quite different, depending 
on the material. This is shown more clearly if the relation be- 
tween the meridional strain at the pole and that at 1.50 in. from 
the pole for the various materials is compared, Fig. 18. The slope 
of these curves for a particular strain at the pole is a function of 
the average strain. Thus the highest possible average strain 
for a given strain at the pole (uniform strain distribution) would 
be represented by the 45-deg line. According to this analysis 
the material with the highest strain-hardening rate possesses 
the most uniform strain distribution. Consequently, the curves 
increase in slope with increasing necking strains in uniaxial 
tension (Table 3), which are a measure of the strain-hardening 
ability of a metal. It may be concluded, therefore, that in the 
ease of a metal membrane the strain distribution and, conse- 
quently, the functions relating the curvature to the strain at the 
pole are dependent on the stress-strain characteristics of the 
metal. 

In addition, the height-strain relations should also be depend- 
ent on the strain-hardening characteristics. This would be ex- 
pected since for a given strain at the pole the total arc length 
would be dependent on the average strain over the contour. 
Thus, bulges having equal average strains would have equal 
heights (assuming the shape is a sphere). As pointed out, the 
average strain is a function of the strain gradient and, for a given 
strain at the pole, it will be larger the higher the strain-hardening 
rate. Therefore, considering bulges of various materials having 
equal strains at the pole, the height will be greatest for the mate- 
rial having the highest strain-hardening rate. This explains 
the fact that the height of the ductile hard copper is lower at a 
particular strain than the height of the less ductile aluminum 
alloys, Figs. 4 and 5. 


18 An analogous statement was made for instability in simple 
uniaxial tension by Ludwik (16). 
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INSTABILITY STRAINS IN BULGING 


strains in pure tension. 


slopes of the radius-strain curve. 


simply related to the necking strain in uniaxial tension. 
Comparison With Published Results. 


compared with those obtained by Gensamer, et al (4) for 12- 
diam bulges of these alloys in the clad condition. The differen: 
in these curves, Fig. 19, are primarily due to the cladding, whi 
should reduce all stress values by an equal amount. 
the curves for 24S-T are not parallel at strains less than appro 
mately 10 per cent, and the maximum strain observed by t 
authors is somewhat higher than that reported by Gensam 
These differences may possibly be explained by commercial ma 
rial variations. 

An attempt has been made by Saibel (5) to develop an expres 
sion yielding the strain distribution for a circular bulge in terms 
of the radius of the die and height at the pole. This analysis 
combined with the use of the instability condition to yield a rela- 
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TABLE 3 COMPARISON OF PREDICTED AND THEORETICAL 


Necking Predicted Theoretical 
- Lf strain instability instability 
in uniaxial strain in strain in 
- Material tension bulging (Saibel) bulging 
Annealed stainless steel 
0.40 
nnealed copper......... 0.35 60.53 0.60 
Hard copper.. <0.01 £0.04 «0.59 


The instability strains in bulging show less variation with the 
stress-strain characteristics of the metal than do the necking 
This is explained by the fact that, while 
a decrease in the strain-hardening rate tends to reduce the in- 
stability strain by decreasing the slopes of the stress-strain curve, 
it also tends to increase the instability strain by increasing the 


It is evident that while the instability strain in bulging is de- 
pendent on the stress-strain function of the metal, it is not 


The stress-strain rela- 
tions in bulging reported by the authors for 24S-T and 248-0 are 
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tion between the strain-hardening exponent n, in the generalized 
stress-strain equation 


s= 


A(e)” 


and the instability strain in circular bulging. However, this 
approach appears to neglect the important effects of the stress- 
strain characteristics on the strain distribution and, conse- 
quently, on the strain-curvature relations. Table 3 shows in- 
stability strains predicted by means of Saibel’s (5) formula are 
not in agreement with the experimental values reported in this 
investigation. 


CONCLUSIONS 


Summarizing the results of this investigation, the following con- 
clusions may be drawn regarding the deformation and failure 
characteristics of metal membranes subjected to hydraulic pres- 
sure: 


1 An analysis of the development of the shape reveals that 
the bulge contour is closely approximated by a sphere when the 
strain at the pole is in the vicinity of the instability strain. 

2 The characteristics of the strain distribution, and therefore 
the function relating curvature and strain, are influenced by the 
strain-hardening characteristics of the metal. 

3 If sufficiently ductile, a circular metal membrane will ex- 
hibit an instability characterized by a large increase in strain at 
the pole at constant or decreasing pressure. 

4 For a wide variety of materials, the previously developed 
differential equation for instability in a circular bulge yields 
strains which agree with the maximum load strains. 

5 The strain at instability may also be derived from the 
development of either the shape or the strain distribution. 

6 In circular bulging, the instability strain is less influenced 
by the strain-hardening function than is the necking strain in 
uniaxial tension. 

7 Instability strains in bulging cannot be derived from the 
necking strains in pure tension by any known simple relation. 

8 If a metal exhibits any discontinuities, such as stretcher 
strains, large grain size, or surface flaws, the forming limits (maxi- 
mum strains) in bulging are greatly reduced. 
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A Recons of Deformation 


Deformation theories of plasticity for strain-hardening 
materials are defined as those which postulate that the 
components of elastic and permanent strain are completely 
determined by the existing components of stress. The 
assumption is made that there is some criterion, in terms 
of stress, for loading or increase in plastic deformation. 
A common supposition of this nature is that the perma- 
nent strain will increase when the octahedral shearing 
stress increases. 

It is shown that no matter what the loading criterion 
these deformation theories of plasticity lead to the unac- 
ceptable conclusion that large (finite) changes in the com- 
ponents of permanent strain may accompany infini- 
tesimal increases in loading despite strain hardening. 
Simple illustrations are given and it is demonstrated 
that an incremental, or so-called flow theory eliminates 

this undesirable feature. . 


OrIGIN OF DEFORMATION EXPRESSIONS 


GREAT deal of experimental work has been carried out to 
find laws which will predict the behavior of materials 
under combined stress from their action in simple ten- 

With a few exceptions, the useful tests have been com- 

binations of tension, torsion, and internal pressure applied in 

various but fixed ratios to thin-walled tubes. For practical pur- 
poses, the states of stress can be treated as statically determinate; 
they are of the form 


sion. 


is a three-dimensional state of stress (Cartesian com- 
Ty, Tex) ANd kis a scalar which starts at zero 
and increases in the course of the experiment. Therefore the 
directions of the axes of principal stress and also the ratios of the 
principal stresses remain constant. 

These apparently general three-dimensional but actually 
specialized experiments can be correlated very well with each 
other and: with results in simple tension by (1, 2) 


€2 €2 €3 €3 €1 


where 0°; ; 


ponents 


a volume-change relation, and the choice of the maximum shearing 
stress as the criterion of loading. An even better agreement is 
obtained when the octahedral shearing stress is taken as the 
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criterion. In this connection, the work of Morrison (5) on size 
effect is of considerable interest and importance. Tests of Taylor 
and Quinney (6) show that Equation [2] is an oversimplification 
of the physical behavior of metals and therefore a more elaborate 
relation is required to obtain truly excellent agreement with ex- 
periment. The much more general relation given by Prager (3) 
for the components of permanent strain ¢;;” (€,”, €,", 
in the usual Cartesian form) 


€ = P3;; + Qt; [3] 


where, with the usual summation convention for repeated sub- 


scripts, 
P and Q functions of J, and J; 
1 is proportional to the square of the octa- 
= - $i; 855 
2 hedral shearing stress 
J 1 7 is the third-order invariant of the stress 
= 8.81: ime 
Sin Ses deviation; J2 is the second 
85; = — 88,; is the stress deviation 
1 
8 = the average principal stress 
the stress 
2 is the deviation of the square of the stress” 
= Six 845 — 3”? i 


deviation 


includes all deformation expressions for incompressible isotropic 
materials and can be adjusted to fit the data. The difficulty 
introduced by the change in Poisson’s ratio from the elastic to 
the plastic state has been discussed by Swainger (4). 

The analysis of experimental results, or conversely, the pre- 
diction of the state of strain from the state of stress, when the 
directions of the principal stresses and their ratios remain un- 
changed, is now at a satisfactory stage. Recent experimental 
work is directed toward improving an already high accuracy or 
investigating new materials. 

Perhaps for this reason a misunderstanding has arisen. The 
stress-strain relations which correlate the tube tests are often 
believed to be applicable in a general mathematical theory of plas- 
ticity (actually only a few solutions are available for materials 
with strain hardening). However, such extension is not neces- 
sarily permissible. Only under very special conditions (7) will 
the directions of the axes of principal stress and the ratios of the 
principal stresses remain constant in actual structures or machine 
parts in the plastic range. 


DEFORMATION THEORY 


There are several variations of what has been termed the 
deformation type of mathematical theory of plasticity (1, 2, 3) but 
their unifying characteristic is that the total strain at a point, 
and therefore the permanent strain as well as the elastic part, is 
determined uniquely by the state of stress at the point. The 
exact form of the dependence and the numeric quantities involved 
will of course vary with the particular material considered and 
are not important in this discussion. However, it can be seen 
that complete isotropy is implied by such a theory if the directions 


pie 
é 
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of the co-ordinate axes are chosen without regard to the material 
or the state of stress. This assumption is generally made be- 
cause of the resulting simplification and the (actually only partly 
relevant) fact that many important polycrystalline metals are 
quite isotropic in a statistical sense. Complete isotropy means 
that the directions of the axes of principal stress and of prin- 
cipal strain coincide. 

Some qualifying statements must be made about the depend- 
ence of strain on stress even for simple tension, Fig. 1. As long 
as the stress o increases, the strain ¢ will increase and will be a 


A L 
Fig. 1) Tension 


unique function of o. If, at some point B on the stress-strain 
curve AB the tension is decreased, the strain will decrease also, 
but along another line BC which usually has the same slope as 
the tangent to the original curve at point A. The change in 
strain on unloading is elastic, as subsequent reloading retraces 
the path CB and then goes on to D with relatively minor de- 
viations. The process can be followed easily and the final 
strain calculated if the stress history is given. However, a gen- 
eral mathematical expression for strain in terms of stress be- 
comes too elaborate after a first unloading. Therefore in this 
discussion only one loading followed by, at most, one unloading 


will be supposed. 
CRITERION OF LOADING | 


As soon as general variations in the state of stress are con- 
sidered, the formulation of a loading criterion is no longer a 
trivial problem. There is no obvious single variable, such as 
a in the case of simple tension, or k for the three-dimensional 
states of Equation [1], whose increase definitely represents load- 
ing and decrease unloading. 

It is reasonable to define loading in the plastic range as a change 
in the state of stress which produces a change in the permanent 
strain. The criterion of loading for each material may be a 
matter for experimental determination, but the theory of plas- 
ticity postulated and the criterion used must be consistent. 
Therefore, if an originally isotropic material with isotropic strain 
hardening is assumed, the criterion of loading can involve the 
magnitudes, including sign, of the principal stresses 0), a2, 03, but 
not their directions. A function f(o1, 02, ¢;) must exist such that 
a change in the permanent strain occurs when the value of f 
increases and no change in permanent strain occurs when f de- 


— 
creases. The maximum shear stress — - and the octahedral 


shear stress V (01 — a2)? + (a2 — a3)? + (0; — criteria are 
simple examples of f. Note that the elastic, and therefore the 
total, strain may change whether f increases or decreases. 

No matter what the criterion, it is physically sound to expect, 
and to require, of a mathematical theory for a strain-hardening 
material, that a small increase in f produces a small change in the 
In the limit, the derivative, or the ratio of 


permanent, strain. 
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the change of (any component of) permanent strain to the change 
of f, must be finite. 


INCONSISTENCY FOR ROTATION OF PRINCIPAL AXES 


It can now be demonstrated that the previous conditions and 
premises of deformation theory are not always consistent. Sup- 
pose a state of stress ¢,;; and plastic strain e;; to exist at any point 
of any strain-hardening body. Let an infinitesimal change in 
stress take place of a type constituting loading, e.g., k increase 
in Equation |1]. An infinitesimal increase in the permanent 
principal strains will necessarily take place also. For the purpose 
of description, call the principal stresses corresponding to o;;0:, 
o2, ¢; and the principal strains e:, €2, ¢;. If the material is assumed 
to be completely isotropic, the principal directions of stress and 
strain coincide with each other and with the axes of the principal 
permanent strains also. The increase in f, or the 
amount of loading, depends upon the change in the magnitudes 
of o1, o2, ¢; only and is independent of the directions of the prin- 
cipal stresses. Therefore the same infinitesimal increase in f 
will take place if the directions of o;, o2, o; are rotated through 
finite angles at the same time their magnitudes are being changed 
slightly. As previously shown, an isotropic deformation law re- 
quires that the axes of permanent sirain coincide with the axes 
of stress as long as loading takes place. Therefore the axes of 
permanent strain and necessarily the components of strain will 
change by finite amounts although the loading is infinitesimal 
and the magnitudes of the principal strains and stresses change 
only infinitesimally. Passing to the limit, this means that al- 
though the magnitudes of the principal stresses are still o1, 02, o; 
and the principal strains still :, €, €;, the derivatives of some or 
all of the permanent strain components ¢;;" with respect to f (the 
loading) become infinite. An infinitesimal increase in f can pro- 
duce a finite physical change in permanent strain. 

This type of inconsistency was first pointed out by Handel- 
man, Lin, and Prager (8) in a different manner for a special state 
of stress with the equivalent of the octahedral shearing stress as 
the criterion of loading. The preceding generalization shows 
the impossibility of overcoming the difficulty by choosing another 
loading criterion or avoiding a special state of stress, Aniso- 
tropic strain-hardening theories of the deformation type would 
lead to a similar contradiction. 

The objection might be raised that the finite rotation with in- 
finitesimal loading is an unusual condition and probably would 
not be encountered. Although this may be true in most cases, 
it is, nevertheless, evident that if rotation occurs, and it almost 
always will, the prediction of a deformation theory will be un- 
reliable. The higher the ratio of rotation to increase in loading, 
the greater the error. 


INCONSISTENCY FOR CONSTANT PRINCIPAL DrrReEcTIONS 


Another and equally, or_more, important form of the incon- 
sistency is somewhat difficult to describe in general terms. Sup- 
pose the axes of principal stress to remain fixed in direction and 
consider all possible changes in the magnitudes of the principal 
stresses. Some changes will constitute loading, some unloading, 
and for some f will remain constant. It is therefore possible 
to increase the value of f only infinitesimally (or not at all) while 
changing «1, 02, 0; by finite amounts in many ways. As before, 
if infinitesimal loading occurs, a deformation theory will predict 
finite changes in permanent strain for some, not necessarily all, 
of these finite changes in stress, and in the limit the derivative of 
the components of permanent strain with respect to the loading 
f will be infinite. 

The proof of this assertion follows if f is a sufficiently contin- 
uous function of the principal stresses so that f = const forms 
a surface in o:, o2, ¢; space and f + df = const is a neighboring 


finit 
prec 
Stre: 
the 

pern 
ther 
man 
In fs 
tion 


: 
88 au 
0) 
anes ic 
2 q st 
any m 
> 
ps 
| 
lis 
| 
stg 
str 
tor 
the 
| 
: 
hy 
= 
In 
May 


DRUCKER—A RECONSIDERATION OF DEFORMATION THEORIES OF PLASTICITY _ 589 
surface. Take a point on f at which‘ o, = A, 0, = B,o; = C sistency that still arises when the directions remain constant 


and consider, as an example, the point B, A, C which must lie 
on the same f surface because f is determined by stress magni- 
tude alone. Any path which lies on the surface f = const and 
joins these two points will represent progressive changes in 
stress which are neither loading nor unloading although the 
magnitudes of the principal stresses change by finite amounts. 
Strictly speaking, deformation theories describe only what hap- 
pens when loading occurs. Thus it is necessary to imagine a 
path along which f always increases infinitesimally so that the 
end point lies in the neighborhood of B, A, C, say, at B + dB, 
A, C, if B is algebraically the largest of the three values. As de- 
formation theories are not concerned with which stress is labeled 
o1, if the permanent principal strains predicted by the particular 
theory were ¢:” = a, e.” = b, ¢;” = cat A, B, C the prediction for 
B + dB, A, C would differ only infinitesimally from b, a, c so that 
finite changes of permanent strain of magnitude |b — a! would 
accompany the infinitesimal loading. 


ILLUSTRATIVE EXAMPLES 


Simple examples can be used to illustrate the foregoing general 
discussion. Fig. 2 shows the two-dimensional state of stress 
produced in a thin-walled tube by internal pressure and axial 
tension, neglecting the radial stress. A method of rotating the 
state of stress without changing the magnitudes of the principal 
stresses has been described previously (9). The addition of 
torque and the proper variation in internal pressure and axial 
tension required can be calculated easily. Fig. 3 shows the ro- 
tation of a uniaxial tension which has permanently stretched 
the tube in the axial direction. If this tension is increased in- 


Txy 


Fie. Roration oF A UNIAXIAL TENSION 


finitesimally as it is rotated, all isotropic deformation theories 
predict that the permanent strain will rotate completely with the 
stress so that when the stress is a pure circumferential tension, 
the diameter will be permanently stretched and there will be a 
permanent axial contraction due to the Poisson effect. They 
therefore lead to the result that for infinitesimal loading a per- 
manent axial elongation has been converted to a contraction. 
In fact, in the limit, this is in direct contradiction to the assump- 
tion of isotropic strain hardening. 

In discussing the rotation inconsistency it is not necessary to 
be explicit about the particular deformation theory or criterion of 
loading, as the answer for all is the same. However, the incon- 


' 4In this treatment, the subscripts 1, 2, 3 do not represent either 
ascending or descending algebraic values. Any principal direction 
may be called 1 or 2 or 3. 


requires a specific illustration for clarity. One commonly ac- 
cepted system is represented by Equation [2] and the use of the 
octahedral shearing stress as the loading criterion. 

In the case of plane stress, with the 3 direction normal to the 


plane, the equations reduce to 
a= 1 2 3 1 
and 


= + — [5] 


where the coefficient and the square root have been dropped. 
Suppose a state of simple tension to exist in the tube; principal 
stresses A, O, O, and principal permanent strains «.” = a, @” = 
—a/2, e”" = —a/2. Substitution in Equation [5] gives f = 
A*, If the magnitudes of o; and o2 are changed in such a manner 
as to keep f constant (no change in the octahedral shearing 
stress), there should be no change in the permanent strain. If 
f is increased infinitesimally then the change in permanent strain 
should also be infinitesimal. Equation [5] gives the required 
value of o2 for an arbitrary choice of o;. By proper increase of 
the internal pressure and change in the axial force on the tube, 


the state of stress a, = 24/V/3, o2 = A/V3 can be reached for 
which f is still A?, and always was during the process. Taking 
the permanent change in volume to be zero, Equation [4] gives 
e” = —e” and e&” = 0. Despite the unchanged octahedral 
shearing stress, the theory predicts an increase in the permanent 
circumferential strain of a/2. 

It might be thought that the inconsistencies could be resolved 
by simply saving that loading should not be defined as a change 
in stress producing a change in any component of permanent 
strain but rather a change in some strain invariant, as, for ex- 
ample, the octahedral shear strain. Unfortunately, it can be 
shown that such an assumption leads, in general, to conclusions 
which strongly violate known physical facts such as (approxi- 
mate) isotropic strain hardening. 

A comparison with experiment of the problems involved in both 
the rotation and the constant direction inconsistencies would be 
of great value. 


AN ALTERNATIVE PoINtT or VIEW 


Another point of view, which is more direct, can be used to 
analyze explicit stress-strain equations. Consider the simple 
relation analogous to Hooke’s law but containing a plastic in- 


stead of elastic modulus 


or the more elaborate one of Swainger (4) involving an elastic 
modulus E, plastic modulus P, elastic Poisson’s ratio g, and plas- 
tic p, and stresses at which yield occurred 01, o02, o03 


1 
pl — P(o2 + — 901 + + o03)] 
pl — g)(o2 + a3) + — ploor + 


each of which is to be used with the octahedral shear stress or 
equivalent criterion. C or P is determined by the octahedral 
shear stress. 

As shown in the preceding example, the state of stress a1, a2, 3 
can be changed completely while increasing the octahedral shear 
stress infinitesimally or not at all. Substitution in the foregoing 
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7 equations leads to inconsistent large changes in a component of 


the permanent strain which the theories predict under this neg- 
— ligible or zero increase in loading. Note that the elastic changes 
in strain calculated from Hooke’s law must be subtracted from 
the total to get the permanent strain. 


REDUCTION TO INCREMENTAL (OR FLow) THEORY 


Differentiation of the most general deformation expression, 
Equation [3] with respect to the loading criterion f gives® 


de;;" dP dQ ds; ; dt; 


The limited applicability of deformation theory appears sharply 
in this form, for as has been shown, the derivatives of the devi- 
ations may, according to such theories, become infinite. There- 
fore a blunt approach is to throw the last two terms out, and 
suitably restrict P and Q, to leave 

= Py8;; + Qit,; Mma, 


af 


an incremental, or flow, theory (8). This approach has some va- 
lidity because the experimental evidence and the thinking in- 
volved in the derivation of deformation theories was not con- 
cerned with terms of this nature. Conversely, Equation [9] can 
be integrated directly when o;; = ko,;° to give Equation [3]. 
Consideration of the integration process shows how deforma- 
tion laws lack required generality. Taking P; = P;(J2, J;") and 
Q; = J:Q2 (Je, Js"), the incremental theory (8), Equation [9], 
assumes isotropic strain hardening and a criterion of loading just 
as all isotropic deformation theories do. However, only for 
very special paths of loading does Equation [9] integrate to give 
a deformation law. In general, the final strain will depend upon 
the stress history despite the isotropy, and step-by-step integra- 
tion will be required. However, none of the preceding state- 
ments rules out the possibility that another relationship than 
Equation [9] may actually apply. Some experimental evidence 
does exist for a flow-modified deformation theory (10). e 
CONCLUSION 
It has been shown that for general stress histories the assump- 
tions of a deformation type of mathematical theory of plasticity 
for strain-hardening materials are not completely self-consistent 
for any criterion of loading. In particular, it was demonstrated 
that the usual stress-strain relations coupled with the choice of 
the octahedral shearing stress as the criterion are inconsistent 
with the also accepted basic notion of isotropic strain hardening. 
On the one hand the theory postulates that plastic deformation 
will not take place unless the octahedral shear stress increases 
a finite amount; on the other hand the equations can and do 
yield large changes in the permanent strain for infinitesimal or 
zero increase in the octahedral shearing stress. 
Solutions of plasticity problems based on these or any other 
equations giving total or permanent strain as a function of the 
existing state of stress may therefore be seriously in error if the 


5 The terms de”/df, dP/df are not quite derivatives of the usual 
type. They mean the limit of the ratio of the increment in the quan- 
tity (due to a change in the state of stress) to the increment in f (due 
to stress) as the change in f approaches zero. 

6 The total strain increment is obtained by adding the change in 
the elastic components of strain (Hooke’s law terms) to the plastic 
changes. 

It is of interest to note that if f is taken as J2 or the octahedral 
shearing stress, Equation [9] leads to a form similar to Equation [2] 
with the total strains replaced by strain increments. 
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symbol ‘‘?’” is also used. 
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state of stress at each point does not just increase in the scalar 
manner of Equation [1]. 
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Discussion 


WENDELL P. Roop.’ The argument makes use of a phase space 
in which the co-ordinates are values of the three principal stresses 
at a single point in the geometrical space. The history of a 
given loading sequence is depicted by a line in the phase space 
which passes from each to the next of a series of loading condi- 
tions. As these conditions succeed each other in time, each 
point on the curve is associated with an instant of time. Or this 

_ scheme may be generalized by substituting another variable for 
time which designates the level of loading, but for which the 
It is naturally monotonic with respect 


to time. 

A function ‘‘f” of the principal stresses is now imagined, such 
as the octahedral stress, or any of the functions which are in- 
variant with respect to orientation in the geometrical space, or 
any other function which may happen to be chosen for a special 
physical significance. Contoured surfaces of constant f are este 
lished in the phase space. 

The slope of f on ¢ varies with orientation in the phase spa: 
thus in passing normally from one of the contour surfaces to 
adjoining one with a higher value of f, the load-sequence curv 


But if this curve lies within su 


of 


a surface, or lies tangentially to it, then > 


would show a maximum of ~ 


= 0. The write! 


of 
-would like to exclude the case where P < 0 and to refer to th 


remaining cases as those of monotonic loading. 
The argument, as the writer understands it, relates to the 


cases where of = 0, 
ot 


Among a group of theories of plasticity which he calls “deforma- 
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tion theories” such a case, the author says, leads to contradic- 
tions. The following characteristic of the theory which the writer 
would like to use is an assumption relating to the strains: 

Start from a point at which the principal stresses are o; = A, 
o, = B,o; = C; the principal strains which exist at this stage 
will be called «, = a, ¢¢ = b, e«; = c. Now increase each of the 
principal stresses by a factor 1 + A where A is a small fraction, 
say, one per cent. Then it is common experience in a great va- 
riety of cases of plastic flow that each of the principal strains will 
also increase by a small though different fraction.. If the axes 
of principal strain remain parallel to those of stress then this 
fraction of increase of strain will be the same for all three prin- 
cipal strains, in the ratio 1 + 6to1. The ratio A/5 may vary; 
and as the fracture point is approached the whole analysis may 
break down. But in a large number of practical cases the con- 
ditions described will continue to hold up to fairly large strains, 
say, 10 or 20 per cent or even higher values. 

Cases like this are certainly included among those for which a 
deformation theory may be proposed. But the author uses the 
expression deformation theory in a broader sense. He asks 
us to consider especially cases in which f does not change, as it 
does not, for example, when o; is changed from A to B and at the 
same time o2 from B to A. It is quite clear that under these 
circumstances the principal strains may find themselves quite 
undecided about what to do. 

But might we not now restate the problem? We have asked 
whether deformation theories are valid and given the answer 
that they are not since in general no unique function of the strains 
exists which can be linked with /f. 

But under certain circumstances such a strain function does 
exist. The writer has seen several sets of experimental data, 
notably in tube tests under various ratios of internal pressure to 
axial tension, in which the same curve of octahedral stress on 
octahedral strain is obtained under widely varying values of that 
ratio. May we not inquire rather about the limits within which 
this is true rather than those within which it is false? 

The author cites cases in which a contrary result is found, nota- 
bly that in which the tube is subjected also to torsion; this is 
a method of “rotating the state of stress without changing the 
magnitudes of the principal stresses.” If the author is willing 
to say that under these conditions no function of the principal 
strains exists which stands in a unique relation to the octahedral 
stress, the writer is ready to take his word for it. However, he 
goes further and refers to an “inconsistency that still exists when 
the directions remain constant.” 

For example, under simplified conditions the author considered 
the case where a; = 0 as in the familiar tube tests. The whole 
range of cases which the writer wishes to consider is included 
when n, the ratio of hoop stress to axial stress, is varied from 
zero to unity. When hoop stress exceeds axial stress, the sub- 
script 1, as ordinarily used, is applied to the hoop stress, and as 
it continues to increase n = 2/0; diminishes toward zero. 

In the simplified phase-diagram the co-ordinates are o; and o2 
and one octant is all that is needed to cover the whole range of 
cases now considered. Such a diagram is shown in Fig. 4. Half 
of the diagram has been used to show contours of equal octahedral 
stress and the other half for octahedral strain, calculated by thé 
simple deformation theory. 

On this diagram a path of progressive change has been marked 
out, beginning at A and ending at D. If the change is made by 
passing from A directly to D, the simple theory gives the correct 
result. By this it is meant that when the principal stresses are 
varied as shown in the lower octant the octahedral strain will 
have the progressive values shown in the upper octant. The 
principal strains will have the values 
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May the writer ask the author if he is willing to agree that if 
the alternative path A B C D does not deviate too widely from 
A D the results obtained by following A D may offer a usable ap- 
proximation? This seems to be a common case in the processes 
which the writer is studying. If the writer knew how to calculate 
the strain increments on path A B C D, the writer would like to 
do it. 

Another feature of the work which the writer has in hand is the 
application of measured residual strains to estimate of the energy 
used in producing them. It is quite possible that in approaching 
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the final pattern of residual strains the metal at a given point 
may have passed through stages in which n did not maintain a 
strictly constant value. But is, or is not, the energy value the 
writer got (by neglecting those changes in the value of n) more 
acceptable than the values of the separate principal stresses would 


be? 


2 


Captain Roop brings up the very important question of how 
much deviation from “radial” loading, o;; = ke,;;°, will put def- 
ormation theory seriously in error. The answer is quite easily 
obtained by integration if a particular incremental form is as- 
sumed, e.g., de;;” = Pi(J2)s;,dJ, may be compared with the octa- 
hedral form ¢;;” = P(J2)s;;. 

This, however, is not quite the problem of greatest interest. 
When the state of stress is nonhomogeneous, as in the case of a 
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only upon the history of the boundary loading but also upon the 
stress-strain curve of the material under simple stress, If strains 
are very large, the curve usually is very closely a simple power 
term for most of the strain range. It is probable therefore that 
an energy expression based on elementary deformation theory 
will not differ enormously from one based on elementary incre- 
mental or flow theory. On the other hand, large differences 
show up in the stress-analysis problems of the machine designer 
where are small. 
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A word of caution seems in order. One should not allow either 
past experimental habits or apparently rigorous mathematical 
formulations to obscure the true physical picture. The behavior 
of material is most complex. It is clear that any of the very 
simple stress-strain relations, even of the incremental type, will 
fit only relatively simple loading paths adequately. Far more 
experimental information is required to enable a decision to be 
made as to the least complicated theory which will be useful in a 
particular 
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Power-Plant Cycle Evaluation 


By J. K. SALISBURY,! SCHENECTADY, N. Y. 


Thermodynamic losses in the heater system of a steam- 
power-plant cycle are analyzed. All heater systems are 
rated with respect to an “‘ideal”’ heater system. Simple 
algebraic formulations permit determination of arrange- 
ment loss, distribution loss, and loss due to terminal 
difference and pressure drop in any heater cycle. Mis- 
cellaneous corrections to cycle heat rate are described and 
two typical corrections are analyzed. The paper consti- 
tutes a new fundamental approach to analysis of feed- 
water heating cycles, based largely upon a simplifying 
assumption, valid for the purpose. It may be regarded as 
a sequel to a previous paper covering major parameters 
of steam-plant regenerative cycles. 


INTRODUCTION 


HIS work is a sequel to a paper published by the author? 

outlining a method of analysis for steam-power-plant 

cycles. The previous paper considered major parameters 
of steam-cycle performance, using several simplifying assump- 
tions. All heaters were considered to be contact-type heaters 
having identical condensate enthalpy rises. No pressure drop in 
extraction lines or terminal difference in heaters was taken into 
account. Deviations of actual cycles from this ideal cycle will 
be investigated in this paper and methods illustrated for deter- 
mining the loss which results. 

The previous paper presented data for deiermination of the 
theoretical gain in heat rate resulting from use of an infinite num- 
ber of heaters heating feedwater to the saturated liquid enthalpy 
corresponding to throttle pressure. The fraction of this gain 
realizable in an actual cycle was presented as a function of the 
fraction of the “possible” rise, for various numbers of heaters. 
In determination of the theoretical gain with an infinite number 
of heaters, a ‘quadratic approximation” was used to represent 
analytically the state iine of a steam turbine. In this empirical 
equation, written for a known state line, the independent variable 
was the fraction of the possible rise in feedwater enthalpy. The 
quadratic approximation is of great usefulness in analyzing ac- 
tual heater cycles. Its form is (H —h) = az? + br + 1. 

In any heater cycle there are three major types of loss, as well 
as miscellaneous heat-rate corrections for subcooling in the con- 
denser hot well, use of condensate-cooled generator coolers, and 
boiler-feed-pump power. The major losses may be classed as 
follows: 


Arrangement loss. 


3 Pressure drop and terminal difference loss. 


These losses will be considered in sequence, and a method out- 
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Brief discussion of some of the miscel- 
laneous losses is also given. 

The need for such analysis arises in at least three ways: (a) 
It is of value to the designer of a feedwater-heating cycle, in 
selection of its characteristics, to know the effect of various 
minor changes. (b) It is useful to the test engineer in correcting 
test results for uncontrollable deviations of test conditions from 
guarantee cycle conditions. (c) It is of value to the operator in 
determining readily whether the feedwater-heating system re- 
quires maintenance which will justify temporarily taking a heater 
out of service. 
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Evaluation of two heater arrangements usually is accomplished 
by actual calculation of the two cycles and comparison of the re- 
sults. This method has the disadvantage that a small difference 
of two large numbers is sought, and extreme care in calculation is 
necessary. Presentation of a strictly accurate method of analysis 
for all types of cycle seems to be a prodigious task. However, 
by use of a simple device the difference in actual cycles easily 
may be calculated with accuracy. All cycles are rated by their 
loss with respect to the ideal cycle. The error in this simple 
method has been shown by the author to be ef completely neg- 
ligible magnitude. 

In the previous paper,? it was demonstrated that the quantity of 
heat given up in a feedwater heater by 1 lb of steam (H — h), 
varies within a very narrow range throughout the turbine state 
line. If, for purposes of cycle comparison, we assume the state line 
to have a shape such that the variation in this quantity is 
zero, many of the difficulties disappear. This situation is entirely 
conceivable, and requires only that the various portions of the 
turbine have efficiencies which cause the state line to have a 
slightly different shape, that is, by assuming a turbine with cer- 
tain internal characteristics closely approximating the actual 
ones, we are provided with a state line which greatly simplifies 
analysis, and is valid for the purpose. The effect of this assump- 
tion is made clear in Fig. 1, illustrating the true and assumed: 
state lines, and characteristic variation of (H —h). Since both 
the actual cycle and the ideal with which it is compared are 
assumed to operate on the assumed state line, the difference 
found is strictly correct for the state line used, and very close in- 
deed to the difference for the true state line. 

Another device, also of great usefulness in such analysis, con- 
sists in use of a dimensionless variable y, the meaning of which is 
made clear in Fig. 2. The heat given up by 1 lb of steam in the 
condenser (H, — h,), is used to represent the value of this quan- 
tity throughout the state line to a first approximation.’ Using 
the nomenclature of the previous paper, (H — h) ~¢t. Thus 
in Fig. 2 we may set up a heat balance 


lined for their analysis. 


Js 


(1 + w) R/n = w, (H —h) = wi {1] 
Solving this equation 
wi = (1 + w) R/nt = (1 + w) [2] 
R 
(3) 


3 A further refinement is of course to use an average value of (H — _ 


h), easily found by integration of the quadratic approximation 
saz?+ +t 
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ASSUMED STATE LINE 
TO MAKE H~h = CONSTANT 


Fic. 1 (a2) ComParIson or ACTUAL AND APPROXIMATE STATE LINE 


AVG. (H-h) OVER RANGE 
_ OF HEATING 


RANGE OF HEATING 


The dimensionless variable y thus is defined as the ratio of the 
average rise per heater to the average heat given up per pound in 
each heater. In the illustration used, the latter is represented 
by the quantity ¢, for simplicity. It is seen also that in this 
simple case the quantity y represents the ratio of the extraction 
quantity to the quantity of condensate flowing into the heater. 
This quantity can be used to build equations for various heater 
cycles from which the loss easily can be determined. 


Basic RELATIONS 


There are four types of heaters, namely, the contact heater, the 
flashed heater, the drain-cooler heater, and the pumped heater. 
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2. NoMeNcLaTuRE ror Contact-Typs Heater 


The first three are distinct types. The last type becomes ther- 
modynamically identical with the first, if the terminal difference 
is assumed to be zero. In analysis of arrangement loss, the latter 
the loss due to use of a pumped heater 
arises entirely as a result of the existence of a terminal difference. 
Th for arrangement loss we are concerned with only three 
distinct types, namely, the contact, the flashed, and the drain- 
cooler heater. 
Nomenclature. In general, the nomenclature of the previous 
paper? is used. However, it is necessary to introduce a few addi- 
tional symbols, as follows: 


i subscript, actual cycle; coefficient in the quadratic 
approximation 

coefficient in the quadratic approximation 

number of contact heaters; subscript, contact-heater 
cycle 

number of flashed heaters (includes also drain-cooler 
heaters, since they are a special type of flashed heater) 

number of drain-cooler heaters 

extraction flow per pound of condenser (turbine exhaust) 
flow in a regenerative cycle 

extraction flow per pound of throttle flow in a regenera- 


Note that (l—e) = 


1 
(1 + w) 
(1 + y) in equations; alternatively used to designate a 
series of consecutive contact heaters 


tive cycle. 


(1 — y) in equations; alternatively used to designate a 
series of consecutive flashed heaters 


1+ ky 


ignate a series of consecutive drain-cooler heaters 

= subscript, hot well (used in ea, low-pressure heater 

drains flashed to the hot well) 
effectiveness of a drain cooler; decrease in temperature 

of drains passing through drain-cooler, divided by 
temperature rise of heater with which drain cooler i is 
associated, and from which the drains come _ 

series of consecutive pumped heaters _ 

heat rejected in regenerative cycle 

heat supplied in regenerative cycle 

heat rate, in Btu supplied per Btu useful energy output, 
based upon shaft output of turbine, assuming zero 
mechanical losses (bearings, governor, etc.) 

approximate‘ fractional loss in heat rate due to devia- 
tions of the cycle from the ideal. The use of this 
variable greatly simplifies many of the equations. 


in equations; alternatively used to des- 


4 The fractional error in this approximation is equal to the loss it- 
self, i.e., for 1 per cent loss the error in heat rate is only 0.01 per cent. 
Even this error may be eliminated, however, as shown. 


\ 
(Heh) 
re) 0.25 0.50 0.75 1.0 
. x 
Fig.1 (6) Varration or (H —h) Feepwater Rise 
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J Ar _ _ which various types of heaters are used in a given cycle. In 
The true loss, — analysis of arrangement loss it is assumed that all heaters are 


1,2. .= subscripts on c. F, S and P indicating number of spaced equally, and that none has terminal difference or pressure 
heaters in series drop. Since terminal difference is eliminated from considera- 

tion, the pumped heater becomes identical with the contact 

Change in Cycle Heat Rate. It readily may be shown that for heater. Distribution loss (due to unequal heater rises), and ter- 
any change in heat rejected or heat supplied the true change in _ minal-difference and pressure-drop loss are taken into account by 


cycle heat rate is given by Separate analysis. 
It is required that we determine the fractional change in 
bb | > throttle flow in an actual cycle with respect to the ideal cycle. 
a (ir — 1) me A al By using the variable y, under the assumptions heretofore given, 
7 . & we are able to write equations of the throttle flow for any type 


aa 7 (4) of cycle. Equations are illustrated for simple cases. 


In the previous paper,? it was demonstrated (although the vari- 


ar Q 
r 4q 
_ 1+— able y was not explicitly used therein) that the throttle flow per 


Je pound of condenser flow for an all-contact-heater cycle could 
1+ AQ be expressed by 1 the equation 
Q 
> For a cycle in which all heaters are spaced equally, and all are 
, Aq a —_ flashed heaters, each flashing its drains to the next lower heater, 
ZL + q : the lowest heater flashing its drains to the condenser hot well, as 
AQ —1..... [5] shown in Fig. 3, it may be proved that 
Q (l—e) = (1— y)/ 


If use of an actual cycle does not cause extra heat to be rejected From ee definition of wand e 
in the condenser, Equation [5] may be simplified. In this in- _ a 


stance the loss in heat rate due to terminal difference, pressure i +om 1 11] 
drop, and other dev iations from the ideal cycle is readily seen to 


be'given by =e 
- Rewriting Equations [9] and [10] in the binominal expansion, 
4Q we see that 


Iffthe final feedwater enthalpies in the actual and ideal cycles (1 + = 
are identical (as is frequently the case), the fractional che 1— ny +=n(n—1) y?— 

in heat supplied is identical with the fractional change in throttle ’ 

flow per pound of condenser flow, that is 


for the contact and flashed-heater cycles, respectively. It is 
AQ Aw apparent that the two differ only in second approximation. 


TOTAL RISE=R 


Thus the loss in heat rate is entirely a function of the change — = 
in throttle flow per pound of condenser flow. 


In some instances a low-pressure heater is used from which (1-e) 
drains are flashed to the condenser hot well. Introduction of 
this extra heat rejection to the condenser necessitates use of 

Equation [5]. It may be shown that the loss is given by \ 
In Equation [8] both methods of expressing the extraction quan- ici 
tity are used. Although the original method of expression | io 
hy he hs 


of this quantity in terms of pounds per pound of con- — 
denser flow is most convenient for the ideal cycle, for actual _ e, Cit 6p Cir CF Cy 

cycles this quantity can -be expressed more conveniently as = Fig. 3. NoMenciaTure ror Heater 
pounds extraction per pound of throttle flow, e. The quantity | 

(1 + w), applies to the ideal cycle. 


It also may be shown that in a cycle consisting entirely of __ 
drain-cooler heaters, as shown in Fig. 4, the condenser flow per ~ 
pound of throttle flow is given by aa | 


ARRANGEMENT Loss 


Arrangement loss is that loss which results from the use of 
surface-type heaters (either with or without drain coolers) in- 
stead of contact heaters. It is a function also of the sequence in 
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RISE = RISE = RISE = 


TOTAL RISE 


i It is interesting to note that if the effectiveness, k, of the drain 


_ coolers is 1.0, the drain-cooler-heater cycle becomes identical 
: with the contact-heater cycle; if the effectiveness of the drain 
coolers is zero, the drain-cooler-heater cycle becomes identical 
with the flashed-heater cycle. Thus Equation [14] is a general- 
= P ized form for the homogeneous cycle, a cycle in which all heaters 


=; Furthermore, drain-cooler heaters are thermal hy- 

___ brids of the contact- and flashed-heater types, the similarity to 

either being measured entirely by the value of effectiveness of the 
drain cooler, k. 

: An extension of this approach provides a method whereby 
. > equations may be written, more complex, to be sure, for all other 
- arrangements of heaters, in nonhomogeneous cycles. While it is 
: the author’s intention to publish details of the derivation of 

- equations for all conceivable cycles, in the interest of space- 
saving only two illustrative results are given here, together with 

- eurves of the loss for certain commonly used four-heater cycles. 
' The cycle shown in Fig. 5 is commonly used in modern power 

_ plants. It is known as the F;C,P; cycle. The arrangement loss 


of this cycle may be derived from an equation expressing con- 
denser flow per pound of throttle flow 


Combining this equation with Equation [8], it is found that Po 
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In this arrangement if the total enthalpy rise through the 
feedwater-heating system is 300 Btu, so that the average rise 
per heater is 75 Btu, the average value of y is approximately 0.070 
for commonly used steam conditions. Substituting this value in 


Equation [16] 
L ~ as 


= 1.07? [0.935 + 0.07] — 1 = 0.0010513 
r— 


If the ideal cycle heat rate in Btu per Btu is 3.0, the loss is 0.21026 
per cent, or more accurately 


Ar 0,0021026 


= 0.2107 per cent 
~ 0.9978974 


The arrangement shown in Fig. 6 is designated as the F,D,C,D 
cycle. The equation for the loss in this cycle is 


(1 — y)? + ky | 

y y? (1 — k) 

1 + ky 


Alternatively written as 


y? (1 — k) ela? 

| + 1 (17a] 


For the conditions of the previous example, and k 
loss is found to be 0.1169 per cent. 


= 0.75, the 


Thus it is clear that under 


these conditions by the use of an extra drain cooler on the second 


_ heater from the top and a drain cooler on the lowest pressure 
heater, there is an improvement in the cycle of 0.0938 per cent. 
By an extension of this method the contribution of each drain 
cooler to this gain may be determined. 
The foregoing cases illustrate a simple and a complex loss equa- 
By consideration of the combinations and permutations 


~ _ of the various types of heater one may set up equations for all 


_ possible combinations. These equations may be written in gen- 
eralized form, so that by substitution of the number of heaters 
of various types at various locations the determination of loss 
_ becomes a simple matter of numerical evaluation of the equation. 
_ Fig. 7 illustrates the loss for twelve typical four-heater cycles, 

derived from such generalized equations. The ordinate is to be 


| 
: 
t 


multiplied by the quantity (r — 1) to arrive at the true loss. 
It may be demonstrated from the loss equations that the approxi- 
mately cubic character of the curves in Fig. 7 is correct. 


DistTrRIBUTION Loss 


In choosing extraction openings for a feedwater-heating cycle, 
the turbine designer or consulting engineer frequently is con- 
fronted with a choice of two or more extraction openings on the 
turbine. Much controversy has resulted from the inability of 
designers to determine the intrinsic loss which results from mal- 
distribution of heaters. Usually the issue is confused by extrane- 
ous factors not inherent in heater location. In general, the loss 
which results from unequal rises across the respective heaters is 
of extremely small magnitude. The author has established to 
his own satisfaction that if the enthalpy rises across the respec- 
tive heaters are identical, the loss which results (with respect to 


COND 


7 E.G. CYCLE 2: ) 
) | 
7 DESIGNATED BY F, D, Ce 
ond 


CYCLE NO ARRANGEMENT 
F.C, 
FDC, 
0,¢, 

+ 


3 
4 
5 

6 0,0 D, 
7 
8 


F.C F, 
FOGF, 

== = 10 OFC, 


OF, C.F, 

+ 
= Ke 75 | 
FOR ALL DRAIN COOLERS 


01 02 03 04 05 06 07 oe 09 10 

vouT 

LOSS, TYPICAL 4 WEATER CYCLES .75) 


ARRANGEMENT Loss ror TypicaL 4-HeATER CYCLES AS A 
FUNCTION OF THE DIMENSIONLESS VARIABLE, Y 


the best possible distribution) is less than 2 Btu per kwhr in all 
normal cases; in most it is less than 1 Btu per kwhr. 

Since we are interested only in the intrinsic loss due to maldis- 
tribution, it behooves us to use the simplest cycle for analysis, 
namely, the ideal or contact heater cycle. If the rises are un- 
equal, then the dimensionless variable y no longer is constant, 
) and must be identified by a subscript corresponding to the order 
of the heater in the cycle. The throttle flow is clearly given by 
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(1 +w) = (1 +m) (1 + yw) + ys)... [18] 
For convenience let 
= (1 + a1) y; = (1 + a2) y; ys = (1 + 3) y.. [19] 


It may be shown by algebraic manipulation that to a very close 


ie y 
(1 + w) 


in which the prime designates the new or actual contact-heater 
cycle with distorted heater distribution. Because the change in 
throttle flow per pound of condenser flow is expressed as a frac- 
tion of the flow in the cycle with distorted distribution, Equation 
[6] applies directly 


r—l 


The value of y in Equation [21] is that of the ideal heater cycle 
with equal enthalpy rise per heater. The quantity a obviously 
designates the fractional deviation of the actual value of y from 
this ideal cycle value. Since the second approximation of Equa- 
tion [20] involves the quantity y/(1 + y) to the third power, and 
since the latter normally has a value of approximately 0.05, the 
error in the calculated loss is considerably less than 5 per cent. 
Thus Equation [21] is completely acceptable in all cases. 

To exemplify the small magnitude of the loss caused by mal- 
distribution it may be shown that in a six-heater cycle, where 
two heaters have 60 per cent more than the average rise and four 
heaters have 30 per cent less than the average rise, the net loss 
in cycle heat rate is approximately 0.24 per cent. 

To illustrate graphically the order of magnitude of distribution 
loss, Fig. 8 is presented. Two types of cycle are considered. 
The upper set of curves applies to a cycle having all flashed 
heaters, and the lower set of curves to one having all con- 
tact heaters. It is assumed that for each of the four heaters in turn 
the rise is varied from 0 to 200 per cent of the average rise, the 
remaining heaters in each instance dividing equally the remaining 
enthalpy rise of the cycle. In all cases performance is referred 
to the ideal cycle with equal enthalpy rise per heater. The dash 
curve in the lower set, calculated on the simplifying assumption 
that all heaters have equal values of (H — h), applies to any 
heater. The other curves in this group accurately take into 
account actual variations of (H — h) throughout the state line 
for the steam conditions given on the curve. The spread in the 
curves obviously is due entirely, therefore, to the variation in 
(H — h), and of only secondary significance. 

No simple analysis has been devised for the flashed-heater 
cycles illustrated by the upper set of curves. The spread in the 
curves is much greater than for the contact-heater cycle. The 
phenomenon of distribution loss is much more complex when 
flashing of drains from a high-rise heater to a lower heater is in- 
volved; the spread would occur even if (H — h) were constant 
throughout the state line. In this type of cycle there appears to 
be a small gain (insignificant in practice) if the lower pressure 
heaters have slightly less than the average rise, and the higher 
pressure heaters have slightly more than the average rise per 
heater. The reference level for the flashed-heater arrangement 
is higher than that for the contact-heater cycle because of the 
inherent (arrangement) loss due to the use of flashed heaters. 
The magnitude of this loss may be calculated by the methods 
previously described. 

Many other interesting results may be deduced by this method. 
For example, in a given heater cycle, if an extra heater is inter- 
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DISTRIBUTION LOSS 
«50 PSIG - 900F - 1.5"HG 
=80% FWT = 350F 
4 HEATERS 


GROUP A 


Fig. 8 Distrrispution Loss ror Psic—900 F—1.5 In. He Cycie. 


posed midway between any two heaters, it may be shown that 
the loss (negative, hence a gain) is given by 
Ina typical four-heater cycle this gain was shown to be approxi- 
mately !/, per cent. 
ag Frequently it is necessary to remove a given heater from serv- 
ice for maintenance or other reasons. Since the source of 
steam (turbine) is essentially infinite and pressure drops in ex- 
traction piping are normally small, the pressures in the next lower 
and next higher pressure heater will remain unchanged, to a first 
approximation. For this reason, the heater above the heater 
removed from service will assume the duty of the heater removed. 
Thus its duty is essentially doubled; its rise is twice that of a 
normal heater. The heater which has been ‘‘cut out” has zero 
rise. Thus the values of a for these two heaters are, respectively, 
1.0 and —1.0. Assuming the other heaters retain their original 
rises, the quantity 


is 


wh [23] 
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in Equation [21] has a value of 2.0. From Equation [21] the loss . 


Group A, ALL FLAsHED Group B, Contact HEATERS 


In the average four-heater cycle the value of y is usually about 
0.075. The loss due to cutting out a single heater of a four-heater 
cycle is therefore approximately 1 per cent. Similar values 
may be derived for other conditions. It must be remembered 
that this loss applies only when other conditions of the cycle re- 
main constant. Undoubtedly, the heater which assumes twice its 
normal duty will have an increase in terminal difference and pres- 
sure drop, thus further increasing the total loss. Increased 
pressure drop in the extraction line also will tend to increase this 
loss. These effects may be analyzed by other means. 

Similar analysis may be used to evaluate the change in heat 
rate due to adding or removing a heater in design of a cycle, dis- 
tortion of the rise of a single heater, interposing more than one 
heater between two existing heaters, etc. 


TERMINAL DIFFERENCE AND PRESSURE-DrRop Loss 


All losses in a heater cycle with’ respect to the ideal cycle 
basically result from some mechanism which causes a decrease in 
heat supplied (throttle flow per pound of condenser flow), or an 
increase in heat rejected. Usually these result from a decrease in 
extraction quantity per unit of condenser flow. This decrease is 
caused by an increase in heat given up per pound in the heater. 

When pressure drop is introduced between turbine and heater, 
an increase in the quantity (H — h) occurs because there is 4 
normal change (positive or negative) in the quantity (H — h) 
with pressure throughout the state line; also, since the enthalpy 
h of liquid in the heater corresponds to a lower pressure than 
that at which steam is extracted, there is an increase in the quan- 
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tity (H —h). The total change in (H — h) due to interposition 
of 10 per cent pressure drop in the extraction line may be ex- 
pressed algebraically. If we let Ap be the change in liquid en- 
thalpy for 10 per cent pressure drop and Atp be the change in 
heat given up per pound of extracted steam when this pressure 
drop is introduced 


Alp = A (H —h)p Ap 


Using the nomenclature of the previous paper? and differentiating 
the quadratic approximation to evaluate Equation [24] 


Atp = (1 + 


When terminal difference is introduced at a heater, similar 
effects occur. The normal change in (H — h) is induced by the 
rise in heater pressure which accompanies the imposition of 
terminal difference. Its value is 


where Arp is the change in liquid enthalpy of drains correspond- 
ing to 5 F terminal difference. In addition, mixing of hot 
drains with cooler condensate increases the heat given up per 
pound by the extracted steam. 
effects. 


2ar +b 
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This is the larger of the two 


The total increase in heat given up in the heater due to pressure 
drop and terminal difference is the sum of the two increases, that 
is 


Combining Equations [25] and [26], and taking account of cool- 
ing of the drains when they are mixed with condensate leaving 
the heater (as in a pumped heater), we obtain the net change in 
heat given up in the heater due to the two effects. It is con- 
venient to designate the parenthetical quantity in Equation 


[25] by K;. Thus 


The quantities Ap and Agp of Equation [28] are given in Fig. 
9, for typical values; terminal difference = 5 F, and pressure 
drop = 10 per cent of turbine shell pressure. 
the quantities must be prorated. 


For other values, 


METHOD OF CALCULATION 


Fig. 9 and Equation [28] provide a method for calculation of 
the increase in heat given up in each heater. It may be shown 
that to a close approximation the fractional decrease in throttle 
flow, hence the quantity L/(r — 1), may be found from the fol- 
lowing equation 


— Aw 


L ( y ) 

n 


The quantity K; may be determined for each heater if the con- 
stants a and b of the quadratic approximation for the steam con- 
ditions under consideration and the feedwater enthalpy at each 
heater are known. The constants may be determined from the 
previous paper,? and the feedwater enthalpies are known for any 
given cycle from the heat-balance diagram. 

To determine the pressure drop or terminal-difference loss for 
any cycle, determine for each heater the quantities Ap and Arp 


[29] 


from Fig. 9, and evaluate the quantity K; for each heater (the | 
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only variable with respect to heaters is the quantity z, a function 
of the enthalpy of the condensate leaving the heater). Evaluate 
both components of Equation [28] for each heater. These com- 
ponents are proportional, respectively, to the pressure drop and 
terminal-difference loss for that heater, and frequently are useful 
in calculating ‘‘change” in loss as the latter are changed. Sub- 
stitute the results in Equation [29] to determine the total cycle 
loss due to pressure drop and terminal difference, using an average 
value of y for the cycle. 

This method has been checked by extremely accurate calcula- 
tions of 16 different cycles from 400 psig to 2400 psig, and 750 F 
to 1000 F. The results obtained by the usual (long) method 
check the results found by this analytical method almost precisely. 

It may be shown that to a rough approximation terminal 
difference causes a loss in heat rate given by 


heater rise, Btu 
per cent loss due to 1 deg TD = 0.01 X a 


Although not strictly accurate, this form frequently is useful. 

The loss due to pressure drop depends upon the range of tem- 
perature of the drains of the heater where such loss occurs. Its 
value may be expressed by 


per cent loss due to 1 per cent pressure drop = 
heater rise, Btu r—l1 


Z 
x 50 x 


where Z, a function of heater-drain temperature, varies from 
0.004 at 100 F to 0.011 at 400 F. From this relationship larger 
pressure drops can be tolerated for the lower pressure heaters, and 
the loss canceled by lower pressure drops on the high-pressure 
extractions. Such a shift makes the larger pipes smaller and the 
smaller pipes only slightly larger. This makes expansion and 
support of the usually large low-pressure piping easier, and reduces 
cost | without affecting adversely the heat rate. 


MISCELLANEOUS CYCLE CORRECTIONS 


It is of value to the heat-balance designer to be able to estimate 
the effect of addition or subtraction of various quantities of heat 
in the cycle. These quantities arise as the result of generator 
coolers used in the condensate circuit, external steam or water 
supplied to a heater, subcooling of condensate, boiler-feed-pump 
power, etc. In the previous analysis of the cycle, the last item 
has been disregarded because of the ease with which it may be 
taken into account by such methods. 

For all deviations of this kind the resulting change in heat 
rate occurs by virtue of two separate and distinct effects, namely: 
(1) the major (and obvious) effect of addition or rejection of extra 
heat from the cycle; and (2) the resulting (but less obvious) 
change in throttle flow per pound of condenser flow. 

Remembering that we have used the symbols Q and q to des- 
ignate, respectively, heat supplied and heat rejected in a cycle, 
we may express these separate effects by an equation; in so doing, 
we use a simplified (approximate’) form of Equation [5], separat- 
ing the two distinct effects aul ‘wat 
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‘ For accuracy the right-hand member of Equation [32] should be 


divided by 
Aw ) 


2axr b aS 
[30] 
1911 
= 
it 
( 
e- 
ed 
+ 
at i 
is- 
ne 
cle 
an 
ter, 
sa 
Ipy 


TRANSACTIONS OF THE ASME 


JULY, 1949 


AND PRESSURE DROP 


3 


OR PER 10% PRESSURE DROP) OVER 
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For illustrative purposes consider use of this equation to ana- 
lyze subcooling in the condenser hot well. In this illustration 
suppose the condensate leaves the hot well at less than saturation 
enthalpy corresponding to the pressure, by s Btu per lb. Addi- 
tional heat is rejected in the hot well in an amount s, for a con- 
denser flow of 1 lb per hr. Since the original heat rejection (be- 
fore subcooling occurred) was t, we may write 


In this instance there is no change in heat supplied. 

For simplicity consider the low-pressure heater to be a con- 
tact-type heater. The increase in extraction ey for the 
] ‘hos h € t b 
ow-pressure heater is given by A rh 


VALUES OF Arp AND Ap For Use 1n CALCULATING TERMINAL DIFFERENCE AND PressurE Drop neat 


A. 


from which it is deduced that 


= 


The loss may be found by substitution in Equation [32] 


As a further example, consider the inclusion of generator cool- 
ers in the condensate circuit. The generator loss, AP, is normally 
charged against the heat rate, this heat having been rejected to 
the atmosphere. If it is used to heat condensate, we must re- 
gard the change as a “‘negative’’ change in heat rejected. Since 
the heat rejected in a cycle is P(r — 1), where P is the power 
(energy) Te we may write 


1 4P 


aq 
q q 


In a manner similar to the analysis used for subcooling, it may be 


shown that 
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Using Equation [30] the loss (negative, hence a gain) is given by 
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The flow leaving the low-pressure heater is given by 
+w)=|(l+m) + ‘la [86] 
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It is clear from Equation [41] that the greater the rise in the 
low-pressure heater, the greater is the gain due to recovering 
generator losses by use of condensate coolers. Since the rise in 
low-pressure heaters rapidly falls off at lighter loads, the effective- 
ness of recovery decreases. Partially compensating is the fact 
that fractional generator losses increase at lighter loads, tending 
toward a constant net gain. 

The foregoing examples are simple illustrations of the power 
of the dimensionless variable y, used in the analysis of the re- 
generative cycle. Many other more complex evaluations are 
possible. For example, in the evaluation of the effect of evapora- 
tors on a feedwater-heating cycle several definitions of heat rate 
frequently are encountered. One may question whether the 
turbine-heater cycle should be credited for the entire quantity 
of heat supplied to the evaporated make-up. Application of 
methods of thought such as have been illustrated readily clarify 
this situation. A simple method has been developed whereby 
only a strictly fair credit may be given. Furthermore, one is 
permitted to discover the effect of locating the evaporator at any 
given point in the heater cycle, the thermal advantage of evapora- 
tor condensers, and other enlightening facts. 


ARRANGEMENT Loss IN Typical Five-HeAtTerR 


Several five-heater cycles have been calculated to illustrate 
the loss with respect to the ideal cycle, using the following as- 
sumptions: 


Steam conditions: 1200 psig, 900 F, lin. Hg abs 


Turbine efficiency 


y = 80 per cent (internal efficizney 
Feedwater heated to 90 per cent of optimum rise uid 


Drain cooler effectiveness, k = 0.75 


The heat rate for an ideal five-heater cycle with these steam 
conditions is 8896 Btu per kwhr. Calculations using the method 
herein outlined reveal the losses given in Table 1. 


TABLE 1 ARRANGEMENT 


Cycle 
designation® 


LOSS IN FIVE-HEATER CYCLES 
Loss with respect to 
ideal cycle, per cent 


F2DiCiDi 
Fi D2C2 
DsCiDi 
DsC2 


ene 


® Beginning at high-pressure heater. 


1 
1 


= 
= 


Table 1 indicates that the poorest cycle is the one using five 
flashed heaters. However, by addition of a drain cooler to the 
lowest pressure heater, the loss is reduced approximately 0.45 
per cent. Alternatively, by inserting a contact-type heater at 
the second position, as is frequently done in power-plant practice, 
the loss is reduced by almost 0.9 per cent. If both substitutions 
are made, however, the additional gain is less than 0.1 per cent. 
Comparing cycle 6 with cycle 3, if a drain cooler is inserted on the 
flashed heater above the contact heater, the gain is almost 0.25 
per cent. By modifying further the latter cycle to include a 
drain cooler on the lowest flashed heater, a gain of less than 0.1 
per cent is made. Note that addition of this same drain cooler 
to the original cycle (cycle 1) resulted in 0.45 per cent gain. The 
largest gain in the remainder of the list is made between cycles 


5% 


Accurate calculation using conventional means gives a true loss 


8 and 9 when two drain coolers are used above the contact heater. 
It is important to note that these cycle losses do not take into 
account the additional loss due to terminal difference in a drain- 
cooler heater, or in a flashed heater. This must be borne in mind 
if one of two contact heaters is, in reality, a pumped heater, and 
the loss is being compared with a similar cycle in which both 
contact heaters are truly of this type, that is, one must make cer- 
tain in any given instance that extra terminal difference loss, if it 
exists, is taken into account. 
Example. To illustrate the method of calculating loss in a 
cycle, consider the turbine-heater cycle in Fig. 10 with the follow- 


ing conditions: 

Steam conditions: 1250 psig, 950 F, 1.5in. Hg © 
Initial enthalpy = 1468.0 Btu per lb 
State line efficiency = 0.85 
Theoretical steam rate = 5.804 Ib per kwhr 
Used energy = 499.8 Btu per Ib 
Turbine exhaust enthalpy = 968.2 Btu per Ib 
Feedwater temperature = 410 F 
¢ = 908.5 Btu per lb 
a = —154.0; b = 132.7 
Average rise per heater = 65.22 
Average (H — h) = 929.9 

Yave 

= 0.07014; 0.00554 


Btu per lb 


Accurate calculation of an ideal cycle with these conditions, 
but having all contact heaters and no pressure drop or terminal 
difference, yields a heat rate of 8501.2 Btu per kwhr. Calcula- 
tion of the actual cycle in Fig. 10 by extremely accurate methods 
gives a heat rate of 8572.8 Btu perkwhr. The total true loss with 
respect to the ideal is therefore 0.842 per cent. 

Caleulations similar to those used for Fig. 7 give an arrange- 
ment loss for this eyele, described as the F,D,C, cycle, of 0.197 
per cent. Calculations, made by the methods described give a 
distribution loss of 0.028 per cent. The terminal-difference and 
pressure-drop losses are calculated in Tables 2 and 3, respectively. 

It is seen from the definition of K; that 

K; = 1.2545 — 0.5912 


The ‘‘possible rise” 
Ib. 
Using Equation [29] 


for these steam conditions is 520.9 Btu per 


L 58.529 


0.06554 
9085 + 11.71 = 


0.4169 per cent 
The heat rate is approximately 2.51 Btu per Btu. From this the 
loss due to terminal difference and pressure drop is 


L = 0.4169 X 1.51 = 0.63 per cent 


of 0.6351 per cent, an excellent check of the entire method. 

Note that the loss due to either pressure drop or terminal 
difference at any heater can be obtained by proration, using ap- 
propriate values in columns (A) and (B) of Tables 2 and 3. Thus 
the loss due to 10 per cent pressure drop at the top heater is 


r—l 


9. 518 


0.4169 = 0.067 
= 58.529 


or 


L = 0.0678 X 1.51 = 0.1025 per cent 


It is easily determined, too, that more of the 0.63 per cent loss 
is due to pressure drop than to terminal difference | 
= 0. 40 per cent is due to pressure drop ts 
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Hs = 1468.0 a =154.0 X = .626 
. = 5.804 b = 132.7 
= .850 A = 15.02 
= 499.8 FWT= 410F 
= 968.2 h = 385.8 


= 908.5 R = 326.1 


Average At = 


Note: = 


21.392 0.63 = is due to terminal difference. 


: The total cycle loss is found by adding the various components, 
< fi Table 4. The results indicate that the analytical method checks 
the true cycle loss, 0.842 per cent. The difference i is only about 
0.01 per cent, or 1 Btu per kwhr. a 


TABLE 3 PRESSURE-DROP LOSS CALCULATION ~ 

Pressure (B) 
drop, h+ ( A4TD X TD (per cent pressure drop) 
Heater per cent AP X 
10 = Alp 

HP 393.47 9.518 
At = 58.529 


HEAT RATE = Ix 1082.2 x 3412.75 
|x 1082.2 - 716990 x 908.5 


9572.8 "TY 


Fig. 10 F:D,CiP: Usep 1n ILLUSTRATIVE EXAMPLE 
a 
TD 
eo accumu- h, TD 
lated Termin) Bu Col. (A) 
Rise, difference, per Btu per (A) Arp 
por : Heater Btu 520.9 Ks deg F lb lb K; — 0.06554 = Atrp 
a 7 LP 70 0.1344 1.1753 5 129.7 5 1.1098 5.549 
eh. 4 60 0.2496 1.1071 0 189.7 0 1.0416 0 
2 66 0.5203 0.9470 0 5 
06260 (0.8846 7 385.8 7.67 0.8191 6.282 
9 
= 65.22 = average rise. 


CONCLUSION 


The objective of this paper has been to extend the previous 
work to cover assumptions made therein, and to present a some- 
what unorthodox approach to analysis of feedwater heating. 
It would be impossible to present all of the ramifications, which 
unfold as one becomes familiar with the method, within the 
limited space here available. It is the author’s conviction that 
all of the problems of the regenerative cycle are amenable to 
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TABLE 4 SUMMARY OF LOSSES 
F:D,C2 Cyele, Fig. 10 
Calculated per cent 


L it 
Oss item 88 
Terminal-difference loss.............. 0.23 
Pressure-drop . 0.40 
Total loss 0.855 


analysis by these general methods. Undoubtedly, those who 

become familiar with them will make valuable contributions. 

The author will be obliged if such original contributions are 

transmitted to him, especially since it is his intention to publish 

an extensive collection of the results of his own analysis in the 

nearfuture. 
= 

Discussion 


C. S. BARKELEW, JR.° Of the various losses analyzed in the 
Bt paper the ‘determination of heater terminal-difference 
losses has perhaps the most general application. However, the 
author’s equation for this loss apparently does not give valua- 
tions consistent with figures obtained by heat-balance calcu- 
lations, based upon the assumption that the turbine-extraction 
pressures are fixed. It is pertinent to inquire what ‘‘conven- 
tional’ methods of calculation were used to check the author’s 
method. 

The principal effect of introducing terminal difference is to 
shift the feedwater-heating duty to the next higher pressure 
heater; so that the loss depends upon the heat drop in the turbine 
between these extraction pressures, rather than upon -the tem- 
perature rise in the heater. The author’s formula apparently 
is not in accord with this conception of the effect of terminal 
difference. From certain statements in the text it might be 
inferred that the increase in heat rate charged:.o terminal dif- 
ference is considered to be that which results when the extrac- 
tion pressures are raised sufficiently to offset the heater ter- 
minal differences and maintain specified temperatures of the 
feedwater leaving the heaters. 

A comparison of the terminal-difference-loss evaluation, ob- 
tained by applying the author’s equation, and by heat-balance 
calculation, assuming constant extraction pressures, is given in 
Table 5 herewith, for the turbine in Fig. 10 of the paper, with all 
flashed heaters cascading drains to the condenser. 


TABLE 5 COMPARISON OF TERMINAL- DIFFERENCE-LOSS 


EVALUATION 
Per cent increase in 
heat rate per Btu 
7 Extraction Rise, ——terminal difference— Differ- 
Heater pressure, Btu By By heat ence, 
no. psig per lb Equation balance per cent 
1 6.2 79.6 0.0122 0.0143 +17 
2 19.7 56.0 0.0115 0.0182 +59 
3 74.7 81.8 0.0105 0.0125 +19 
4 178 67.9 0.0091 0.0094 +4 
5 332 59.3 0.0090 0.0146 +62 


Inasmuch as the heat-balance calculations are simple and 
Straightforward, the only possibility of error in the loss evalua- 
tion appears to be in the assumption that the extraction pressures 
do not change with variation in feedwater temperatures due to 
terminal differences. In an actual turbine-heater combination, 
there is a small variation in the extraction pressures with change 
in heater performance; and a small change in the “distribution 
loss” may be associated with the terminal-difference loss. Since 
the distribution losses generally are of extremely small magni- 
tude, the effect on the terminal-difference-loss valuation pre- 
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sumably is negligible. However, as a check, a heat balance was 
calculated with extraction pressures changed to correspond to the 
changes in turbine internal flows resulting from a terminal dif- 
ference in the highest pressure heater, where changes in final feed 
temperature have the most noticeable effect on pressures. The 
calculated heat rate showed less than 0.001 per cent change for 
10 deg F terminal difference over the heat rate calculated on the 
basis of fixed pressures. 


A. O. Wuirs.?’ The writer’s company has been using the 
author’s methods for various purposes in connection with the 
calculation of turbine performance since their publication, and 
the material and methods he has presented provide a valuable 
supplement to the previous work, greatly extending its field of 
usefulness. 

The writer considers this whole treatment of the regenerative 
cycle a marvelous piece of analytical work and it deserves more 
general use than it has at present, judging from the contacts 
he has had with the industry. It may be that the lack of an 
accurate method of evaluating the ‘“‘cycle correction” has hin- 
dered its general acceptance, so that the present paper, by pro- 
viding an accurate evaluation of the cycle correction for most 
actual cycle arrangements should promote its use with a resulting 
saving in calculation time and effort. 

The writer knows of no better way of evaluating the relative 
economy of different cycles than the author’s, and upon pub- 
lication of the results of further analysis, which are promised for 
the near future, it should eliminate all need for detailed heat- 
balance calculations except a final set, based upon the actual 
arrangement to be used, for the purpose of selecting heaters 
and related equipment and perhaps defining contractual obliga- 
tions. 

There is only one criticism the writer has and that is that the 
use of the term ‘‘arrangement loss” does not seem quite natural 
as used in the paper. Arrangement loss seems to connote the 
loss due to all the variables in the heater arrangement, and some 
other term such as “surface heater loss’ would give a better 
idea of what is involved, leaving arrangement loss and cycle cor- 
rection as essentially equivalent. 

One contribution which would be very valuable would be the 
extension of the method to the reheat cycle with heaters above 
the reheat point. The writer has used it for the case with the top 
heater out of the high-pressure section exhaust, by considering 
the cycle from the reheater outlet to the condenser as a separate 
cycle by the author’s method, and then adding the high-pressure 
section to it as a topping unit whose output was additive in terms 
of flow to the reheater. From this the over-all heat rate could 
be easily obtained. 


AvuTHOR’s CLOSURE 


Mr. Barkelew’s comment that the terminal-difference-loss de- 
termination has the most general application probably included 
the pressure-drop-loss method as well, since they go hand in hand, 
and the latter loss frequently is the larger. Fortunately, the 
method is exceptionally accurate for these two losses, usually the 
chief components of cycle loss. 

In last analysis, any loss in the heater cycle is found to depend 
fundamentally not upon heat drop in the turbine, or upon rise in 
the heater; minimum loss is obtained by securing the lowest 
average level of (H — h), hence the maximum quantity of extrac- 
tion. If one considers feedwater enthalpy at each heater constant 
(to eliminate the confusing effect of distribution loss), terminal 
difference increases (H — h), by raising the extraction pressure 
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(hence H) to a value higher than bepettiaticalty it would have to 
be to perform the heating task in a contact heater. The method 
presented in the paper se tt. evaluates this effect and 
translates it into cycle loss. By keeping turbine pressures con- 
stant Mr. Barkelew takes into account the change in h, but not the 
change in (H — h), which always occurs along any state line as 
the pressure changes. 

His statement that the principal effect of terminal difference 
lies in the shift of duty to the next higher heater is inadmissible, 
by definition. This shift of duty is defined as “distribution loss,” 
and must not be included in the terminal-difference loss, Since 
distribution loss is from 2 to 3 times as great in an all-flashed- 
heater cycle as in contact or pumped-heater cycles, under the 
same conditions, these inadmissible effects are accentuated in the 
cycle used for checking. 

Perhaps the method used by Mr. Barkelew in his attempt to 
check the accuracy of the method required reading of state-line 
enthalpy values from a small Mollier chart. This introduces in- 
consistencies of sufficient magnitude to render a check of these 
extremely small losses impossible. For checking the method the 
author used data from a hypothetical state line, analytically de- 
fined to any desired degree of accuracy by the quadratic approxi- 
mation. All data used in making the heat balance were carried 
to 6 or 7 significant figures, and all chart reading eliminated. The 
results of a comparison of the idealized basic cycle (having no 
terminal differences and no pressure drops) with actual cycles 
checked within 0.01 per cent for the 24 eycles to which the check 
was applied. It does not seem likely that this is coincidence. 

In addition, it would appear that when Mr. Barkelew assumed 
the turbine pressures constant, there would be a change in final 
feedwater temperature itself, as the terminal difference on the top 
heater changes. This assumption introduces an extraneous effect 
not chargeable, in the author’s concept, to terminal difference. 
This conclusion seems to be borne out by the fact that the largest 
difference in Table 5 occurs at the top heater. 
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Despite the fact that the calculation unavoidably included ex- 
traneous effects, it may be deduced from Table 5 that Mr 
Barkelew’s method results in a calculated loss of 0.28 per cent, 
whereas the author’s value is 0.23 per cent, a difference of only 
0.05 per cent in heat rate. Most of this probably can be at- 
tributed to the extraneous effects introduced by the method used. 

The author is indebted to Mr. White, his former close associate, 
for his kind words. Some time was required for the original 
method to receive the acceptance that it now enjoys in the 
author’s company. Once facility in its use is gained, however, the 
user is well repaid for the time spent. 

Mr. White’s comment on the use of the term “arrangement 
loss” is well taken. The word was chosen originally because of the 
effect of permutation of the heater location on the cycle loss. 
While all surface heaters cause loss, the magnitude of the loss is « 
function of their location in the cycle, thus to some small extent 
justifying the word ‘‘arrangement” in this connection. Further, 
addition of a drain cooler to a surface heater—another ‘‘arrange- 
ment’’ of the heater—reduces the loss. 

In the author’s opinion, application of the method to reheat 
cycles is best accomplished by consideration of the low-pressure 
portion as one cycle, and the high-pressure portion as an entirely 
separate cycle performing essentially at 100 per cent thermal 
efficiency, as Mr, White suggests. Data to be published later will 
indicate a method whereby the general principles of the terminal- 
difference-loss calculation probably can be applied to the reheat 
cycle. Basically, terminal-difference loss results from the 
equivalent of a “‘shift”’ of the state line to the right, giving higher 
enthalpies for the extracted steam. A heater at the exhaust of the 
high-pressure turbine in a reheat cycle might be considered as one 
with a very large ‘‘negative” terminal difference, acting to reduce 
the enthalpy of the steam supplied to it. Whether the method 
would be of enough advantage for this rather complex cycle to 
warrant its use is questionable. Probably, consideration of the 
cycle in two separate parts will be preferable, in the long run 
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s of Bladed Jet-Engine 


By H. B. SALDIN! ano P. G. DEHUFF, JR.,2 SOUTH PHILADELPHIA, PA. 


The creep-rupture and ductility characteristics of mate- 
rials are of utmost importance to the designer of high- 
temperature rotating parts. The authors have pointed 
out the significance of ductility of materials used for gas- 
turbine disks. Four-bladed disks were tested in a facility 
that was designed to spin the rotors in as near engine op- 
erating conditions as possible. These parts were tested in 
accordance with a predetermined schedule of temperature 
gradient, temperature, and speed. Test results are an- 
alyzed, and a discussion of the advantages and the design 
of such a facility is also included. 


REEP-rupture tests are of value in determining the life of a 
C given material under variable loads and temperatures. 
When it comes to evaluating the relative merits of mate- 
rials suitable for use as jet-engine turbine disks, more complete 
testing is necessary. To be considered are the stresses due to 
thermal gradients and rotation; the effect of bolting restrictions 
and notches; and, related to all of these, the effect of ductility. 
Of particular significance is this intangible ductility. Most disk 
materials are very ductile at room temperature, but some are 
much less ductile at elevated temperature, and some materials 
have little or no hot ductility after processing. Designers know 
that many of the currently used materials can be processed to 
have high strength with low ductility or low strength with high 
ductility. There has always been uncertainty of the mini- 
mum ductility for safety in a given application. One of the 
main functions of disk testing is to help evaluate this “‘strength 
versus ductility” situation. 

Careful examination of the possible methods for selecting and 
testing disk materials revealed that the operation of bladed disks 
in an engine or under similar conditions would be the best way of 
combining the many variables into one test. 

An analysis was made of the advantages and disadvantages of 
running bladed disks in an actual engine. The advantages are as 
follows: 


INTRODUCTION 


1 Represents identical conditions to normal engine running. 
2 No additional equipment needed. 


The disadvantages included the following: 


Optimum personnel safety is difficult and costly. 
Costly engine damage in case of a wreck. 
Rotational-speed limitation by other engine parts. 
High operating cost. 
Temperature measurements difficult. . 
Design and configuration inflexible. 
Little independent control of variables. 


‘Section Engineer, Engineering Section, Aviation Gas Turbine 
Laboratory, Westinghouse Electric Corporation. Mem. ASME. 

? Section Engineer, Metallurgical Engineering, Aviation Gas Tur- 
ine Division, Westinghouse Electric Corporation. 

Contributed by the Joint Committee on Effect of Temperature 
on the Properties of Metals and the Gas Turbine Power and Metals 
Engineering Divisions and presented at the Annual Meeting, New 
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8 Excessive change-over time. 

9 Difficulty in repeating test conditions and results. 

10 Measurements of creep are difficult without extensive 
engine teardown. 


A quick glance at the foregoing analysis shows that although a 
bladed disk could be run in an engine for varying periods of time, 
there are not many conditions which can be varied during engine 
operation. Speed cannot be increased without seriously over- 
loading other parts of the engine, particularly the turbine blades. 
The other items such as high cost and poor control of test condi- 
tions are additional cause for looking at a separate hot-spin test 
pit as the best method of performing the tests. 

In 1946 N. L. Mochel (1)* discussed the problem of hot 
ductility in gas-turbine rotors and pointed out the need of evalu- 
ating this material property in a hot-spin test pit. 

Mr. Fonda (2) has outlined a series of tests in which unbladed 
disks have been spun cold to destruction. It is the purpose of 
our hot-spin test pit to spin disks fully bladed and at the tempera- 
ture of normal engine operation under conditions where disk 
growth and behavior can be observed accurately up to and in- 
cluding disk failure. 

There is another hot-spin disk test pit in operation at the 
author’s company laboratories in East Pittsburgh, which is en- 
gaged in the exploration of fundamental disk design including the 
effect of high temperatures. This series of tests is aimed at cor- 
relating theoretical disk calculations with actual tests of un- 
bladed disks. The Aviation Gas Turbine Division tests are pri- 
marily for ev aes materials and cin for engine applica- 


tion. 


Late in 1945, after the Aviation Gas Turbine Laboratory (3) 
was in existence and an operating branch of the Aviation Gas 
Turbine Division, it was decided to build a disk test pit for de- 
velopmental testing. 

Among the primary requisites of a test pit are safety, ease of 
assembly and disassembly, a minimum of parts that need repair 
or replacing after disk failures, and low power requirements. 

During our investigations prior to the design of the pit, we 
found there was quite a divergence of opinion as to what was 
adequate safety protection. Our test pit was located on the 
ground floor of the building where the rotating test disk could be 
operated entirely below ground level. The hole was lined with 
15 in. of reinforced concrete, this being a very easy way of ob- 
taining a large amount of protection from disk explosions. In 
order that the disk fragments might be stopped in a wall some- 
what easier to repair, two walls of 2!/, in. of laminated steel plate 
were placed inside the concrete, each wall consisting of 9 layers of 
'/-in. plate. Then in the hope that the disk fragments might be 
stopped by some material less damaging to the disk fractures, a 
4'/,-in. wall of radiused lead brick was laid inside the laminated 
steel. This was viewed as ample protection with a very large 
factor of safety to take care of all the contingencies, even in- 
cluding those indicated by reports that would make it seem al- 
most a hopeless task to stop the disk fragments. As clearly in- 
dicated in the sectional view of the test pit, Fig. 1, considerably 
less protection was provided from ricocheted fragments which 


’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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dished cover has a lip which rests on a heavy rubber gasket to 
make the vacuum seal with the large tank. 

There are many considerations which dictate the use of a 
vertical drive, principally the simplicity with which the whole 
assembly can be mounted and handled. With the use of special 
jigs and fixtures, the assembling and dismantling of the test as- 
sembly are easily accomplished by one skilled mechanic. 

The driving turbine was machined from a solid forging and is 
mounted on one air-oil-mist lubricated ball bearing, indicated as 
the main bearing in the sectional view. The blade sections were 
milled into the outer periphery of the disk, with nozzle passages 
arranged around the disk and drilled in to the inlet casing. The 
turbine rotor was drilled to receive a 7/js-in. drill rod for driving 
the test disk. The drive shaft is attached to the turbine rotor by 
a simple pin arrangement near the top of the assembly, making it 
very easy to assemble the rotating parts. The drive shaft is 
attached to the test disk, and this assembly is put in place by 
sliding the drive shaft through the damper bearing and turbine 
rotor, then inserting the pin. 

With the rotating elements in place, the lower half of the electric 
furnace is lifted into place and secured. The complete assembly 
is then ready for lowering into the test pit. A very good vacuum 
seal is of course necessary where the drive shaft passes through 
the vacuum cover. It was also found necessary to have some- 
thing of a damper bearing on the otherwise one-bearing system to 
avoid large-amplitude vibrations at the first and very low critical 
speed. These two functions were combined. The damping ar- 
rangement was accomplished by placing the flange of the bearing 
shell on a flat surface and forcing these contact surfaces together 
with a nominal load applied with several compression springs. 
This allows the shaft and bearing to move if the vibration force is 
large enough, thus dissipating the energy in friction between 
these surfaces. The vacuum seal is accomplished simply by using 
a very close-fitting babbitt-lined bearing on the journal. This 
complete assembly is flooded with oil to prevent air leakage into 
the pit, and the oil which leaks through is thrown into a small 
reservoir around the shaft by an oil slinger, and piped away to the 
bottom of the pit to a water-cooled oil tank. It was found neces- 
sary to keep the oil cold to prevent vaporization at the very low 
pressures existing within the vacuum chamber. 

The drive turbine was designed to operate on either 250-psig 
steam exhausting to 5-psig back pressure or 100-psig shop air, 
exhausting to atmosphere. To date practically all operation has 
been on air because of the greater convenience, but as test as- 
semblies become too large, it is possible to revert to the steam 
power to obtain the greater driving power necessary. 

The turbine element itself was designed to operate up to 60,000 
rpm. It is protected by an electrical overspeed trip as part of the 
tachometer system (Standard Electric Time chronotachometer), 
and by a mechanical overspeed trip in case of a tachometer- 
generator failure. The electric trip is easily adjusted for varying 
operating conditions. 

The test disk suspended from the drive shaft is enclosed in a 
refractory-lined electric furnace. The resistance-type heating 
elements are located above and below the path of rotation of the 
turbine blades. Each heating element is supplied with direct- 
current power from a “Flexare’’ welding set, which affords ex- 
cellent control of the power distribution. Brown Instrument 
Radiamatic radiation pyrometers are used to detect the disk tem- 
perature. The temperature gradient of the disk is measured by 
using four pickups focused at four radial positions on the disk, 
one on the rim, one on the center of the hub, and the other two on 
the profiled section of the disk. 

For testing where large temperature gradients are desired, 
water-cooled coils of copper tubing are placed in a plane just 
above and just below the body of the disk. Each turn in the 


SALDIN, DEHUFF —HOT-SPIN TESTS 


OF BLADED JET-ENGINE ROTORS 
cooling coil is controlled separately to give complete flexibility 
of control of the temperature gradient. 

In order that there be a uniformity of the emissivity of the test 
disks when using the radiation pyrometers for temperature de- 
tection, the disks are painted with Thurmalox No. 7 and heated 
to 1200 F in a temperature-controlled furnace to drive volatile 
matter from the paint. The radiation pyrometers are calibrated 
by making a complete test assembly, and, in addition, placing 
several thermocouples against the surface of the disks and cali- 
brating with the disk stationary. The vacuum chamber is 
evacuated to operating pressure in order to include the effect of a 
low-density atmosphere on the pickups. The radiation pickups 
are water-cooled to isolate them from the high ambient tempera- 
tures within the pit. 

Babcock and Wilcox Kaocast castable refractory is used for the 
furnace lining. The exposed surface of this material is painted 
with Johns Manville’s Hellite to prevent dusting which upsets 
the pyrometer readings. It is of interest to note that these fur- 
nace elements must be cured for several hours with a temperature 
of 1200 F, in order to drive off all of the water in the refractory. 
Failure to do this results in loss of vacuum because of large 
quantities of water which accumulate in the pit during such a 
run. 

The working space available in the pit (inside the vacuum wall 
shown) is 45 in. diameter and 33 in. deep. If a high-temperature 
test is to be run, the available working space is reduced by the 
space necessary for the furnace. The over-all depth can be in- 
creased to 6 ft by changing the vacuum tank. 

A Kinney vacuum pump is used to evacuate the pit. The seal 
oil is supplied by a small gear pump, and a small amount of cool- 
ing water is supplied from the laboratory water system. 

The temperature of the disk is controlled manually by ad- 
justing the current setting of the welders and noting the tempera- 
ture of the disk, the temperature of the heating-element ni- 
chrome ribbon, and the current flow to the heating elements. These 
quantities are indicated on instruments conveniently located to 
give the operator sufficient guidance to control the disk tempera- 
ture properly. A Brown “Electronik” strip-chart recorder is 
used to indicate the disk temperature, and a Leeds & Northrup 
“‘Micromax”’ strip-chart recorder is used to indicate the heating- 
element temperature. 

In addition to controlling the disk temperature and maintaining 
the lowest possible absolute pressure in the pit, the only other 
variable needing control is the disk speed. This is accomplished 
by taking an electrical signal from the Standard Electric Time 
tachometer circuit and feeding it into a Brown Electronik Air-o- 
Line recording controller. This in turn controls the position of 
an air-actuated throttle valve in the turbine-inlet line. Failure of 
eith ar air or electrical power closes this valve. 

These controls, along with several small flowmeters, tempera- 
ture indicators, and valves to control the water flow to cooling 
coils, a manometer to indicate pit vacuum, and a tachometer to 
measure speed accurately are mounted on a panel in an adjoining 
room to the test pit. The test pit can be viewed clearly through a 
tempered plate-glass window which reduces the noise level in the 
operating room. 

In order to eliminate the teardown and assembly time after 
each run, usually 5 hr, a long-focal-length microscope, Fig. 1, 
was purchased from Bausch and Lomb and is being placed in 
service. This will make it possible to record disk growth while 
the disk is running. 


Test PRocEDURE 


For the purpose of evaluating many different types of ma- 
terials in the shortest possible time, it was decided to standardize 
on the conditions of time and speed. Inasmuch as the military 
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running speed of the jet engine using this disk configuration is 
12,500 rpm, it was decided to start the test at 12,000 rpm and 
In this 
way the relative merits of each different disk material could be 
judged on an equal basis. This rotational speed results in stresses 
in the disk as indicated in Fig. 3. Jet-engine operating conditions 
were duplicated as closely as possible by using an actual turbine 
disk 13 in. diam, approximately 1 in. thick, and with a 4-in. bolt 
circle, and temperature gradients similar to those encountered in 
engine operation. These were established as 1200 F at the pe- 
riphery and 1050 F at the center, Fig. 4. 
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Each disk was measfired carefully on the outside diameter and 
bolt-circle diameter with a micrometer, while a vernier caliper 
was used to check the’ diameter between trammel points at 
approximately '/. radius. Measurements were made 180 deg 
apart on the upper disk face (toward the top of the test pit). 
Distortion of the lands between blades was studied by means of 
an electric comparator mounted on a height gage. 

Before each new-type disk was run, a correlation was obtained 
between the disk temperature as measured by thermocouples 
placed against the stationary disk and the radiation pyrometers. 
The test was begun by heating the disk to the desired tempera- 
ture while rotating at a low speed of 4000 rpm. This took about 
1/2 hr after which the disk speed was increased rapidly to the 
desired level and held there for 5 hr. The disk was allowed to 
cool to room temperature before making any measurements. 

Cast turbine rotating blades were taken from the same batch 
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228-269 required by AMS-5521. 


as those used for production engines and inserted in the grooves 
of the disk. 

The first material selected for testing was quite naturally the 
standard material for aviation gas turbines built by the author’s 
company, i.e., 19-9-DL conforming to AMS-5521. 
hot-cold worked material, stress-relieved at 1200 F, so that the 
final hardness of the disk is 229-255 Bhn. 
x-ray and reflectoscope test. The disk was forged by the Wyman 


This is a 
It passed both an 


Gordon Company. 

The second disk tested was also a 19-9-DL material hot-cold 
worked and stress-relieved at 1200 F, but in this case the Brinell 
hardness was 285-311, which is considerably above the range of 
This disk was forged by the 
Midvale Steel Company to our instructions to develop a high 
strength and low hot ductility. 

The third disk was also a standard material but not in engines 
of the author’s company. It was a 16-25-6 Timken alloy, solu- 
tion-treated and cold-forged to a hardness range of 240-300 Bhn 
by Canton Forge Company. This particular hardness was 
standard practice at the time these tests were started but current 
practice is somewhat lower. Brinell range of the disk being 
tested was 262-293, except for one spot at the center of the disk 
which was 217. 

The fourth disk selected for testing was the material widely 
used in Great Britain, GI8B. This material was hot-cold-worked 
to a Brinell hardness of 235-255 and was forged by the Crucible 
Steel Company. The processing of this disk was not in line with 
current practice, but an early attempt to duplicate the British 
material. 

The chemical analysis and physical properties of the foregoing 
materials are listed in Tables 1 and 2. 

Test REsutts 

Table 3 shows the growth, speed, and time of operation of each 
disk. In Fig. 5 the growth of the outside diameter of the disks is 
plotted against time. All disks were spun at increasing speeds 
(500 rpm faster each 5 hr) until failure occurred. Exceptions 
were made of the standard 19-9-DL disk and G18B, where, be- 
cause of fairly rapid growth toward the end of the test, the speed 
was held constant and the time increased. 

Standard 19-9-DL. Failure occurred after a total time of 54.7 
hr, and after a speed of 15,500 rpm had been reached. A total 
growth of the outside diameter amounting to 0.122 in. had oc- 
curred before a turbine blade pulled out of the disk. Figs. 6, 7, 


~ and 8 show the mechanism of failure through plastic flow of the 


disk lands as well as the condition of the disk at failure. This 
metal flow allowed the blade to slip out of position, and unbalance 
the disk, which sheared the drive shaft. It is to be noted that not 
only had the blade slipped out of the disk lands but simultane- 
ously many small cracks were appearing elsewhere in the disk. 
Table 3 also shows that many blades were becoming quite loose 
prior to failure. 

Warning of impending failure was obtained in the following 
ways: 

1 Rapid and large increase of the outside diameter of the 
disk. 

2 Blade looseness. 

3 Small cracks at various locations on the disk. 


The. ductility of this disk even after testing was quite high 
and showed room-temperature elongations of 23-29 per cent and 
a high-temperature elongation of 26 per cent. 

Cold-Worked 19-9-DL. This disk failed as shown in Figs. 9 
and 10, after a total time of 27 hr and after reaching a speed of 
only 14,000 rpm. The total disk growth was only 0.011 in. This 
failure was a very brittle break in which titanium nitrides were 
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TABLE 1 CHEMICAL COMPOSITION, HARDNESS, AND MILL HISTORY 


Chemical composition Brinell Hardness A. 
Material c Mo Si Fe Ni Cr Mo 1a «6 Co cb Rin 1/2 Radius Center S 
~ 
19-9-DL 30 1.07 .60 Bal 8.30 18.86 1.34 .39 2.01 | 255 235 229 


Standard 


19-9-DL 
Cold Worked 


Timken 
16-25-6 


G- 


14.80 14.88 2.80 ~° 3.01 11.42 2.98 235 


Mill History 


19-9- DL Hot cold worked at temperature above 1350°F. Stress relieved at 1200°F. 
Standard 


19-9-DL 


_ Hot cold worked at temperature above 1350°R. Stress relieved at 1200°F. 
Cold Worked 


Timken 16-25-4 Solution treated and cold forged. s 
G18-B Upset forged to thickness 15@ oversize. eheat to 1300°F. for final hot-cold working to size. 


Stress relieved 1200°F., @ hours air cooled. 


* One spot at dead center —217. 


TABLE2 PHYSICAL PROPERTIES OF TURBINE DISKS AT ROOM AND ELEVATED TEMPERATURE 


Tensile Yield Elong. Reduction Stress for Creep to Elongation : 
Strength Strength in 2° of Area Rupture at 50 hrs.; at Rupture an 
+2% offset 1b/sq.in.; 1200°F. 


Tangential 114,250 81,000 22.8% 24.1 
114, 750 80,750 27.4 25.8 
Radial 116,500 62,500 28.2 20.6 

- 115,750 


Tangential 149,000 112,500 17.6% 25.7 .s 
. 150, 500 112, 500 16.4 24.8 = 7 
Radial 150, 500 113, 750 16.5 25.4 
148, 250 112, 500 15.6 24.4 
‘Timken 16-25-6 Tangential 131, 000 98, 200 9.8 10.8 
Dise after ° 130, 000 99,600 11.2 16.0 
Radial 129,000 96,800 9.6 14.6 
Dee ° 130, 000 96, 400 10. 4 14.6 
16-25-86 121,000 99,250 3.6 7.0 
-Dise similar to disc tested 
Specinen 1° from center 
G-16-B Disc 122,000 96, 000 15 21 
Similar to 
‘Dise Tested 106,000 89, 000 55,000 


found at the point of failure. These could have acted as points of — of the tests but only 3 per cent in high-temperature tests. The 
stress concentration which in a brittle material such as this could — blocks shown in Fig. 11 were used instead of blades to apply 
have promoted failure. load to the disk because of premature failure of the blades over 
It is to be noted that failure was sudden and without any of the 15,500 rpm. The stress on the disk was the same with the blocks 
warnings provided by the standard disk. This disk had a room- as with the blades. 
temperature elongation of 15-17 per cent in radial specimens G-18-B Disk. After 37.5 hr operation and a total growth of 
taken after completion of the test, but only 2.25 per cent elonga- _ 0.023 in. the test was stopped at a speed of 15,000 rpm. Because 
tion in high-temperature tests, as shown in Table 2. rapid growth was taking place, an additional run of 5 hr at the 
16-25-6 Timken Disk. After 50 hr and after reaching a speed same speed was made. This caused the growth to continue at a 
of 16,500 rpm, this disk disintegrated. With a total growth of _ rapid rate to 0.033 in. at which time the test was halted in order 
only 0.020 in. this disk literally “burst” into many pieces as to prevent a wreck. The disk was showing the same rate of 
shown in Fig. 11. The disk had a room-temperature elongation growth as the standard 19-9-DL disk but do‘ng so at a slightly 
of only 9 per cent in radial test specimens taken after completion _ lower speed. 


>= 1 9.32 19.30 °1.08 .43 1.54 300 285 29 
.09 1.72 .37 Bal 24.10 16.48 6.82 289 269 *217 = 
285 262 = 
.39 1.08 .62 Bal 241 241 
Production Disc of 130, LOO 77, 000 294 398 41,000 26% 
Testi 
2.25% 
mi 
t 
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TABLE 3 


19-9-DL Standard 
Growth No.of 
Time OD 1/2R Land Loose 
Blades 


Growth 
Time OD 1/2R Land 


+001 .002 
+002 .003 
-002 .005 
-002 .0098 
-004 .012 


we 
= 


16,000 
16,500 


(1) Disk failed. 
(2) Test stopped; rapid creep. 
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Discussion 


In examining the types of failures in the several disks, it was 
observed that the standard 19-9-DL disk, Fig. 6, showed exten- 
sive plastic deformation of the small lands holding the blade in 
place. With increased movement of the lands the blade exerted 
increasingly higher unit pressure on the land and eventually 
pulled out of the disk. Crack'ng also occurred throughout the 
rest of the disk at many locations. Of perhaps greatest signifi- 
cance are the cracks shown in Fig. 7 where a large crack caused 
by radial stress has been circled at 25/s in. radius. It was noted 
that this corresponded to the point of highest radial stress as 
indicated in Fig. 3. Cracks caused by tangential stress were also 
seen within the bolt circle and near the boltholes. From Fig. 3 
this area is shown to be the one with highest tangential stress. 

Failure of the cold-worked 19-9-DL disk, Figs. 9 and 10, must 
be attributed to one of three reasons: (a) Titanium nitrides at 
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Timken 16-25-4 
Growth 


No No 
Measurements Measurements 
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5 .023 .015 .043 
.001 .017 5 .033 .023 .058 
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-010 .034 7 
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19-9-DL Disk 


the point of failure; (b) unequal loading of the disk lands while 
driving the blade into the disk; or (c) low ductility, coupled with 
either reason (a) or (b). The break was certainly not a ductile 
failure. Additional testing is indicated for this material in the 
same hardness range and for the purpose of substantiating this 
test. 

The failure of the Timken disk, Fig. 11, showed: (a) that from 
the center of the disk to the boltholes the break was normal to 
the plane of the disk, indicating a very brittle fracture (4); (6 


Fic. § 


from 
more 
whok 
and | 
crack 
circle 


Stress 


1 
Which 
tested 


Pea 12,000 5 .000 000 .001 0 5 .003 2 5 4 

12, 500 5 .000 .000 .002 5 .005 2 
19,000 .000 .001 .002 5 .009 2 4 | 
13, 500 5 .001 .000 .002 5 .011 2 4 
14,500 7.5 .008 .003 .007 2 3 
15, 500 .085 .043 .087 34 5.0 ” 
2.2 ..121 .077 

Fim 

2 


Disk aT FAILURE oF STANDARD 19-9-DL 


MATERIAL 


CONDITION ©OF 


Fig. Crackine or Disk Near Rim In STANDARD 19-9-DL Tests 
from the boltholes out to the periphery the fracture tended to be 
more of a “eup-and-cone”’ break indicative of some ductility. The 
whole break appeared to be a failure caused by tangential stress 
and originating about the boltholes. It is recognized that a 
crack caused by radial stress could start just outside the bolt 
circle and then change direction by the action of the tangential 
Stress. 
CONCLUSIONS 


1 The disks herein reported represent the first of a series in 
which many of the best high-temperature disk alloys are to be 
tested under the same accelerated test schedule. From this 
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program it is expected to establish the relative merits of the 
various available disk materials. 

2 The most promising material or materials determined by 
the program so far can then be tested under constant-speed con- 
ditions to obtain data which can be correlated with existing 
creep-rupture information. 

3 This program procedure will give reliable guidance to the 
selection of the “strength versus ductility’”’ relationship which 
represents the best compromise for each application of a specific 
disk material. 

4 The characteristic type of failure appears to have a direct 
relationship to the magnitude of the ductility for a given ma- 
terial. Further experience may indicate ‘sufficient reason for 
specifying a minimum ductility for a given disk material for a 
given engine application. 

5 A ductile disk will give ample warning of impending failure 
by means of blade looseness, large and rapid growth of the diam- 
eter, and cracking at various locations over the face of the disk. 
This means that if a bladed turbine disk were operating in a 
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flying engine, the growth would be most readily detected by a 
blade-tip rub, thereby giving warning prior to a failure. 

6 A brittle disk will give little or no warning of impending 
failure. Additional tests must be run before a minimum ductility 
range can be established. 

7 Of the four disks reported, the standard, 19-9-DL showed 
the best combination of strength and ductility, although the 
Timken 16-25-6 material as processed was slightly stronger than 
the standard 19-9-DL. 

8 These tests emphasize that processing (forging or heat- 
treatment) can be specified to produce a wide range in the 
strength versus ductility relationship in any given disk material, 
and that metallurgists should strive to develop disk ma- 
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terials of greater strength without reducing the ductility below a 
safe minimum which will avoid brittle breaks in service. 

9 The operation of the disk test pit has demonstrated the 
practicability of hot-spin-testing turbine rotors. Ample _per- 
sonnel safety is relatively easy to provide while not hampering 
the test program. The measurement of the test-disk temperature 
is straightforward and reliable. The facility has proved very 
adaptable to tests of disks of various sizes and shapes, 
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tests of 
bolting methods, and relatively low-temperature tests of alu- 
minum- and magnesium-alloy disks. and 
reassembly time is relatively short, creep-rupture data on turbine 
rotors can be accumulated rather rapidly and at relatively low 
Damage as a result of disk failure has been less than an- 
ticipated. 


Since disassembly 


cost. 
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The authors describe briefly a series of jet tests, utilizing 
gas produced from the combustion of Diesel fuel oil, as a 
means for comparing the resistance of a number of high- 
temperature alloys to hot-gas impingement. The de- 
ficiencies of this method for simulating conditions in a 
gas turbine are discussed. The paper is concerned prin- 
cipally with comparative tests of a number of high- 
temperature alloys when tested in the form of blades in 
a Type B turbosupercharger. The test rotor contains 142 
blades, representing 12 different alloys. Both wrought 
and precision-cast blades are included. Tests were made 
at eight temperatures, ranging from approximately 1200 
to 1500 F, test runs at each temperature being of 50 to 
150 hr duration, except in the case of the 1500 F test run, 
which was continued for 1000 hr. After several of the test 
runs, measurements were made to determine the amount 
of permanent extension in the blades and disk. The 
extension of the blades and disk accompanying progres- 
sively higher testing temperatures is shown graphically. 
A procedure for correlating the metal temperature of the 
blades with that of the combustion gas in the nozzle 
chamber of the supercharger is described. 


INTRODUCTION 


URING the period 1940-1947, a great deal of effort and a 
I) large amount of money were expended in the development 

and improvement of a class of high-temperature alloys 
now sometimes referred to as “‘superalloys.”” These alloys were 
developed primarily for turbosuperchargers, gas turbines, and 
jet engines. For these applications, strength and stability at 
elevated temperatures are considered of first importance. Con- 
tinued efforts were made to enhance the high-temperature 
strength of these materials. While this was being accomplished, 
designers were equally diligent in their determination to design 
for higher operating temperatures and stresses, in order to in- 
crease efficiency of operation and reduce weight to a minimum. 

In this development program, a great many individual alloys 
were made, and many thousands of tests were conducted on 
forged, cast, and precision-cast alloys. Governmental agencies, 
industrial concerns, educational institutions, and research labora- 
tories co-operated in this work in a most praiseworthy manner. 
Test, data obtained through this co-operative effort are sum- 
marized in a large number of reports. 


Some of these reports 
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were issued by the Office of Scientific Research and Development, 
some by the Bureau of Ships, and Bureau of Aeronautics, and 
others by private companies. Recently, the classification status 
for some of these reports was modified, and large portions have 
appeared as technical publications. 

The interest of the Bureau of Ships in these high-temperature 
alloys rests mainly on possible applications for gas turbines. 
Consequently, test programs sponsored by the Bureau of Ships 
were directed along these lines. The construction of gas turbines 


for ship propulsion presents quite different metallurgical and ~ 


engineering problems from those encountered in the production of 
superchargers and jet engines. Gas turbines for ships have to be 
designed for much longer operating life with a minimum of up- 
keep. Ship machinery must be designed and constructed to 
resist shock occasioned by gunfire, as well as explosions resulting 
from bombs and depth charges. Parts for large gas-turbine units, 
such as the rotor and casing, are of much heavier section than are 
similar parts for superchargers and jet engines. These circum- 
stances have introduced special metallurgical and engineering 
problems in the development program of the Bureau of Ships. 

Most of the high-temperature test results reported by the co- 
operating activities were obtained with specimens prepared from 
small-diameter bars, small castings and forgings, and specimens 
precision-cast to size. On the other hand, an important part of 
the program of the Bureau of Ships consisted of fabricating rela- 
tively heavy forgings of several of the high-temperature alloys, 
in order that these might be sectioned and tested, and results 
compared with those obtained for bar stock and small sections. 
Likewise, it was necessary to ascertain whether heat-treatments, 
which had proved effective for light sections, were applicable in 
the case of heavy sections. The welding of large disks presented 
new problems which required investigation. The feasibility of 
casting rotor disks of high-temperature alloys was investigated. 
Later, the work was extended to include the casting of disks with 
integral blades. At the present time ways for forming hollow 
blades are being studied. 

Practically all of the creep and stress-rupture data reported for 
the high-temperature alloys were obtained in test furnaces con- 
taining air. Early in the investigation it was proposed that simi- 
lar tests be made in a gas atmosphere similar to that produced by 
combustion in a gas turbine. The practicability of adapting the 
usual types of creep and stress-rupture test units for conducting 
tests in combustion-gas atmosphere was considered. This ex- 
amination indicated that it would be difficult to maintain the 
desired composition of gas, let alone simulate velocity conditions 
encountered in a gas turbine. It was decided that these condi- 
tions could best be met by operating a turbosupercharger as a gas 
turbine. Aircraft turbosuperchargers were readily available, and 
steps were taken to adapt one for the purpose. It appeared that 
the value of such a test would be enhanced if a special rotor con- 
taining blades of a number of selected alloys was provided. In 
this way a direct comparison of several alloys in the form of 
blades would be obtained under identical test conditions. 

The first experimental unit for simulating the impinging action 
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of high-velocity high-temperature gas on gas-turbine alloys is 
shown in Fig. 1. The assembly consists of a double-wall cylindri- 
cal combustion chamber, the inside of the interior shell being 
lined with refractory material. The shells are of carbon-steel 
plates, except for the head which is of 18:8 chromium-nickel steel. 
Fifteen nozzle assemblies, each consisting of a nozzle and fixture 
for holding the test specimen, are mounted radially on a common 
ring support which is attached to the exhaust end of the combus- 
tion chamber. Details of one of these nozzles and simulated 
blade section are shown in Fig. 2. Gas is produced from Diesel 
fuel oil, combustion taking place under 40 psi pressure. Oil is fed 
into the combustion chamber from a tank maintained under air 
pressure. The flow of oil is controlled by means of a pressure- 
operated needle valve actuated from a thermocouple which is 
mounted in a dummy nozzle. Air is supplied through suitable 
reducing valves. 

Tests were made on a number of alloys both wrought and cast 
at 1300, 1350, 1400, 1500, 1600, and 1650 F temperatures. Eight 
test runs were made at these temperatures, the duration of test 
ranging from 155 to 1370 hr. The gas velocity at the jets for 
these tests ranged from 1300 to 1500 fps. Normally, the gas is 
directed against the apex of the blade so as to sweep upward as 
shown in Fig. 2. However, for one set of specimens, the gas was 
directed at a flat surface of the blade section as well as at the apex. 
Results of gas analysis for two of the test runs are given in Table 1. 
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NOZZLE AND SPECIMEN ASSEMBLY FOR GAS EROSION TEST 


The percentages of constituents in the gas remained quite uniform 
throughout the tests. For test run No. 8 the carbon-dioxide 
content of the gas was reduced to about 3'/2 per cent, and the 
oxygen increased to about 14 per cent, in order to increase the 
oxidizing effect of the gas. 


PABLE 1. GAS ANALYSIS, PER CENT 
» S (caleu- 
Test Methane lated as 
run CO: 2 Ne CQ group 
1 §.2 2.3 bal. .3 0.051 
6 6.2 12.6 bal. 


Number 
determi 
nations 


Of some thirty-six alloys tested in this series, only one revealed 
any serious damage. In that case, test conditions of 1350 F gas 
temperature and 1380 fps gas velocity caused the test section to 
swell up and exfoliate at the edges. A similar phenomenon has 
been observed in connection with another alloy containing a sub- 
stantial percentage of molybdenum, but under less severe test 
conditions. In this instance, disintegration of the alloy occurred 
during a scaling test carried out in the muffle of an electrical-re- 
sistance furnace containing air. It should be mentioned that no 
similar deterioration of these two alloys has been encountered in 
test units operated as gas turbines. 

During one test run, the temperature-control mechanism failed 
to function, with the result that the impinged areas of the test 
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sections attained a temperature of approximately 2000 F for about 
20 min. This accidental sojourn at excessively high temperature 
caused V-shaped notches to be cut in the blade sections in the 
path of the impinging jet. All materials were affected similarly, 
with the result that no information was obtained as to the rela- 
tive resistance of the several alloys to hot-gas impingement. 

At the beginning of the test it was feared that the test sections 
might be eroded as a result of small particles becoming dislodged 
from the ceramic lining of the combustion chamber and being 
‘arried along by the gas stream. Inspection of the edges of the 
simulated blade sections in the early tests revealed some evidence 
of erosion from these particles, but, with continued operation, 
trouble from this cause apparently diminished. Should the jet 
test have indicated important differences in erosion resistance for 
the several alloys, the role played by nonmetallic particles would 
have been cause for considerable apprehension. However, it 
was concluded that in this type of test equipment, effort should 
be made to eliminate the usual ceramic lining materials from the 
combustion chamber, 
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experience with the jet tests emphasized the importance of 
testing gas-turbine alloys in hot-gas environment while under 
stress. The adaptation of available creep and stress-rupture 
test units for operation in a combustion-gas atmosphere was con- 
sidered impracticable. One of the perplexing problems was the 
chemical composition of a gas for simulating service conditions, 
and the maintenance of a constant supply of the gas over a long 
period of time. Even with the solution of this problem, no in- 
formation as to the effect of high-velocity gas on metal under 
stress would be obtained. For these reasons the proposal to con- 
duct creep and stress-rupture tests in combustion gas was aban- 
However, it appeared feasible to conduct such tests in 
vacuo and in oxygen. 

The next step was to install a Type B turbosupercharger in con- 
junction with a specially constructed combustion chamber for 
operation as a gas turbine. The supercharger rotor provided for 
test contained 142 blades representing twelve different alloys. 
The rotor disk is of forged 16: 25:6 nickel-chromium-molybdenum 
(Timken alloy). The supercharger is mounted on a stand bot- 
tom-side up from the way it is installed in an airplane. The 
combustion chamber is of the double-wall type, approximately 
15 ft long X 24 in. OD, made entirely of molybdenum-bearing 
18:8 chromium-nickel steel by welding. Air for combustion is 
supplied from an independent blower, and is introduced into the 
outer space of the chamber near the forward end. Air on enter- 
ing the outer space flows to the rear where combustion takes place. 
The combustion gas passes through the inner chamber and enters 
the nozzle box of the supercharger. This arrangement permits 
preheating of the air, and at the same time reduces the metal 
temperature of the inner wall of the chamber. The unit is fired 
with Diesel fuel oil conforming to Navy Department Specification 
7-0-2d, dated October 1, 1943. For purposes of safety the test 
unit is installed in a concrete-lined pit several feet below ground 
level. 

In operating the supercharger, the oil-supply tank is maintained 
under 10 psi air pressure so that oil enters a rotary gear pump at 
this pressure. Oil leaves the pump at 300 psi pressure, but a suffi- 
cient volume is by-passed so as to reduce the pressure to the de- 
sired value. For 1500 F operation, the oil pressure is maintained 
at approximately 185 psi. Temperature control is accomplished 
by regulating a by-pass. The combustion chamber is fired by 
means of a Babcock and Wilcox “Mayflower” pressure fuel-oil- 
atomizing nozzle and sprayer plate. 

Two thermocouples are mounted in the nozzle box of the 
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supercharger. These are placed diametrically opposite, one on 
the small side and the other on the large side of the box. Thermo- 
couples installed at these locations, at the present time, consist of 
No. 14 gage chromel-alumel wire contained in porcelain insulators 
assembled in an 18:8 chromium-nickel-steel tube. The hot junc- 
tion of the element is exposed by means of slots milled in the pro- 
tective tube. The hot-junction bead is encased in platinum sheet 
metal formed by collapsing a platinum tube around the element. 
This platinum sheath, in conjunction with a chromel wire con- 
necting onto the end of the tube, also serves as a support for the 
element. This thermocouple represents one of the more ad- 
vanced designs produced by the National Bureau of Standards. 
Temperature conditions for test are established by means of these 
two thermocouples. 

A third thermocouple, completely enclosed in a 25:20 chro- 
mium-nickel-steel tube, is located in the gas stream ahead of the 
supercharger intake flange. This thermocouple serves as a con- 
trol for operating the unit. Being completely enclosed, it is not 
subjected to conditions which cause deterioration and failure in 
thermocouples which are exposed to high-temperature high- 
velocity gas. The unit is provided with several other thermo- 
couples but these are not required for operation of the equipment. 
In addition to the thermocouples, a wide-angle radiamatic pyrom- 
eter is installed in the stack above the supercharger, and focused 
on the bladed section of the rotor. The length of the major axis 
of the target area is 1.2 in. covering practically the full width of 
the blade band. A schematic diagram of the supercharger in- 
stallation is shown in Fig. 3. 
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Fic. 3 TUuRBOSUPERCHARGER AND COMBUSTION CHAMBER 


The first specially constructed bladed rotor, designated No. 1, 
is shown in Fig. 4. Designations A, B, C, and E denote the lou 
tion of scribed reference circles which serve as base lines for ex- 
tension measurements. Each blade is numbered for identifica- 
tion, but it is usually necessary to renew these following each 
test run. The blades are held in the rotor mechanically, the blade 
roots being of the bulb type, one haif with short necks, and the 
other half with long necks. 

The chemical composition and tensile strength for the various 
blades of rotor No. 1 are given in Table 2. 

Tests of rotor No. 1 were made at eight temperatures, ranging 
from approximately 1200 to 1500 F. Test runs at each tempera- 
ture were of 50 to 200 hr duration. The supercharger was 
operated at an average wheel speed of 15,400 rpm for all test runs. 
This speed produces a maximum stress of 10,000 psi at a critical 
section of the blade due to centrifugal foree. The only work 
performed by the unit other than to overcome friction is that re- 
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TABLE 2 CHEMICAL AND PHYSICAL PROPERTIES OF SUPERCHARGER BLADES 


Heat | TENSILE STRENGTH | 
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quired to drive the impeller. The air furnished by the impeller is 
directed between the rotor casing and impeller casing to cool the 
bearings. 

The volume of one side of the supercharger nozzle box is greater 
than the opposite side. Early in the investigation it was found 
that the gas temperatyre on opposite sides of the chamber dif- 
fered somewhat. The average gas temperature was estimated 
arbitrarily by taking two thirds of the average gas temperature 
in the large side of the chamber plus one third of the average gas 
temperature in the small side of the chamber. The metal tem- 
perature of the blades was estimated to be 15 to 20 deg F lower 
than the average gas temperature. Procedures for determining 
blade-metal temperatures are described later in the paper. 

Table 3 gives a summary of temperature conditions and length 
of test for the several test runs. 

Data for a typical test run (No. 8) at 1500 F temperature are 
given in Table 4. 

After each test run, the supercharger was removed from the 
test stand and taken into a constant-temperature room where 
measurements were made to determine permanent extension in 
the blades and rotor disk. Measurements were obtained on a 
Zeiss universal measuring machine, and were taken between Fic.4 Test Rotor No. 1, CONTAINING BLADES OF TWELVE ALLOYS 
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reference circles E and A, A and B, and B and C. In measuring 
between circles EK and A, each blade was measured, and the 
average taken. Two complete sets of measurements were ob- 
tained during the course of test run No. 6. A summary giving 
results of measurements for the various test runs is contained in 

Table 5. 

The set of measurements designated run No. 6A was obtained 
following the first 100-hr test period at 1450 F temperature, 
whereas the set designated run No. 6B was obtained on completion 


TABLE 


Gas-temperature Duration 
—conditions, deg F-~ of test run, 
Nominal Average hr 

1200 1196 

1300 1310 

1350 1347 

1400 

1400 

1450 

1500 ) 

1500 5 150° 7 

1500 

1500 51¢ 1 e 

1500 233 

1500 


3 SUMMARY OF TEST CONDITIONS 


Estimated blade- 
metal temperature 
Test run 


rEST DATA FOR RUN NO. 8 AT 1500 F -TEMPERATU RE; 
DURATION OF RUN 100 HOURS 


-———Temperature, deg F 
Maximum Minimum Average 

1530 1490 

1540 

1460 

1325 

1360 

1340 


TABLE 4 


Nozzle box—small side of chamber... . 
Nozzle box—large side of chamber 
1/,-in. from exhaust edge of blades... . . 
Temperature 6 in. {center of stack , 
from exhaust 1/, radius of stack 
side of wheel 2 in. from wall. 

Air-duct pressure, avg in. Hg... 

Stack pressure, avg in. Hg. 

Pressure drop between nozzle box and 
stack, avg in. Hg. 

Nozzle-box pressure, avg in. Hg. 
15550 max 
15200 min 
15450 avg 

10200 max 


Speed of rotor, rpm 


9850 min 
10000 avg 


Stress at critical section of blade, psi... 


TABLE 5 


SUMMARY OF 


ELLINGHAUSEN—HIGH-TEMPERATURE 


urements. 


BLADE 


“ALLOYS 


of the 150-hr run. The average extension for each group of 
blades, obtained by averaging the readings for each blade in the 
group, are represented graphically in Fig. 5. 

On completion of run No. 6, the 19-9 DL blades were removed 
from the rotor because of the considerable increase in creep rate 
following the second period of the run. It was feared that the 
19-9 DL blades might fail if tested at higher temperature with 
the possibility of damaging the unit. 

No new blades of high-strength alloys were available for re- 
placement, and a set of vitallium blades was taken from a stand- 
ard rotor for this purpose. This proved unfortunate as one of the 
replacement blades failed during the second 50-hr test run at 1500 
F. It was known that the rotor from which the replacement 
blades were taken had been in service, but no other history was 
available. The failed blade segment damaged a considerable 
number of blades in the rotor. Forty-five of the damaged blades 
were removed and replaced with new vitallium blades. Fortu- 


nately, the damaged blades were fairly well distributed among 
e . 
the several alloys in the wheel so that despite the casualty each 


alloy was represented by at least six blades. 
Renewal of forty-five blades and damage to the reference circles 
made it necessary to re-establish the reference marks, renew the 
bearings, and balance the rotor. Then the test was continued 
at 1500 F temperature with the view to obtaining 1000 hr of oper- 
ation at this temperature. 
Average extension values obtained for the blades following the 
several test runs at 1500 F, are also plotted in Fig. 5. It is ob- 
served that all of the temperature extension curves show a dip in 
the vicinity of 1300 F temperature. This behavior might be 
attributed to two causes: (a) Thermal adjustment in the rotor 
and blade roots may have resulted from the test conditions. 
Considering that extension measurements were taken between 
reference circle A on the disk and the tip of the blades, it will be 

seen that any such readjustment would be reflected in the meas- 
(b) Precipitation occurs in many of these alloys when 
held for a considerable period at temperatures in the vicinity of 
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1300 F, and dimensional changes might have accompanied this 
phenomenon. However, temperature-expansion curves ob- 
tained for a number of alloys of these types, have revealed no 
abrupt changes for relatively short times at temperature. 

The short horizontal lines shown on the graphs for each alloy at 
run No. 11 represent the maximum extension which would have 
been obtained had the extension measurements for test runs Nos. 7 
and 10 not been lost. As previously mentioned, readings for run 
No. 7 following a blade failure proved unreliable, as did readings 
for run No. 10 after a thermocouple tube end failed and rubbed on 
the blades. Extension rates for these two runs were obtained by 


taking the average of the rates for the preceding and following 


test runs. 


Gas Temperatures Versus METAL TEMPERATURE OF BLADES 

In order to establish the metal temperature of the blades of 
the supercharger in terms of the temperature of the gas in the 
nozzle box, it was necessary to employ an indirect method. The 
procedure of attaching a thermocouple to one of the blades of 
the rotor and carrying the leads through a hollow shaft to a set of 
slip rings was considered. The closely spaced, thin-blade sec- 
tions are not well-adapted for mounting a thermocouple, and it 
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was feared that the blade section might be damaged. However, 
this method has been employed successfully with larger rotors. 

In the following procedure, powders and silver-brazing alloys of 
known melting characteristics were employed for indicating metal 
temperatures of the blades. Four blades, located 90 deg apart, 
were removed from a standard rotor of a Type B supercharger. 
The concave side of these blades was filled in with 25:20 chro- 
mium-nickel weld metal, in order to thicken up the section and 
provide body for an axial hole 0.136 in. diam. The blades wer 
finished to approximately equal weights and reinstalled in the 
rotor. Capsules of 25:20 chromium-nickel alloy of the type 
shown in Fig. 6 were prepared for each of the modified blades. 
One end of the tubular capsule is threaded for screwing into the 
axial hole in the end of the blade. The space within the capsule is 
for holding either temperature-indicating powders or alloys of 
known melting characteristics. Centrifugal force tends to force 
the powder or alloy toward the closed end of the capsule. As 
long as the temperature-indicating material remains in the 
solid state, there is no tendency for it to pass through the small 
radial hole located near the closed end of the capsule. However, 
if the material is in the liquid or viscous state, it will be forced 
through the radial hole. Special precautions are necessary to 
prevent seizure between the threads of the capsule and blade 
section. This difficulty was obviated by preoxidizing the threads 
of the capsule before assembly. 

§ Prior to conducting tests in the supercharger rotor, calibration 


TABLE 6 


-———Temperature of tests 
336 F-—-—-—~ 
Condition 
of pellet 
powder 


Designated 
position in pellet 
supercharger temperature, 
rotor deg F 


Blade 


HIGH-TEMPERATURE ALLOYS 


Designated 
pellet 
temperature, 

F 


619 


BES AS 

tests were made by placing temperature-indicating powders and 
alloys in similar capsules mounted in steel blocks. These as- 
semblies were heated in a muffle furnace at temperatures ranging 
from 1300 to 1450 F, and the behavior of the materials observed. 

Tests were made at 1336 deg, 1386 deg, and 1420 deg F tem- 
peratures in the supercharger. In testing at each of these 
temperatures, a temperature-indicating powder of a different 
melting point was placed in the capsule of each of the four special 
blades. The testing temperatures are the average gas tem- 
peratures as described previously. Test results obtained with 
temperature-indicating powders are given in Table 6. 

Temperature calibration tests also were made of three silver- 
brazing alloys, the alloys being placed in tubular capsules con- 
tained in steel blocks, as previously described for the temperature- 
indicating powders. Flow points and melting ranges for the 
three alloys are given in Table 7. Three test runs of the super- 
charger were made with each of these alloys contained in a blade. 
The fourth blade contained powder prepared from a 1300 F 
temperature pellet. The operating conditions of the supercharger 
were adjusted to give a temperature of 1320 F for the test run. 
Results obtained for the three alloys and the powder after 1 hr 
operation of the supercharger are given in Table 8. 


DIscussION 


One would naturally inquire as to how the deférmation of the 
several alloys tested as blades in the turbosupercharger compare 


RESULTS OF TESTS WITH TEMPERATURE-INDICATING POWDERS 


Gas temperature of supercharger--—----~ 
—1386 — 14: 
Condition Designated 
of pellet pellet 
powder temperature, 
after run 


30 

Condition 
of pellet 
powder 


after run eg 

1300 
1350 
1400 
1450 


after run 


1250 (d) 
(d) 

(b) 1/32 in. 
(a) 


1300 

1350 

1400 
Nores: 

(a) Powder apparently unaffected. 
(b)§ Powder shrank amount indicated but otherwise solid. “afl,” 7 
(ec) Top and side crust remaining. J 


(d) All powder had disappeared from fixture 
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SCALE = 4X1 
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TABLE 7 RESULTS OF TESTS WITH SILVER-BRAZING ALLOYS 


Alloy Flow point, Melting range, 
designation eg F eg F 
1 1272 1191-1272 
2 1280-1323 
3 f 1339-1345 


TABLE 8 RESULTS OF TESTS WITH SILVER-BRAZING ALLOYS 
AND TEMPERATURE-INDICATING POWDER 


—Temperature-indicating materials— 


-——-Pellet 
1300F rating 


Test run alloys- 
(1320 F)”’ 1 2 3 
Alloy melted Alloy shrank 
1 and ran from but did not 
radial hole run out 
Alloy melted Alloy melted Alloy shrank 
and ran from and ran from _ slightly 
radial hole radial hole 
Alloy melted Alloy partly 
own but melted age, only 
did not run crust remain- 
out ing 


Intact Shrank slightly 


Shrank 1/16 in. 


Marked shrink- 
Intact 


with results obtained for laboratory test specimens. For purposes 
of this comparison test data for laboratory test specimens con- 
tained in the NDRC reports, particularly the final report dated 
January 21, 1946, were examined. The twelve test alloys were 
arranged in order of their rupture strength at 100 and 1000 hours 
at 1500 F temperature. Results were selected for those alloys 
which appeared to be most comparable with the blade materials 
as regards chemical composition and heat-treatment. For 100 
hours fracture time the four alloys showing the highest rupture 
strengths were 61, 422-19 K-42-B, and 6059 in the order listed. 
At 1000 hours rupture time the corresponding alloys were: 61, 
422-19, 6059, and vitallium. For both rupture periods 16:25:6 
and 19:9 DL showed the lowest rupture strength of the series. 

A similar comparison of creep-test data contained in the NDRC 
reports was made. The alloys were listed in order of their de- 
formation rates for 1000 psi stress at 1500 F temperature at 1000 
hours. The four alloys leading the list were: Refractaloy, 6059, 
422-19, and 61. It is pointed out that three alloys, 61, 422-19, 
and 6059 appear in the top group by either method of comparison. 

Results obtained for alloys listed in the supercharger showed 
the first four alloys to be, K-42-B, 61, N-155, and 422-19. Ac- 
cordingly, K-42-B and N-155, showed to better advantage com- 
paratively in the supercharger test than when tested as labora- 
tory test specimens. Refractaloy and alloy 6059 which showed 
the maximum resistance to deformation at 1500 F in laboratory 
creep tests stood approximately in the middle of the group tested 
in the supercharger. The 16:25:6 and 19:9 DL alloys showed 
the minimum creep resistance in the supercharger test which is in 
line with both stress-rupture and creep test data for laboratory 
test specimens. 


SUMMARY 


The need for test information concerning the high-temperature 
strength characteristics and stability of gas-turbine alloys beyond 
that provided by stress-rupture, creep, and gas-erosion tests is 
discussed. The practicability of testing a number of alloys in 
the form of blades in an aircraft turbosupercharger operated as 
a gas turbine is pointed out. By this procedure, blades of dif- 
ferent alloys are subjected simultaneously to the combined effect 
of stress and erosion by hot combustion gases after the manner of 
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a gas turbine. This combination of test conditions is not at- 
tained readily with the usual laboratory high-temperature testing 
facilities. An indirect method for evaluating blade-metal tem- 
peratures, corresponding to gas temperatures in the nozzle cham- 
ber, is described. 

Future experimentation is to include quick-starting tests of a 
supercharger, and the testing of a second rotor. The latter con- 
tains blades of fourteen alloys, including seven cast and seven 
wrought materials. Most of these represent alloys of later de- 
velopment than those of the first rotor. 
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The Applicability of 


Ceramic and ceramal materials have been investigated 
for use as turbine-blade materials for aircraft gas turbines. 
Tensile, flexure, thermal-shock, and oxidation data for 


these materials at temperatures up to 2400 F are presented.’ 


These data are discussed with respect to applicability for 
turbine use. Results of turbine-blade operation at the 
NACA Cleveland laboratory are given. 


INTRODUCTION 


r VHE turbine blade is one of the most critical parts of a gas 


turbine. Although both the combustion chambers and 
the stator vanes operate in gas at higher temperatures 
than that passing the turbine blades, the combustor and stator 
components do not present great design problems because they 
are subjected principally to thermal stresses alone and because 
they can be cooled by circulation of a gas or a liquid. The tur- 
bine blade, on the other hand, is subjected to centrifugal, vibra- 
tory, and thermal stresses, and is more difficult to design with 
cooling provisions because of high speeds of rotation. 
It is well known that an increase in temperature of a gas tur- 
bine results in an increase of thermal efficiency of the unit. 


TABLE 1 


7 a as Turbine-Blade Materials for the 
| Newer Aircraft Power Plants 


By A. R. BOBROWSKY,! CLEVELAND, OHIO 


ELEVATED-TEMPERATURE STRENGTHS OF COMMERCIAL HIGH-TEMPERATURE ALLOYS 


Ceramics and Ceramals 


Present-day inlet gas temperatures are about a maximum of 
1650 F with occasional rises to as much as 2000 F (for example, 
during starting). This 1650 F gas temperature produces maxi- 
mum turbine-blade temperatures of about 1500 to 1550 F. In- 
creases in average gas temperature to 1950 F result in large 
increases in turbine thermal efficiency. The corresponding maxi- 
mum metal temperature in the turbine blade would then be 
about 1800 F. 


TENSILE PROPERTIES 


Table 1 lists strengths, taken from literature, of some typical 
commercial high-temperature alloys at 1500 and 1800 F. The 
short-time tensile strengths were determined in a standard ten- 
sile-test machine which mounts a furnace surrounding the test 
specimen. The furnace winding is such that a uniform tempera- 
ture is maintained along the length of the specimen. The stress- 
rupture strengths given in Table 1 are the dead loads which may 
be supported by a specimen for 100 hr without fracture. Mate- 
rial A is a commercial alloy in use in gas turbines with a service 
life no more than adequate at present gas operating tempera- 
tures corresponding to a metal temperature of 1500 F. The 


1500° 1800° 
Short - 100-hour | 100-hour Short - 100-hour} 100-hour 
time stress- | stress- time stress~- | stress 
tensile} Tensile |rupture rupture tensile; Tensile rupture | rupture 
Specific | strength] strength | strength | strength strength/| strength | strength| strength 
Alloys | gravity (1b/sq Qiv/eq (1b/sq 
in.) Rs Ge in.) R. S. G. in. R. G6. in. ) Be Se 6." 
A 8.30 61,400 61,400 22,000 22,000 33,300 33,300 8,800 8,800 
B 9.24 _ 77,500 69,600 17,000 15,300 31,500 28,300 ---- ---- 
Cc 8.59 78,300 75,700 27,000 26,100 22,200 21,500 5,300 5,100 
D 8.31 ---- ---- 20,000 20,000 18,500 18,500 5,500 5,500 
E 8.61 61,400 59,200 28,000 27,000 29,400 28,300 11,3500 10,900 
P 8.54 59,500 57,800 26,700 25,900 33,100 32,200 8,700 8,500 
G 8.38 51,400 50,900 24,000 23,800 33,700 33, 400 9,200 9,100 
H 8.31 65,000 64,900 30, 400 30,400 37,800 37,800 10,100 10,190 


* Relative specific gravity based upon specific gravity of alloy A equal to 1.00, 


' Aeronautical Research Scientist, Lewis Flight Propulsion Labora- 


tory, National Advisory Committee for Aeronautics, Cleveland Air- 
port. Mem. ASME. 

Contributed by the Joint ASME-ASTM Committee on Effect 
of Temperature on the Properties of Metals and presented at the 
Annual Meeting, New York, N. Y., November 28—-December 3, 
1948, of Tae AMERICAN SocieTY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


stress-rupture strengths are more indicative of b!ade performance 
than the short-time tensile strengths. 

Because a well-designed turbine blade is subjected mainly to 
centrifugal and thermal stresses, and only secondarily to vibra- 
tory stress, a useful criterion of turbine-blade materials is 
strength-weight ratio. Table 1 lists the ratios of the short-time 
tensile strengths and of the 100-hr stress-rupture strengths to 
the specific gravities of the corresponding metal relative to the 
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specific gravity of alloy A taken as unity. These values will be 
compared to similar values for ceramics and ceramals. 

The first extensive attempt to evaluate ceramics as substi- 
tute materials in turbine-engine applications was made by 
Geller and co-workers at the National Bureau of Standards under 
sponsorship of the NACA. Creep and modified stress-rupture 
measurements were made on bodies formulated at the National 
Bureau of Standards after commercial ceramic bodies had been 
found lacking in desired properties (1).2. Table 2 lists the 100- 
hr stress-rupture strengths of the best materials developed. 
The strength-weight ratios are given with the specific gravity 
again relative to alloy Aas unity. The ceramics were fabricated 
either by slip casting or by hydrostatic pressing and subsequent 
firing. The alloys of best strength-weight ratio listed in Table 1 
are given for purposes of comparison. Sillimanite, a commercial 
ceramic material, is also placed in the table because it was utilized 
as a turbine-blade material while the National Bureau of Stand- 
ards program was in progress (2). 

Another method of fabricating ceramic materials is that of 
hot-pressing. A number of bodies fabricated by this technique 
were obtained from the Norton Company of Canada. The 
bodies were boron carbide, 85 per cent boron carbide—15 per 
cent silicon carbide, magnesia, beryllia, zirconia (stabilized), 
zircon sand, titanium carbide, and zirconium carbide. It will 
be noted that carbides are termed ceramics, as well as the usual 
oxides and silicates. Borides, nitrides, and silicides, which are 
not mentioned in this paper, are also termed ceramics. Short- 
time tensile tests were made on these bodies, and the results are 
given in Table 3 (3). Strength-weight ratios are given relative 
to unit specific gravity of alloy A. 

The maximum strength-weight ratio for the best commercial 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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alloys is given for purposes of comparison. Because only stress- 
rupture values were available for National Bureau of Standards 
ceramics, strength-weight ratios are given for these materials 
using stress-rupture strengths instead of tensile strengths. The 
strength properties of the hot-pressed materials are lower, in 
general, than the best National Bureau of Standards materials 
at 1800 F, but are probably better at 2200 F on the basis of in- 
direct tensile data on the National Bureau of Standards bodies. 

A number of ceramals (combinations of ceramics and metals 
that are pressed and sintered or hot-pressed) were evaluated in 
elevated-temperature tensile tests. These ceramals, obtained 
from the Kennametal Corporation, contained titanium carbide 
as the ceramic, and cobalt as the metal in varying proportions. 
Specimens were 0.505 in. diam at the test section and were of the 
The results of these evalu- 
ations are given in Table 4 (5). The values in Table 4 are either 
averages for two specimens, or results of single tests. It will be 
noted that the strength-weight ratio is a maximum for the 20 per 
cent cobalt composition. The probable reason for the peak is 
that an optimum amount of metal serves as binder in combina- 
tion with the ceramic, and that additional metal provides weaker 
material (the metal), in the interstices between the bonded 
carbide particles. This optimum percentage of metal should 
vary inversely as the size of ceramic particles because of the 
change in volume-area ratio of the particles with size. 

A comparison of all materials discussed may be made from 
Table 4. It can be seen that at a temperature of 1800 F, the best 
ceramal is competitive in tensile strength with the best commer- 
cial heat-resistant alloy and with the best National Bureau of 
Standards ceramic, although inferior to the best hot-pressed 
ceramic; at 2200 F, the best ceramal is superior to the best com- 
mercial heat-resistant alloy and is competitive with the best hot- 


shape recommended in reference (4). 


pressed ceramic. 


{IC BODIES DEVELOPED AT THE 


RDS? 


NATIONAL} 


Nesignation| Composition | Gravity 


1500° F 1800° F 1900° F 
160 -hour L0Q*hour 100-hour 150-hour 100-hour 
stress- stress- stress- stress- stress- stress- 
rupture rupture rupture rupture rupture rupture 
Material Abbreviated | Specific] stren th> strensth strength stren-tr. 


strength 
(1b/s4 


(1b/sq in.) 


(1b/sq ine Reeve 


(1lb/sq 
(1b0/sq in.) 


(1>/sq in.) 


14,000 


4811 3.0 


Beryllia 


38,700 


17,900 47,000 16,000 44,200 


3.8 13,000 


151 


Beryllia 
Zirconia 


28,400 


17,000 37,100 12,000 26,200 


High 
Zirconia 


12,000 


22,600 


18,090 34,000 10,000 18,900 


High 
Zirconia 


12 ,000 


20,300 


17,000 13,500 


28,800 8,000 


16021 High 3.0 12,000 


Beryllia 


33,200 


6,000 16,600 


163 High 11,000 


Zirconia 


20,700 


16,000 30,200 


11,500 


Aluminum 
silicate 


Sillimanite® 


34,000 


5,500 16,300 3,500 10,400 


Alloy E° 8.61 28,000 


27,000 


11,390 10,900 


Alloy H® 8.31 30,400 


30,400 


10,100 10,100 


® Data obtained from modified stress-rupture tests. 

b Values from early research and are probably too low. 

¢ Relative specific gravity based upon specific gravity of alloy A (8.30) 
equal te 1.00. 


_-—s @ Not a development of the National Bureau of Standards. 

@ Notaceramic. Values from Table 1 
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SHORT-TIME TENSILE STRENGTHS OF HOT-PRESSED CERAMIC BODIES 


Composition 


1800° F 


2200° F 


Apparent Tensile 
density strength 
(grams/ml ) (1b/sq in. 


Tensile 
strength 


) R.S.G.° 


(1b/sq in.) 


Tensile 
strength 
(1b/sq in.) 


Tensile 
strength 


R.S.G." 
(1b/sq in.) 


2.50 22,600 


75,000 


4.74 17,200 


30,100 


Zrc 6.30 14, 450° 19,000 15,800 20,800 
SiC +15% B,C 3.00 9,950 27,500 7,190 19,600 
Zircon Sand 4.54 8,700 16,250 3,600 6,600 


Bed 


3.0 


6,200 


17,200 


Stabilized Zr0, 5.80 6,750 9,650 ---- ---- 
Mg0 3.39 3,109 7,690 
Alloy H° 8.31 37,800 37,800 ---- ---- 


NBS Ceramic 
No. 48114 


19,990 


52,690 


4,000¢ 


11,000 


“6 Probably low values. 
© Not a hot-pressed body. 


TABLE 4 


® Relative specific gravity based on specific gravity of alloy 
1.00 


SHORT-TIME 


A equal to 


Values obtained from Table 1. 


4 Not a hot-pressed body. 


¢ Data from a 4000-psi stress-rupture test at increasing temperature—a 


minimum value. 


FENSILE STRENGTHS OF TITANIUM CARBIDE-COBALT CERAMALS 


Composition 


1800° P 


2200° F 


Density Tensile 
(grams/ml ) strength 
(1b/sq in. 


Tensile 
strength 
) R.S.G.* 
(1b/sq in. 


Tensile 
strength 
(1v/sq in.) 


) 


Tensile 
strength 
234." 
(1b/sq in.) 


b 


Tic 


30,100 


9,400 


16,400 


TiC + 5% Co 


37,100 


9,800 


16,100 


TiC + 10% Co 


40,400 


14,400 


23,600 


TiC + 20% Co 


53,500 


13,200 


20,400 


TiC + 30% Co 


33,400 


14,700 


21,700 


Alloy #4 


37,800 


N.8.S. Ceramic 


No. 48114 3.0 19,000 52,600 4,900 11,000 
B,c> 2.52 22,600 74,200 
zrc> 6.31 14,450¢ 19,000¢ 15,850 20,850 


1.00 


© Probably a low value. 


* Relative specific gravity based upon specific gravity of alloy A equal to 


b This body was hot-pressed. Data from Table 3. Not a ceramal. 


@ Not a ceramal. 


¢ Data from a 4000-psi stress-rupture test at increasing temperature— 


a minimum value. 


B,C ---- ---- 
| 

rans, 
34,600 — — i 

| 


BENDING PROPERTIES 

The tranverse flexuralstrengths of a number of ceramals were de- 
termined at elevated temperature instead of the tensile properties, 
because of ease of evaluation of flexure properties. The specimens 
were machined in the form of rectangular bars '/: in. in width, 
1/,in. deep, and from 2 to 4 in. in length. A three-point loading 
system was employed. Temperatures of 1600, 2000, and 2400 F 


were fixed as evaluation temperatures. The specimens evaluated =| 


were composed of titanium carbide and varying proportions of 
cobalt, of tungsten, or of molybdenum. 
tests were to determine if an optimum composition exists for each 
pair of component materials, and to determine the effect of re- 
fractoriness of metal binders on the strength of ceramals at high 
temperatures. If it is assumed that there is an optimum quantity 
of metal binder that is just adequate to coat all ceramic particles, 
‘a deficiency of metal would result in an incomplete bond, and an 
excess of metal provides a superfluity of a material weaker in 
physical properties than the remainder of the body. 

The results of these flexure evaluations performed in inert 
atmosphere (5) are given in Fig. 1, in which percentage metal by 
weight is plotted against modulus of rupture (calculated maxi- 
mum stress in outer fibers of specimen at fracture) with tempera- 
ture of test as a parameter. At the lower temperatures, 20 per 
cent cobalt appears to be the optimum proportion, but the opti- 
mum quantities of molybdenum and of tungsten are not con- 
sistent at the different temperatures, although the tungsten ce- 
ramal appears to peak at 10 per cent metal content. At the highest 
temperature of evaluation, 2400 F, the molybdenum body is 
strongest, the tungsten less strong, and the cobalt weakest. At 
the lower temperatures, 1600 F and 2000 F, the cobalt-bonded 
titanium carbide is strongest. 

An approximate correlation can be made between modulus of 
rupture and short-time tensile strength based on results for 


TABLE 5 
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brittle materials at a number of laboratories. The short-time 
tensile strength is usually found to be about 0.4 to 0.6 of the 
modulus of rupture. Assuming that the short-time tensile 
strengths are 0.5 of the modulus of rupture, the values of strength 
and strength-weight ratio (with the specific gravity of alloy A as 
unity) are given in Table 5 for these materials. These values were 


100 ,000-  Pmperature 
2 (°F) 
— 1600 

80,000 
60,000} 
= 
40,000} 
3 
=> 
° 
20,000} 


10 30 


0 § 10 20 
Cobalt Tungsten Molybdenum 
Metal added, percent 
Fig. 1 Errect or CoMposiITION ON Moputus oF Rupture 


STRENGTHS OF SoME TITANIUM-CARBIDE-BASE CERAMALS 


obtained by interpolation from Fig. 1. For comparison purposes, 
similar values are given for alloy A and for the best ceramics. 


1800° 22000 Pa 
a Tensile b Tensile Tensile Tensile 
Alloy Densit strength strength strengthd strength 
(grams/ml ) (1b/sq in.) (1b/sq in.) 
R.S.G. R.S.G. 
(1b/sq in.) (1b/sq in.) 
TiC+ 5% Co 5.06 25,900 42,400 13,500 22,100 
TiC + 10% Co 5.07 28,200 46,200 11,100 18,200 
TiC + 20% Co 5.37 43,690 67,100 20,800 31,900 
TiC + 30% Co 5.61 42,200 62,900 18,100 26,700 
TiC+ 5% Mo 5.12 21,700 34,900 14,800 23,800 
TiC+ 10% Mo 5.06 24,600 40,300 16,200 26,600 
TiC + 20% Mo 5.24 16,400 26,000 12,200 19,400 
TiC +. 30% Mo 5.77 24,900 35,500 15,100 21,600 
TiC+ Stw 5.14 25,300 40,700 12,100 19,500 
TiC + 10% 5.22 20,600 32,700 12,900 20,400 
TiC + 20% W 5.31 14,300 22,300 8,500 13,300 
TiC+ 30% W 5.81 11,900 17,000 7,000 10,000 
Alloy H4 8.31 37,800 37,800 ---- 
NBS 4811° 3.0 19,000 52,600 4,000° 11,000f 
B,c® 2.52 22,600 74,200 
zrce 6.31 14,450 19,000 15,850 20,850 


saree values interpolated from data at 1600, 2000, and 


b Tensile strength = modulus of rupture/2. 
‘ we specific gravity based upon specific gravity of alloy A equal to 


minimum value. 


d Data obtained from Table 1. 
e Data obtained from Table 3. 
f Data from a 4000-psi stress-r 


ipture test at increasin 
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CREEP 


Creep data are important because they permit estimation of the 
time that turbine blades of a given material can be operated with- 
out excessive deformation. Such data are available, however, 
only for alloys and for the National Bureau of Standards ceram- 
These data are given in Table 6 in 
terms of stress for a given creep rate and ratio of stress to specific 
gravity with the specific gravity of alloy A as unity. It is known 
that alloy B is only slightly better than adequate for operation at 
a metal temperature of 1500 F. The creep rates of the best ce- 
ramics at temperatures of 1800 and 1900 F are seen to be adequate, 
in general, when compared to the creep rate of alloy B at 1500 


F. 


ics at the present time. 


THERMAL SHOCK 


Thermal shock of turbine blades occurs when a turbine is 
started or stopped. The temperature gradients produced may be 
high enough to crack metals as well as ceramics and ceramals, 
but usually a number of shock cycles are required to produce 
fracture. The failure typical of ceramic and ceramal specimens 
of turbine-blade dimensions is a fracture through the body of the 
material rather than a spalling of the surface. 

The resistance to failure by thermal shock is poorer, in general, 
for oxide-base materials than for carbide-base materials, chiefly 
because of the higher thermal conductivity of the carbides. Most 
metals are very resistant to thermal shock because they possess 
good thermal conductivity and high ductility, which permit 
large values of allowable strain before fracture. 

Norton (6) has summarized the fundamental factors in- 
volved in failure by thermal stress. Briefly, the properties of 
materials at elevated temperatures required for maximum re- 
sistance to thermal shock are as follows: 
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1 High tensile strength. 

2 High thermal conductivity. 

3 Low specific heat on a volume basis. 

t Low effective modulus of elasticity (ratio of stress to strain 
at fracture). 

5 Low coefficient of thermal expansion. ‘ 

6 Low emissivity. 

7 Low exterior conductivity (heat loss by convection at the 
surface). 


Data were available for a number of materials on strength, 
conductivity, effective modulus, and expansion, so that a correla- 
tion of these factors with thermal shock resistance (7) could be 
attempted. 

The resistance to failure from thermal shock was determined 
by heating circular disks 2 in. diam and '/; in. thick to a given 
temperature and quenching them in a moving stream of cooling 
air. If a specimen withstood 25 cycles of shock at a given tem- 
perature, the test was continued at the next higher temperature 
for another 25 cycles, to a maximum temperature of 2400 F. 

The parameter used in evaluation was 


(K)(TS) 
(a)(E) 
where 


K = thermal conductivity 
T'S = tensile strength 

a = coefficient of thermal expansion 
E = effective modulus of elasticity 


A large value of this parameter is indicative of good resistance to 
thermal shock. Table 7 lists the correlation obtained for a ti- 
tanium carbide-cobalt ceramal, for magnesia, for titanium car- 
bide, for beryllia, for zircon sand, and for stabilized zirconia. 


TABLE 6 CREEP STRENGTHS FOR COMMERCIAL HIGH-TEMPERATURE ALLOYS AND CERAMICS 
1500° F 1600° F ___1700° F 1300° F 
Stress for Stress for |Stress for |Stress for |Stress for |Stress for |Stress for | Stress for a 
minimum minimum minimum minimum minimum minimum minimum ninimum d : 
creep rate creep rate jcreep rate |creep rate jcreep rate |cresp rate |creep rate creep rate vig 7 
of 0.0001 of 0.0001 of 0.0001 of 0.0001 of 0.0001 of 0.0001 of 0.0001 of 0.0001 
percent percent percent percent percent percent percent percent 
Specific|per hour er hour per hour er hour per hour er hour per hour r hour 
Alloy | gravity |(1b/sq/ in.) (1b/sq in.) (1b/sq in.) (1v/sq in. )|R. S. Ge 
(1b/sq in.) (1v/sq in.) (1b/sq in.) (1b/sq in.) 
¢ 8.59 11,500 11,000 5,800° 5,600 
D 8.31 9,600 9,500 ---- o--- o--- 
5 8.01 13,70 13,200 11,700 11,200 cece sows 
8.54 13,000 12,600 ---- ---- ---- ---- 
5 8.38 11,700 11,600 9,000 8,900 ---- ---- 
H 8.31 13,200 13,200 11,600 11,600 
NBS 
4811 3.0 14,000 38,700 14,000 38,700 10,000 27,600 
353 4.4 ---- ---- ----° 17,000 32,100 5,000 9,400 
NBS 
358 4.9 ---- ---- ----° ---- ---- 5,000 8,500 
NBS 
16021 3.0 13,000 35,900 2,000 33,200 §,000 13,800 
NBS 
163 4.4 ---- ---- ----° ---- 16,000 30,200 4,000 7,500 


rhe Balative specific gravity based upon specific gravity of alloy A equal 


+ This alloy is used in the as-forged condition which may account for the 


tapid decrease in the stress from the 1500 F to 1600 F test. 


© Creep rate negligible for stresses at which tested. 
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Alloy A is presented for comparison, although no thermal shock 
data were obtained for it. The correlation is seen to be good and 
shows the marked influence of thermal conductivity for the 
carbides. 

A number of other materials were evaluated in thermal shock 
without obtaining data for correlation purposes. These materials 
are given in Table 8 in order of descending resistance to thermal 
shock. In general, the carbide-base materials are superior to the 
oxide-base materials, provided the tensile strengths at elevated 
temperature are adequate. 

The effect of time at stress and temperature on the alteration 
of microstructure and concomitant physical properties has been 
neglected in this investigation because of the large expenditure of 

TABLE 7 


CORRELATION OF MATERIAL 


TR ANS: ACTIONS oF T HE 


PROPERTIES WITH RESISTANCE 
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standing operation at high gas temperatures and rotative speeds 
when as much as !/j¢ in. thick. 

The oxidation rates shown for the carbide-type ceramals at 
moderate operating temperatures are not excessive, but those at 
gas temperatures of 2100 to 2200 F are so high that life of a turbine 
blade probably would be limited by oxidation to about 10 hr. 
The resistance to oxidation possibly may be improved by addi- 
tions of other basic materials so that a different oxide, more re- 
sistant to protracted oxidation, can be formed. 

A necessary step in the search for oxide products which are re- 
sistant to further oxidation is the identification of the oxide pro- 
duced. This identification is readily performed by a combination 
of x-ray diffraction and wet chemical analysis. X-ray diffraction 


TO FRACTURE BY THERMAL SHOCK 


Order of merit 
of materials 
evaluated in 
thermal shock 


Thermal shock 
cycles before 
failure 


Temperature (° 


F) 


1800} 2000] 2200 


Coefficient 
of thermal 
expansionfor 
temp. range 
80 - ll P 
(in./in./°F) 


Thermal 
(Btu/(ftt?) 
(hr) (°F /in. ) 


Effective 

modulus of 
elasticity 
at 1800° FP 
(1b/sq in.) 


Tensile 
strength 
at 1800° 
(1b/sq in.) 


2400 
x 10%6 


Ex107 


Alloy A 


33,300 566,000 


89% TiC + 20% Co 


34,600 25,200 


Tic 


17,200 15,190 


BeO 


6,200 2,950 


ZrSi0, 


11.6 8,709 1,700 


MgO 


16-40 3,190 520-1300 


% 2r0o > 
Cad 


14.3° 6,750 700 


@ Not yet evaluated, but probably best of all materials given. 
» No failure. 
© Value for 80 per cent TiC + 20 per cent Co. 


time and specimens which would have been required to obtain 
such long-time properties as 100-hr stress-rupture strengths. 
This factor should be taken into account when conducting a com- 
plete investigation on a material thought to be suitable for tur- 
bine-blade use, in order to evaluate the deterioration of tensile 
properties with time. 

Another factor which has been neglected is the cumulative 
effect of successive thermal shocks on the tensile properties of the 
materials. It is probable that failure in a turbine blade might 
occur from the action of centrifugal stress after the material had 
been weakened by shocks. The data required for analysis of 
possible failure by this mechanism would be tensile strength after 
a given number of thermal shocks. 


CORROSION 


rs principal form of corrosion to be considered in gas turbines 
operating on fuel of low sulphur and negligible tetraethyl lead 


content is oxidation. Oxidation has no effect on oxides, except 
for the possibility of forming oxides of higher oxygen content. 
It is necessary, however, to determine the oxidation rates of 
carbide-containing materials as well as ceramals, in which the 
metal may be oxidized. 

Oxidation rates have been determined for some carbides (8) 
and carbide-base ceramals, These rates are given in Table 9. In 
analyzing the rates, the quality of the oxidation product must be 
considered. For example, the oxides formed on a turbine blade of 
20 per cent cobalt-titanium carbide ceramal were capable of with- 


d Temperature renge 80 to 925 F. 
Value for Zr( 


OF CERAMICS AND 


TABLE 8 THERMAL ieee K EVAL 
1A 


CERA) 


Number of cycles to failure 
1800° P| 2000° FP | 2200° FP | 2400° P 


Composition 


80/20% TiC/Co ‘ 25 25 25 258 
25 25 


100% Tic 25 


25 


85/15¥% S1C/B,C 


100% Beo 


100% Zrc 


100% ZrsS 10, 


100% B,C 


100% MgO 


Zrdo 
(Stabilized) 


@ No failure. 
+ Excessive oxidation, sample fell out of holder. 
© Values are believed to be low. 
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Is TABLE 9 OXIDATION RATE OF SOME CARBIDE-BASE MATERIALS 
ut Oxidation Penetration Oxidation Penetration oa 
it Composition in 50 hours (in. ) in 100 hours (in.) Gop iD 
le Temperature 
1625° F | 1800° F| 2000° F| 1625° F | 1800° F| 2000° P 
& 
26%cr - | 9.00004 | 0.0001 | 0.0002 | 0.00008" | 0.0002 | 0.0004 
ester - 12¢N18(1)] .oo0025} .0n01 | .0003 | .oooe | .0006 
85%SiC - 15%B4C -0007 --- -003¢ -0014 --- -006° 
TiC --- --- --- --- 
Tic + 54 W -0015 0037 --- 20020 200435} --- 
TiC +10% W 0011 20040° | --- .002 -0048°| --- 
TiC + 20% W 0044 0047 --- --- --- 
TiC + 30% W | --- --- --- --- 
Tic + 5% Co 9023 0062 20165 0035 2010 024° 
TiC + 10% Co .0028 .0058 .028 .0042 .0095 044 
TiC + 20€ Co .0027 2008 .028 
Tic + 30% Co .0092 .o22¢ 20068 --- 
Tic + 5% Mo .014¢ -0065 --- 
TiC +10% Mo 20030 .0245°} --- 0075 .0475° --- 
Tic + 20% Mo 0025 --- .0050 --- --- 
TiC + 30% Mo 29205° --- --- --- --- --- 
B,C -003 --- .11¢ .006¢ --- .22¢ 
4 
3.43¢ --- --- 6.26° --- --- 
Not a carbide-base material. 1-3 ¢ Extrapolated data. 
alone is suitable, provided there is no possibility of the formation TURBINE-WHEEL EVALUATION 


of isomorphs among which diffraction cannot distinguish. By 


this means it was found that the oxide formed on the 20 per cent 


ee : yartly bladed with ceramic or ceramal blades. One wheel (2) 
cobalt titanium-carbide ceramal was composed of two layers, 
. was operated with sillimanite blades at low rotative speeds at 

one of TiO, (rutile), and one of CoTiO;. ‘ Correlation of oxidation 


_ ; id F gas temperatures up to 1600 F. Failure occurred at a compara- 
rate, consequently, should be made with constitution of the oxide i 10 500 F b 
coating in order to determine which additions should be made to 
ts heal if of stress concentration between wheel and blades. A redesigned 

© basis material lor best oxidation resistance. blade was operated for 38 hr at temperatures as high as 1725 F 
and speeds up to 8700 rpm. The difficulties encountered with 
— this unit were primarily problems of mechanical design so that 


A number of turbine wheels have been run either completely or 


Thermal conductivity, in addition to influencing resistance to 
a: thermal shock, has a marked effect on the operating temperature TABLE 10 COEFFICIENTS OF THE 


RMAL CONDUCTIVITY OF 
of turbine blades. The heat from combustion gases is communi- es 


I 
S, AND METALS 


cated to the blade which in turn loses heat to the cooler turbine T 
The high conductivity of some carbide-base materials Btu/( re) (hr) (F/in. ) 
exceeds that of most commercial heat-resistant alloys and is, in 302° P-11112° | 1600° F | 20009 F | 2400 FP 
= general, far higher than oxide-type ceramics. A simple experiment T 
in which alloy, ceramic, and ceramal blades are mounted in a 95 81 
. Wheel and passed through the flame from a gas torch for a given : 
Zirconia --- ooo 13.0 13.7 14.3 
ume reveals that the ceramic is white hot, the alloy bright red, and 
the ceramal a dull red. The same order of temperature would 
prevail in a turbine in which, for a given gas temperature, the Silica --- --- 12.4 | 14.0 
ceramic I ide-type cer 
ul 1 run hottest and the carbide-type ceramal coolest. 
hus a designer must employ different temperatures of evalua- 20% Cobalt 240 — =< i 
ion in analyzing the possible use of different materials as turbine Alloy A eal 142 wa ue 
blades. Table 10 presents data from literature on thermal con- 
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the potentialities of the ceramic could not be determined defi- 


nitely. 

Blades of similar design were fabricated from National Bureau 
of Standards 4811 material. The results (9) indicate that the 
material is suitable for operation at least at speeds of 14,000 rpm 
and gas temperatures of 1800 F. A severe thermal shock set up 
by failure of the air supply caused fracture of the blades. 

Blades of another design were fabricated by the Kennametal 
Corporation from 20 per cent cobalt-titanium carbide in such 
manner as to be interchangeable with metal blades in a turbine. 
Three ceramal blades and 139 blades of alloy A were successfully 
operated (10) at gas temperatures up to 2000 F and speeds up to 
15,000 rpm. Almost simultaneously with increase of speed to 
17,500 rpm all ceramal blades failed at the root where material 
temperatures are very low. The probable cause of the failures 
was resonant vibration at the particular operating speed, al- 
though a contributing cause probably was damage done to the 
blade roots when the wheel metal was peened against the blade 
roots for retaining purposes. 

Another installation of three blades of 20 per cent cobalt- 
titanium carbide ceramal was made, this time without peening 
the wheel metal against the blades. In addition, the blade roots 
were plated with copper in order to reduce possible localized 
stresses produced by bearing against the wheel. Twelve new 
control blades of metal (alloy A) and the three ceramal blades 
were operated at varying conditions including 2'/, hr at a gas- 
inlet temperature of 2200 F and a wheel speed of 15,000 rpm. Up 
to this point 50 per cent of the metal control blades had failed. 
During an overhaul for replacement of a failed metal blade, one 
ceramal blade was inadvertently fractured by being struck. 
Operation was resumed at 2200 F gas temperature and 15,000 
rpm. After 3!/: more hours of operation at this condition, during 
which 2 more control blades failed, a piece of the wheel rim hold- 
ing one ceramal blade pulled apart from the wheel proper. The 
direct cause of the failure is believed to be the high temperature 
at this point on the wheel caused by the high thermal conductivity 
of the carbide-type ceramal. Excessive creep of the rim had been 
noticed in previous runs, but replacement of the wheel had not 
been made for fear of damaging the ceramal blades. The third 
ceramal blade failed simultaneously with the wheel failure in 
what may have been a normal failure. It is difficult to state that 
any of the ceramal blade failures was normal, because of the 
events surrounding their destruction. All that can be concluded 
is that one ceramal blade outlasted 50 per cent of the metal 
blades, and one ceramal blade outlasted 67 per cent of the 
metal blades prior to failures that were not caused by failure of the 
blade material. The third ceramal blade outlasted 67 per cent of 
the metal blades when it failed, perhaps normally, simultaneously 
with a minor wheel failure. 

It is apparent that carbide-type ceramals present wheel-cooling 
problems because thesheat transfer from the combustion gas to 
the wheel rim is large. This problem probably can be solved by 
the use of better wheel materials or by added wheel cooling. 


CONCLUSION 


A number of ceramics and ceramals have demonstrated their 
excellent tensile properties at elevated temperature. Carbide 
base materials possess good thermal shock resistance and operate 
cooler than most high-temperature alloys or oxide-base materials, 
although they may present oxidation problems and difficulties 
with wheel cooling. Both ceramics and ceramals have operated 
as blades in gas turbines at temperatures above those in service 
use with alloy blades, although speeds were lower. Lives of 
ceramic and ceramal materials are still short, primarily because 
of mechanical design problems which cannot be anticipated prior 
to research evaluation. Additional research is required on such 
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factors as elevated-temperature fatigue properties before ceram- 
ics and ceramals may be considered competitive with heat-re- 
sistant alloys except for short-time operation. = 

~ 
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Discussion 


J. W. Freeman.* The author is to be complimented on a 
thorough and complete coverage of a new and interesting de- 
velopment in structural materials. He is indeed fortunate to 
have the opportunity to be in a position to work with these new 
materials which show so much promise for extreme temperature 
service. 

The presentation was so thorough that it is difficult to discuss 
the paper without simply raising questions which the workers 
in the field have not yet*had time to solve. There are three 
questions, answers to which would be of interest: 


1 What was the type of wheel failures with the ceramal 
blades? 

2 Ceramics and ceramals present problems of mechanical 
design for the utilization of brittle materials. Is the testing of 
ceramic and ceramal-type blades in an engine designed for 
metals satisfactory for these brittle materials? 

3 The data infer that ceramics and ceramals have properties 
superior to metals at the more elevated temperatures. Is it 
therefore not surprising that the metal blades performed so 
well at the extreme temperatures in comparison to the TiC-20 
per cent Co ceramal blades? 


3 Research Engineer, Engineering Research Institute, University 
of Michigan, Ann Arbor, Mich. 
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BOBROWSK Y—APPLICABILITY OF CERAMICS 


AvuTHOR’s CLOSURE 

It is difficult to specify unequivocally the nature of the single- 
wheel failure that has taken place. The ceramal blade funneled 
more heat to its root than did the alloy blades to their roots, 
consequently overheating the failure zone. 
previously been noted in this region also. 


Deformation had 
It may be presumed 
that the failure was of a stress-rupture type because no signs of 
fatigue nor excessive corrosion were displayed by the fractured 
surface. 

In answer to Dr. Freeman's second question, the author thinks 
that each ceramal should be considered as a separate case for 
design especially at the root, fastening. In general, however, the 
ceramals do not possess as high strength at the roots as the 
alloys because the root operates cooler than the airfoil section 
and the ceramals are chiefly advantageous at the higher tem- 


AND CERAMALS AS 


TURBINE-BLADE MATERIALS — 629 
peratures. On the other hand, the lower densities of most 
ceramals reduce the centrifugal stress proportionately. The 
net result is that the root size may have to be increased for the 
heavier ceramals or remain unchanged for the lighter. Special 
precautions should be taken not to injure the blade root in 
mounting it in the wheel. The root may have to be protected 
by a thin coat of a soft buffer metal from compressive fracture 
if the wheel is forced against the blade because of thermal 
expansion, 

The results presented on ceramal turbine blades are first 
results. Of all ceramal blades evaluated, only one can be con- 
sidered as a possible normal failure. For these reasons, it is 
preferable to await additional evaluations before commenting 
on whether the potentialities of the carbide ceramals have been 


assessed to their fullest. 
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Changes i in Internal Dam ping of Gen Turkine 


Mate 


By G. 


A pneumatically driven elevated-temperature fatigue 
machine and its control are described briefly. The use 
of this machine to determine qualitatively initial 
damping as well as the changes in damping of the test 
specimen during vibration are discussed. The variation 
in high-stress initial damping versus temperature has 
been determined qualitatively on four high-temperature 
alloys. The elevated-temperature damping has been 
checked qualitatively during continuous vibration at high 
stresses. Two materials with extremely high initial 
damping tended to lose a large portion of it with time. 
The other materials showed damping changes of as high 
as 25 per cent with some increasing and some decreasing. 
Most of the data were taken below the fatigue limit and 
at temperatures of 1200 F, 1350 F, and 1500 F. 


the 


INTRODUCTION 


URING the course of setting up and operating a pneu- 
) matically driven fatigue machine at high temperatures, 

it was noticed that, with constant air pressure (driving 
force), the amplitude of vibration, and hence stress, did not neces- 
sarily remain constant. In one case, the pressure required to 
maintain constant stress dropped by a ratio of 5 to 1 after only 
a few hours’ vibration. This naturally provaked considerable 
interest among those concerned with the fatigue problem in 
turbine buckets, and a series of tests were made to determine, 
qualitatively, the damping characteristics of several materials 
during the course of vibration. The main objective of these 
tests was to evaluate the importance of the change in damping as 
well as the accuracy of the method used to determine it. There- 
fore these tests do not give a complete story, but do give a strong 
indication of what appears to be an important property of some 
metals. 


Test APPARATUS 

Since the work about to be described was carried out on a new 
piece of apparatus, a brief description of it will be given, although 
the designer has previously reported it.? It is a vibrating-canti- 
lever fatigue machine, employing compressed air for driving pur- 
poses. The top or free end of the bar holds the armature which 
consists of two opposed pistons. These face two nozzles which 
are the two ends of a variable-length piece of tubing. The driving 
air is fed into the center of the tube. The length of the tube or air 
column is so adjusted that its length is either one half or one and 
one-half times the wave length corresponding to the natural fre- 
quency of the bar. Under these conditions, the air column and 


1 Metallurgical Engineer, General Electric Company. 

*“Pneumatic Fatigue Machines,”’ by F. B. Quinlan, Proceedings 
of the American Society for Testing Materials, vol. 46, 1946, pp. 846- 
850 


Contributed by the Joint Committee on Effect of Temperature 
on the Properties of Metals and the Gas Turbine Power and Metals 
Engineering Divisions and presented at the Annual Meeting, New 
York, N. Y., November 28-December 3, 1948, of THE AMERICAN 
Society or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 48—A-95. 


rials Due to Continuous Vi bration 


B. WILKES, JR.,1 LYNN, MASS. 


bar form a resonant system with the vibrating air column 
supplying a driving impulse to the bar every half cycle. Fig. 1 
shows the machine with the various parts identified. The bar 
itself is held in a heavy chuck which extends part way up into the 
furnace. The temperature is controlled by a thermocouple 
fastened to the bar at the point of maximum stress. Even 
though the furnace is quite short, the stress gradient in the bar is 
sufficiently steep to give essentially constant temperature over 
the highly stressed section. The small coil and magnet shown on 
one nozzle is the source of energy used for amplitude-control 


purposes. 


NOZZLE 
MAGNET 
COIL 
ARMATURE 
NOZZLE 


COLUMN | 
FURNACE 


Fie. 1 Pneumatic Fatigue 


Fig. 2 shows the amplitude-control apparatus. The output of 
the coil and magnet is rectified and applied to a mirror galva- 
nometer with suitable shunting. A light beam is reflected from the 
mirror to a photoelectric cell, which in turn operates a relay and a 
motor-driven air valve on the machine. Suitable limit switches 
shut down the entire machine in the event of bar failure or failure 
of any part of the control system. The filter is necessary to block 
any 60-cycle pickup from the furnace which would affect the con- 
trol. 

Damping data are obtained by measuring the steady pressure 
in the air column near the nozzle. This pressure is admittedly 
supplying energy to a number of places besides the internal 
damping of the test bar, but the author believes that the results 
which follow will support the contention that material damping 
changes are reflected in pressure changes. Owing to losses, 
other than damping of the test specimen, whose magnitudes are 
not known, any damping-capacity data taken in this manner 
should be considered as more qualitative than quantitative. 
The pressure in the air column is composed of a pulsating as well 
as a steady component. In order to determine the reliability of 
the steady component alone for power measurements, one bar 
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AUTOMATIC-CONTROL PANEL 

was run while measuring both components at the same time. 
The relation between them was found to be very close to linear 
at all pressures. The phase angle between the pulsating pressure 
component and the output of the control coil (motion of the bar) 


indicated that the system was tuned to give approximately — A 


maximum power. 
EXPERIMENTAL PROCEDURE 


In order to obtain a general idea of the damping properties of 
alloys for high-temperature service, four alloys were chosen 
whose compositions and heat-treatments are shown in Table 1 
Two more or less iron-base alloys (Timken 16-25-6 and N-155), — 
one cobalt-base alloy (S-816), and one nickel-base alloy (Inconel 
X) were picked as representative of the field. Three test bars of 
each material were made, as shown in Fig. 3. There are several 
disadvantages of a rectangular bar, but since it was found quite 


difficult to get a round bar to vibrate in the proper plane, a rec- — 


tangular bar became a necessity. The natural frequency of 
these bars ranged from about 150 cycles per sec (eps) at room 


TABLE 1 COMPOSITION AND HEAT-TREATMENT OF ALLOYS 
USED IN TESTS 


COMPOSITION 
Mo W 
4 4 


6 


TREATMENT 
2150 F—1 hr 16 hr 
2100 F—3 hr 550 F—24hr 1300 F--16hr 
2175 F—1 hr 4hr 


Cold-drawn bar stock 


rature to ¢ at 1500 F. For the initial damping data, 

, before any prolonged vibration, one bar of each material 
was run in each of three machines in order to best rule out any 
pressure changes due solely to the characteristics of a particular 
machine. A pressure-versus-stress curve was obtained on each 
bar at room temperature, 400 F, 800 F, 1200 F, 1350 F, and 1500 F. 
The curves were made by applying a small pressure to the air col- 
umn and waiting about 15 to 20 see for the amplitude of the bar 
to become Pressure and amplitude readings were then 
taken simultaneously. The pressure was then increased by a 


steady. 
small amount, and the procedure repeated. By this process the 
total time of vibration of the bar might be as high as 10 to 15 
min which may have a small effect on all subsequent tests. A 
family of curves from one bar is shown in Fig. 4, and the 1200 F 
curves from the three bars of the same material are shown in Fig. 
5. These two sets of curves are shown only to indicate the na- 
ture and accuracy of the data; the composite curves to follow 
It will be 
noted in Fig. 5 that the duplication of results is within approxi- 
mately + 25 per cent of the average of the three, and therefore 
any comparison between materials must show a 2 to 1 difference 
to be truly significant. 


give a much better picture of the damping properties. 
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EXPERIMENTAL RESULTS 


The composite curves shown in Fig. 6 indicate the variation 
in damping at 40,000 psi with respect to temperature for the four 
alloys tested. Each point is the average of three bars. Note 
the minimum damping at 800 F for all but the iron-base alloys, as 
well as the extremely high values for N-155 above room tempera- 
ture. The damping of N-155 was so high above 800 F that the 
pressures to produce 40,000 psi were above the limit of the gage 
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then available. Fig. 7 shows a similar series of pressure versus 
stress curves for 8-816 at 1200 F, demonstrating an apparent 
temporary ceiling on stress. Curve A is the original curve made 
on increasing stress, and it will be noted that 80 em of water 
pressure produced only about 47,000 psi (point 1). After about 
10 min at 80 em of water, the stress had increased to 54,000 psi 
(point 2). 
stress held constant for 2 hr, during which time the required 
Curve B was then 
made while decreasing the stress, and curve C immediately after- 


The automatic control was then turned on and the 
pressure dropped to 40 em of water (point 3). 
ward on increasing stress. 


probably resulting from not more than a few minutes’ rest. 
Curve D, on the other hand, was taken on increasing stress after 


Note the difference in curve shape 


WILKES—CHANGES IN INTERNAL DAMPING OF GAS-TURBINE 


MATERIALS 


some of the total creep is recoverable with time at a lower or zero 
stress. 

After the tests of the type shown in Fig. 4 had been completed, 
one bar of each material was held at 1500 F and vibrated at 40,000 
psi for approximately 50 X 10° cycles, or until failure. The 
second bar of each material was cooled to 1350 F and vibrated at 
40,000 psi, while the third bar was cooled to 1200 F and vibrated 
at 60,000 psi. 
Figs. 8, 9, and 10 show the variation of pressure with time. 

Referring to the data shown in Fig. 8, for 1200 F, after 1.5 hr 
of vibration under full power, N-155 had built up only sufficient 
amplitude to give 45,600 psi (60,000 psi was intended); at this 
point the control was turned on and the bar run at that stress. 


In all cases the pressure was recorded periodically. 


15 hr rest at temperature. It is quite similar to the original 
curve (curve A) at low stresses, indicating a recoverable change 


After only a few hours, the required pressure had dropped to a 
point below the other materials. S-816 showed the same char- 


acteristics, except that the intended 60,000 psi was developed. 


50 -- bt. — these materials been rated according to their initial damping, 
' 
> / = « INCONEL X 
u 30 S-8I6 Si20 53,000 o N-155 
| x INCONEL X 3 PSI TIMKEN 
3 20 \ N~155 
> 
© | 
9 3 8 0 | 
4 4 40 400 
TEMPERATURE - °F TIME — HOURS 
Fic. Pressure at 40,000 Pst Versus Temperature Fic.8 Pressure Versus Time at 60,000 Pst 1200 
! 
| curve! a POINT ro) TIMKEN 
3 @ INCREASING] AFTER) ABOVE a | 
; TIME — HOURS 


% i0 20 30 40 50 60 70 80 Fic. 9 Pressure Versus TIME AT 40,000 Pst 1350 F 
PRESSURE — CM. OF WATER 


Fic. 7 Pressure VERSUS STRESS FOR S-816 at 1200 F 


indamping. This same type of damping change had been noted | foi Se 
previously on 1020 steel at room temperature.* At high stresses, 180 F- $-8I6 
however, the curve rises to the ‘ceiling’ produced by the previous | x INCONEL X 
2-hr run which is considerably higher than the original ceiling. 160 
Although not shown in Fig. 6, this process was repeated three : « TIMKEN ‘A ied 
times before the bar failed. Each time the low-stress damping bes iis © 
dropped to its original value, and the ceiling was pushed pro- 3 a oe ous 
gressively upward regardless of rest periods. The fatigue | 
strength at 108 cycles of this bar was about 60,000 psi which means 5 on i 
that all of the data in Fig. 7 were taken well below what is nor- 8 _ 
mally considered the damage point. The low-stress damping re- 40 — 5 
very is similar to the anelastic effect found in creep tests where 
* Technical Report No. 2, Damping, Elasticity, and Fatigue fe) | 
Properties of Materials and Structures Under Sustained Cyclic A 4 ! 4 10 40 ©6100 400 
tress,’’ Sponsored by Office of Naval Research contract No. TUE — HOURS 


N6-ori-221; written by Syracuse University. Fic. 10 Pressure Versus Time at 40,000 Ps1 1500 F 
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4 
N-155 and 8-816 would have topped the list by a wide margin, 
and yet after several hours of vibration, they shifted to the bottom 
of the list. 

Fig. 9 shows the results of similar tests at 1350 F. It will be 
noted that N-155 retains its characteristic high initial damping 
and rapid drop. S-816 shows a much less rapid drop, being in 
the order of 2 to 1 in 100 hr with no evidence of becoming flat. 
Fig. 10 begins to show the same trends at 1500 F, but because of 
the more or less early failure of the bars, long-time results were 
not available. The points enclosed in large circles indicate the. 
time of failure of the bar but not the pressure at failure. Those 
points, which are off scale to the left, indicate the initial pressure 
and should be plotted approximately one log-cycle further to the 
left (0.01 hr). 


SUMMARY 


Tests on four gas-turbine-bucket materials have been con- 
ducted at elevated temperatures which involved the measure- 
ment of the pressure required to vibrate specimens in a pneu- 
matically driven fatigue machine. The pressure is assumed to be 
a qualitative measure of the internal damping of the material. 

It was found that at a peak stress of 40,000 psi, the nickel and 
cobalt-base alloys showed a minimum damping near 800 F and a 
sharp rise between 1350 F and 1500 F. The two iron-base alloys 
had a maximum damping between 800 F and 1200 F, a slight dip 
at 1350 F, and a sharp rise at 1500 F. 

Two of the materials indicated excessively high damping at 
1200 F and above at stresses below their fatigue limit. This 
high value, however, became rapidly smaller as vibration was 
continued, to the extent that they finally showed the lowest values 
of the four materials. This means that damping data obtained 
by more orthodox means in short times may, in some cases, be 
greatly in error if used in choosing materials for gas-turbine 
buckets. It appears that this could be a rather important factor 
in those designs where internal damping of the buckets is believed 
to be a major factor in limiting vibration. 

In closing, it should be emphasized that these results are based 
on a minimum of data and are therefore subject to some revision 
as more data are accumulated. Probably the largest single 
source of error is the fact that a number of successive tests were 
made on a single bar, and the results themselves indicate that 
past history may have a marked effect on behavior. 
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Discussion 
--R.O. Fenr.4 The author reports that the damping of mate- 
rials varies with tentperature, and shows a minimum value at 


4 General Engineering and Consulting Laboratory, General Elec- 
tric Company, Schenectady, N. Y. 

5 ‘‘Measurement of the Damping of Engineering Materials During 
Flexural Vibration at Elevated Temperatures,’”’ by Carl Schabtach 
and R. O. Fehr, Journal of Applied Mechanics, Trans. ASME, vol. 66, 
1944, p. A-86. 
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800 F. Tests previously ands and reported® by us have 
shown similar results. on some 
materials, an increase in damping with temperature increases 
above room temperature. Further increase of temperature led to 
a reduction in damping. For example, the lowest damping was 
found for 13 per cent Cr-iron at approximately 900 F, for N 153 
at approximately 1050 F, and for S 495 at approximately 1050 F, 
all for a stress of 30,000 psi. 


Those investigations showed, 


H. F. Moorse.* The author has presented an interesting sum- 
mary of some preliminary results of damping tests of several 
high-temperature-resisting metals under repeated cycles of stress. 
While, as the author freely states, these results are not yet suffi- 
cient in number, or range of tests, to serve as a basis for quanti- 
tative values, the author is to be thanked for giving publicity to 
preliminary results in this field about which so much is yet to be 
learned. His use of a fatigue machine driven by compressed air 
in studying damping effects offers promise of usefulness in the 
study of change of damping, and his use of the variation of pres- 
sure as the tests proceed is worthy of critical study. 

To this discusser the further detailed study of the phenomenon 
of damping seems to be another approach to the search for an 
experimental test which may possibly serve to locate the very 
early stages of the spreading fatigue crack, and thus to serve to 
shorten the long time necessary to find limiting stresses for oft- 
stressed machine parts. It would seem worth trying to study the 
change of wave form of the damping curve after various lengths 
of time and different numbers of cycles of vibration, as well as 
to note the change of pressure. 

In the investigation of the effect of repeated stress at high 
temperatures, it may well be remembered that in such tests creep 
as well as repeated stress affects the results, and the study of 
creep occurring in any tests, especially tests which take a long 
time to carry out, may yield some valuable information. Again, 
the author is to be thanked for giving us a somewhat unusual 
viewpoint from which to study the behavior of metals under in- 
ternal friction, especially metals at high temperatures. 


AUTHOR’s CLOSURE 


Work done since this paper was submitted and still continuing 
gives further support to the results reported. Comparisons now 
being made between damping curves and pressure values indicate 
a fairly linear relationship between pressure divided by stress 
and the logarithmic decrement. However, as expected, the 
machine damping is fairly high, being about 0.7 per cent at low 
stresses, down to 0.4 per cent at high stresses. By subtracting 
the machine damping quite reasonable values of damping have 
been obtained in the few cases where a direct comparison has 
been made to more orthodox damping tests. Due to the high 
machine damping it is obvious that very low internal-damping 
values cannot be accurately obtained. 

The author wishes to thank the discussers for their considera- 
tion. The suggestions of Mr. Moore are being given careful 
thought and appear worthy of incorporation in our program. 
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The Mechanical Seal—lIts 


Application, 


By C. E. 


This paper outlines important construction features of 
the mechanical seal; discusses speed, pressure, tempera- 
ture, and viscosity; application considerations, advan- 
tages, and when special construction is desirable; utility 
of the mechanical seal; and suggested services. 


AS a rather general statement, all mechanical seals basically 
are composed of a rotating and a stationary element, 
and some means of keeping them in contact (see Fig. 1). 
As the number of and kinds of seals and their utility are 
appreciated by mechanical engineers, the number of papers and 
articles on the subject are increasing. The need for a better 
understanding of construction, application, and utility of this 
important mechanical device is becoming keener, and_ this 
paper is especially directed toward those important factors. 


Fig. 1 Typrcan MercHANICAL SEAL APPLIED TO A CONVENTIONAL 
SturFinG Box or OTHER MECHANICAL Device 


(a, Gland plate or cover; 6, stuffing box; c, shaft; d, floating seat ring, 

¢, floating seat; f, sealing washer; g, shaft protecting ferrule; /, retainer 

shell; i, bellows flange retainer; j, driving band; k, synthetic rubber bel- 
lows; /, spring; m, spring retainer.) 


CONSTRUCTION 


Of primary consideration is the vital matter of construction, 
and here are involved the following important factors: (1) 
Flexibility; (2) surface finish of the mating faces; (3) positive 
driving means; (4) metallurgy; (5) engineering, laboratory 
testing, and research. These factors are not necessarily ar- 
ranged in their order of importance. Each is important; all of 
them when properly co-ordinated make the most successful seal 
for the widest range of applications. 

Since each mechanical device to which a seal is applied has 
manufacturing tolerances, the seal itself must have manufacturing 
tolerances. Therefore it will become immediately evident 


1 Vice-President and Director 
Company. Mem. ASME. 

Contributed by the Machine Design Division and presented at the 
Annual Meeting, New York, N. Y., November 29-December 3, 
1948, of THe AMERICAN SocteTY OF MECHANICAL ENGINEERS. 
This paper was also presented at a dinner meeting of the Ontario 
Section of the Society on March 11, 1948. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—A-70. 
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that flexibility is an important consideration. It is impossible 
to hold manufacturing axial tolerances below plus or minus 
0.005, and this even in so-called precision equipment. Many 
high-production items run as much as plus or minus 0.020. 
Thus it becomes obvious that when initially installed, a good 
mechanical seal must be able to compensate for this axial toler- 
ance, to which must be added the over-all length tolerances of 
the seal manufacturer, which on high-production items it is 
impractical to hold closer than plus or minus 0.015. It is evident 
that one might run into a condition of having to meet a total 
axial tolerance of plus or minus 0.035, and this is a conservative 
figure since, within the experience of many engineers, conditions 
of greater severity have been met (see Fig. 2). 


and Utility 
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Fig. 2 (a), MECHANICAL SEAL IN Positron For Usg; (6), AXIAL 
MoveEeMENT DeEsIRABLE IN Goop MECHANICAL SEAL CONSTRUCTION 


Another factor wherein flexibility is important relates to radial 
tolerances which frequently range from plus or minus 0.002, 
almost the minimum, to as high as plus or minus 0.005. Again, 
these are reasonably conservative figures. The properly con- 
structed mechanical seal, once set up in the installation, some- 
how must possess sufficient flexibility to compensate for wear at 
the contacting faces. Since wear is somewhat unpredictable, 
varying under several conditions of service, it is apparent that 
perhaps of highest importance in good mechanical-seal construc- 
tion is flexibility. To insure the maximum in life, provision for 
not less than 0.090 wear should be made, since, when that much 
wear occurs, the seal has lost its utility and should be replaced. 

As an example of just what a good seal might be called upon 
to do, a manufacturer, contemplating the use of mechanical 
seals, made an experimental hookup, and, as the shaft was 
rotated, struck it with a hammer and threw out any seal that 
leaked under this test. The radial movement of the shaft when 
the hammer blow fell was in the neighborhood of 0.035. Need- 
less to say, many seal designers and manufacturers had their 
products thrown out. This may seem a hard and unjustifiable 
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test, yet in many mechanisms the shock and work-load conditions 
are such as to impose axial movement of considerable con- 
sequence. 

A spring or series of springs is usually employed to keep the 
seal faces in contact as required to compensate for axial or initial 
tolerance. High loading usually will result in heating and ex- 
cessive wear of the seal faces. The flexing members, therefore, 
must be so designed as to require low pressure to assure proper 
movement under installation and operating conditions. Mate- 
rials used must be such that they will not work-harden and erys- 
tallize as so often occurs with thin metallic structures. 

Specially compounded synthetic rubbers provide about the 
best flexing members. While other materials have been used, 
frequently they are discarded as not too satisfactory in so far as 
life and general good service are concerned. In addition to hav- 
ing a flexing member which will withstand considerable axial 
movement with the least possible effort, it is further necessary 
that the component parts of a good seal must be so designed as 
to permit the flexing member to move radially and axially freely, 
and under all conditions of operation. 

The seat, usually stationary, should be so mounted in flexible 
materials that tightening of bolts or glands can in no way distort 
the closely lapped faces. Relatively heavy sections of iron or 
steel may be distorted by the pressure of one’s hand so as to throw 
a closely lapped face considerably off flatness requirements and 
good seal practice. Some mechanical devices still are designed to 
use so-called solid end plates, but these are rapidly being dis- 
carded in favor of the floating seat. Floating, as it does, entirely 
in a synthetic resilient ring imposes no detrimental stresses 
beyond the flatness requirement and further permits ready 
replacement at minimum cost. Such seats are readily adaptable 
to most mechanical devices, and permit the seal user to purchase 
the whole unit from one source. A progressive seal manu- 
facturer now supplies a complete seal unit, including a factory 
lapped and inspected stationary seat and rotating-seal washer, 
all having the required flexibility to meet the wide variety of 
operating conditions encountered. 

SuRFACE FINISH OF MATING FAcEs 

Much has been written and said about surface finishes, pri- 
marily, perhaps, in regard to ordinary bearings where conditions 
are somewhat easier than encountered with seal faces. 
instance the rolling action of the shaft in the journal tends to 


In one 


roll in and on the lubricant, whereas seal faces usually are set in a 
vertical plane and present a somewhat more difficult problem 
in introducing proper lubricating films. Before the art of lapping 
and obtaining highly polished and parallel faces was commercially 
feasible, seal manufacturers used to ship seals and include with 
them a eontainer of abrasive with instructions to set up the seal 
and put the abrasive paste between the faces, and thus wear 
them in. In rare instances some seal manufacturers follow this 
practice even today, but such practice is inconsistent with the 
trend and development of precision-lapping equipment. 

The manufacturer recommending the abrasive paste between 
the seal faces never told the user how to remove the abrasive 
material from between the seal faces once its mission was ac- 
complished, nor was any explanation given as to the effect of 
this abrasive material entering the oil or product handled. 
High surface finish eliminates the old so-called “break-in” period, 
permits more efficient and effective lubrication, by developing 
conditions which will eliminate oil-film failure by rupture through 
surface-to-surface contact. Costly experimentation and much 
research were necessary to work out the problem of equipment 
for producing at high speed satisfactory surfaces on the mating 
face of the seat and washer. 


Nor was the selection of equipment all of the problem. Tech- 


= 


nique of handling and conditioning of lapping fluids, stress- 
relieving and product handling, were also to be worked out to 
make the process adaptable to high-speed-production require- 
ments. 

There are two main objectives in the production of a good 
mating or bearing surface: The one, “metallurgical,” is to re- 
move the defective metal previously produced at the surface by 
the shaping or dimensioning operations and to expose the true 
crystals of the material actually bisected so as to have an ex- 
tremely fine plane surface. The other, “geometrical,” is to 
remove the hills and valleys (scratches and/or flaws) and, by the 
laws of physics, to generate a true and smooth surface which will 
eliminate the danger of film rupture and material-to-material 
contact which lead only to increased friction wear and failure. 

The following test data compiled at the Massachusetts In- 
stitute of Technology may be of interest to mechanical engi- 
neers: This test was run to demonstrate the failure point of load- 
carrying capacity of the oil in a conventional bearing. The oil 
used had a viscosity of 150 sec at 110 F, and was grade MS 
782. The shaft speed was 950 rpm. With a finish of from 22 to 
28 microinches, the failure point was an average of 71 Ib. With a 
finish of from 8 to 10 microinches, the failure point was 153 |b 
average. Witha finish of from 0 to 2 microinches, the failure point 
was 217 lb average. While these figures may not be wholly 
applicable to vertically running faces, they are at least indicative 
of what takes place with regard to seal faces. 

It was early discovered that root-mean-square (rms) speci- 
fication, while important, was not the only problem to be con- 
sidered. Flatness of the whole surface area is also important, 
and to this end optical flat inspection is required. Many scien- 
tific and engineering organizations are doing work on surface 
finishes. Among those interested and working with the problem 
are the National Bureau of Standards, the Society of Automotive 
Engineers, and the National Aircraft Standards Committee. 

Equipment to evaluate surface conditions is being improved 
and made available to those interested in precision manufactur- 
ing. Principal among the manufacturers of such equipment are 
the Physicists Research Company, Brush Development Com- 
pany, Compar Company, and the several manufacturers of optical 
flats. 

The progressive seal manufacturer inspects, with optical flats, 
all lapped surfaces which he produces; spot checks will not suffice. 
One hundred per cent inspection of each and every part that is 
manufactured is necessary to assure users the best possible pre- 
cision faces, optically flat, smooth, and thus designed to give 
the maximum of efficient long life. Lately some experimental 
work has been done with so-called liquid honing whereby abra- 
sives ranging from 400 to 600 mesh are forced against the sealing 
faces at extremely high velocities. It is yet too early to predict 
whether or not this surface treatment will be beneficial in so far 
as seal construction and production are concerned. 


PosiTIVE DRIVING MEANS 


A means of so driving the seal that none of the torque load 
can be or is imposed on the flexing member, whether it be of 
metallic or synthetic materials, is important (see Fig. 3). The 
washer or usually moving face may require considerable break- 
out torque and, if the flexing member is called upon to carry any 
part of this load or the running load, it soon crystallizes, espe- 
cially if the membrane is metallic. If it is of synthetic rubber, 
internal abrasion and constant flexing cause the material to 
break down rapidly, and seal failure of course results. 

Good practice requires that the flexing member must be s0 
constructed as to permit close contact of the faces to compensate 
for wear. High unit loading tends to exclude the thin lubricating 
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film. The manufacturers of many seals on the market today 
attempt to use high spring pressure and thus impose the driving- 
torque load on the spring. Frequently this results in chattering, 
poor seal life, and general dissatisfaction. ihe | 
METALLURGY 

Good general metallurgy necessitates selection of proper ma- 
terials to withstand the medium in which the seal operates. 
This problem is not too severe in most industrial equipment, 
where brass and steel are most commonly used for sealing metal 
parts. These serve well in most oils, waters, greases, and hydro- 
carbon distillates. Seals are finding an ever-increasing use in the 
highly complex chemical industries where corrosion is a common 
problem. In these instances, stainless steel, is commonly used. 
However, in considering seal metallurgy, of highest importance 
are the washer and seat-material combinations. For most indus- 
trial installations combinations of a good grade of cast-iron seat 
with carbon or synthetic-resin-bonded graphite-and-metal wash- 
ers make for long, satisfactory life. Such combinations are 
widely used in refrigeration service and are well-suited for rela- 
tively high-speed industrial applications, where the principal 
problem is to hold a lubricating medium, and perhaps gases such 
as these commonly employed in the refrigeration field. 

Carbon and bronze serve well for problems involving water. 
Meehanite and “ni-resist”’ run well with carbon combinations in 
certain types of installations. In highly specialized services 
stellite, steel, ceramics, and a host of other materials are run 
in various combinations which testing and field service dem- 
onstrate are best-suited, As the need for and use of seals 
continue to increase, new combinations of materials are being 
tried. Almost every known combination of metal, carbon, and 
ceramic product are experimented with and then used in actual 
installations after research and laboratory testing reveal that 
there is a possibility of such materials being employed to the 
advantage of the seal user. 


ENGINEERING, LABORATORY TESTING, AND RESEARCH 


A seal can only be as good as the engineering, testing, and 
research which go into it. Engineering involves not only applica- 
tions but structural designs as well. No reference work being 
available, all developments must go through extensive laboratory 
testing to prove or disprove their utility. As an example, the 
Matter of mating-face widths: A start is made with what seems 
theoretically practical, followed by actually testing various com- 
binations of wider and narrower faces. Each one, after the 
original idea, must -be tried until at last the most desirable is 
selected for operation in a given material at selected speed, 
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temperature, and pressure. Handling another material may 
so change the results that another complete set of tests is neces- 
sary. 

Testing should not be confined to any one particular type of 
equipment. A good variety of pumps and mechanical appliances 
should be available so that tests can be conducted over a rather 
wide range of services, and thus establish the most practical seal 
construction for the specific problem. There should be available 
in the mechanical testing laboratory means of testing under a 
wide variety of speed, pressure, and temperature conditions. 
Each test should be recorded carefully and the seal so tested 
should be catalouged carefully and kept available for observation 
at some later date should it be necessary. 

The engineering organization should be comprised of those who 
are especially trained in making applications to a wide variety 
of mechanical problems. It should include specialists in applica- 
tion principles, and others who are specialists in the art of design 
for development of the various parts which go to comprise the 
seal itself. 

Supporting the engineering department and the mechanical 
testing laboratory should be available the facilities of a completely 
equipped research laboratory to analyze various materials to be 
handled and to assist in selecting construction materials best- 
suited for any given problem. All this assures the user of me- 
chanical seals the best equipment that money can buy. 


SPEED 

Speed is of interest to the prospective seal user, especially in 
some of the newer mechanical appliances where speeds of 10,000, 
15,000, and 20,000 rpm are being considered rather generally. 
Tests so far conducted seem to indicate that about 12,000 rpm 
or 5,000 fpm (whichever is the lower) at the seal faces is about 
the maximum that can be tolerated. The mechanical appliance 
to which the seal is to be applied, and the liquid to be sealed are 
factors which materially influence maximum speeds permissible. 

The problem of excessive speed is not generally encountered 
in centrifugal pumps where speeds of 3600 to 4000 rpm are most 
generally used. In positive-displagement pumps speeds rarely 
exceed 1200 rpm, and therefore speed, in so far as the mechanical 
seal is concerned, is not too important in this type of equipment. 
Centrifugal blowers, having shaft speeds of from 6000 to 9000 rpm, 
present a real problem for the seal designer, owing to the large 
shaft sizes usually involved. Progress is being made and each 
new requirement leads to new research and study. 

Spring behavior must be studied when considering speed limits, 
since experience has shown that springs behave rather unex- 
pectedly under the influence of centrifugal force. The strobo- 
scope proves a handy instrument in this investigation. By 
running loaded springs at various speeds, the behavior of any 
particular spring or series of springs can be observed and designs 
can be arranged to suit the required condition. 


RECOMMENDATIONS 


Seat and Washer Material. Since there are few data available 
concerning the best-suited washer and seat materials, and since 
these parts running together do not follow the pattern of the 
sleeve bearing, elaborate tests should be set up and run to deter- 
mine the most suitable materials for any given set of conditions. 
Carbon products which include various grades that are filled with 
metals, carbon, or some synthetic substance, or synthetically 
bonded carbon, asbestos, metal combinations, make for less fric- 
tion and show good wearing qualities under general service condi- 
tions, and are widely used. 

Carbon washers running against close-grained cast iron, 
can be used successfully for jobs involving various grades of lu- 
bricating oils, distilled hydrocarbons, soluble oil, and similar 
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products. When handling hydrocarbons having a specific gravity 
of 0.55 or under, stellite shows excellent results. ‘‘Ni-resist’’ and 
carbon combinations do well in clear or gritty water, sea water, 
all grades of lubricating oil, and petroleum distillates, such as 
gasoline, kerosene, naphtha, and others having relatively high 
hygroscopic characteristics. 

Viscosity. It has been determined that viscosity plays an 
important part in seal construction. Tests indicate that up to 
3000 sec SUV, standard seal construction can be used. Over 3000 
sec SUV, special study and experimental work are necessary. 
Work thus far indicates that, as viscosity increases, spring pres- 
sures should be increased to prevent excessive increase in film 
thickness, since if the film thickness increases then ability to hold 
the liquid decreases. The major number of seal installations, fall- 
ing as they do in the viscosity range of 3000 see SUV and under, 
no exhaustive study has yet been undertaken. It is hoped that 
in the not too distant future this subject can be studied and a 
report of the findings issued at that time. 

Dry Running. 


washer tend to distort or abrade at temperatures of over 400 F 
in most instances (see Fig. 4). 

It is recommended that provision be made to insure liquid in 
the seal chamber at all times. Usually, this can be accomplished 
in the case of pumps, by providing a line from the pump discharge 
to the seal chamber. In mechanisms other than pumps, the 
liquid sealed usually can be brought in constant contact with the 
seal faces. 

No combination of materials has yet been discovered which 
can tolerate dry running for more than a few minutes’ duration. 


This situation must be watched carefully when handling materials — 
which lose liquid phase under certain conditions of temperature _ 


and pressure. When handling extremely volatile liquids, pressure 
in the seal chamber must be maintained sufficiently high to insure 
liquid phase at all times. 

Pressure. 
for a wide range of pressure conditions. 


So-called dry running must be avoided in 
mechanical-seal usage, since the materials used for seat and — 


The properly designed mechanical seal can be used 
Standard seals can be | 


used for vacuum service down to 0.5 mm of Hg abs, and on > 


pressures up to 200 psig without difficulty and with any liquid 


AUGUST, 1949 


in which a seal can be operated. Mechanical seals were used on 
the 2500-ton cyclotron at Columbia University where vacuum 
down to 10-5 mm of Hg had to be maintained constantly, pri- 
marily to give the swiftly moving ions a free path of movement. 
When pressures of over 200 psig are encountered in the seal 
chamber, balanced seal construction is recommended (see Fig. 5). 
The balanced seal is so constructed that the seat and washer 
faces are in pressure balance. The hydraulic pressure within the 
seal cavity is so disposed as to balance itself and thus only the 
usual spring loading is necessary to compensate for wear. Longer 
iife, less friction, lower heat generation, and minimizing power 
The me- 


chanical seal is not handicapped by pressure shock or pulsation, 


requirements are the result of balanced seal usage. 


Pressures up to 1000 psig can be handled regularly and safely, 
Higher pressures can be handled, but here again special design and 
construction are required. 

In considering the problem of applying the 


A pplication. 
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Fig. 5 (a) TyprcaL STANDARD MECHANICAL SEAL CONSTRUCTION. 
(b) Typtcat BALANCED MECHANICAL SEAL CONSTRUCTION 
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mechanical seal, the prospective user nearly always comes to the 
manufacturer with the design of his equipment already worked 
out. Space requirements are held to the very minimum, usually 
based on some preconceived idea of what ought to do the job. 
After initial tests are run, the seal selected for solution of the 
problem falls short of the needs, and a solution must be sought, 
usually hedged with this statement: “Anything used must fit 
into the already existing space.’’ This is generally limited further 
and is too small in both axial and radial dimensional require- 
ments for application of the proper mechanical seal. 

Engineers having sealing problems would do well to submit 
the problem in the early design stages in order to avoid redesign 
and costly changes later. Ina great many instances, considerable 
savings can be realized by embodying construction applicable 
and already widely used when mechanical seals are employed. 
Of special interest to mechanical engineers and the progressive 
equipment builder is the application of a combination of talents 
in the early development stages, since a properly sealed unit 
may be constructed to take advantage of the following: 


1 A more expensive lubricant better-suited to the problem, 
employing seals to prevent loss of the lubricant. 

2 A lubricant of lower viscosity, since it can be held satis- 
factorily by seals. 


3 Elimination of costly filtering and accompanying equip- 
ment, since seals prevent contamination of oil in the system. 

4 Freedom from fire and personnel hazards when handling 
either explosive or toxic materials. 


5 Freedom from necessity for frequent adjustment of glands, 
which often is placed in the hands of inexperienced personnel. 

6 Full utilization of input power for the equipment intended, 
since, frequently, packing glands with conventional packing, 
are drawn up so tightly as to consume a large percentage of the 
power input, and thus make it necessary for manufacturers to use 
larger prime movers than are necessary. 


Applications have been worked out for hundreds of appliances, 
and layouts are available without cost on the part of the potential 
seal user. However, to obtain the most satisfactory performance, 
the mechanical seal must be selected and applied carefully. 
When so used such seals will give years of satisfactory service 
without attention or adjustment. A big factor in favor of using 
mechanical seals is that they eliminate the human element en- 
tirely. Once properly installed, no adjustment is required and 
they can be forgotten. 

In making applications, care should be exercised to insure the 
pump material or lubricant contacting the seal faces. Early 
packing designs employed many ingenious devices to keep the 
lubricant or material sealed away from the gland. In applying 
seals, exactly the opposite practice should be employed. Higher 
oil levels should and can be maintained, and the equipment 
manufacturer who uses seals intelligently can point out to the 
customer the considerable savings which can be realized in main- 
tenance and replacement of the lubricant. 

The machine designer must keep in mind that shaft rigidity 
is important, and deflection should be kept to the minimum, since 
various changes take place in iron and steel parts if load is applied 
and taken off. If the load were steady, deflection would not pre- 
sent too great a problem, but it is the constant changing with op- 
erating conditions which complicates the matter. Proper align- 
ment makes for better and longer equipment life. Its importance 
cannot be disregarded when applying mechanical seals. 

Double seals are often applied advantageously, especially to 
Overcome corrosion problems, or when materials, containing 
large percentages of solids, are handled (see Fig. 6). Some 
lubricating medium must be circulated between the double seals 
80 as to provide proper lubrication for the seal faces, and to carry 
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away such heat as is generated. These installations are widely 
used in paper mills, chemical plants, or when handling highly 
irritating gases. On such installations, the mechanical engineer 
is called upon to select the oil or liquid circulated through the 
seal cavity. 
Single lubricated face seals are applied to jobs where the pres- 
sures are low and the material handled has poor lubricating 
qualities, or contains materials which might be detrimental to 
the highly polished faces (see Fig. 7). The lubricating material 
is introduced through the stationary seat, the seat having a series 
of holes leading from the face to the lubricating-material supply 


A 
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Typrcat LuBRIcaTEeD Seat CONSTRUCTION 
labyrinth. Lubrication is applied usually by means of a spring- 
loaded grease cup, using light, specially designed grease; or oil 
which is introduced by a circulating pump or from a gravity 
storage supply, whichever is indicated to be the best, based on 
laboratory and field tests for the particular problem at hand. 


or MECHANICAL SEALS 


The mechanical seal already has demonstrated its utility in 
many industries and on a wide variety of equipment. To recite a 
few, the refrigeration industry was perhaps the first to utilize 
the effectiveness of the mechanical seal, and manufacturers of 
large and small compressor units have used them for a con- 
siderable length of time. There is hardly a progressive refrigera- 
tion manufacturer of either large or small units who does not 
today make full use of the mechanical seal. Pump manufac- 
turers everywhere are offering customers the advantage which . 
can be obtained by their application on pumps for a large varie ty 
of services which include the following: 

Domestic units for handling water in small and large well 
installations. 

Paper mills for handling stocks and black liquor. 

General service equipment, where pumps are called upon to 
handle brine, quench oil, soluble oil, and a host of applications 
which will present themselves immediately to the reader under 
this category. 
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Pumps on transcontinental pipe lines, where conventional 
mechanical packing meant tolerating rather excessive leakage 
which resulted in a serious problem of repumping that leakage into 
the pipe lines. 

On pumps in petroleum refineries, where conditions present a 
host of problems, pump manufacturers today are recommending 
seals on every conceivable type of unit in the processing industry. 

Speed-reducer manufacturers have long felt the need of free- 
dom from gland leakage, and most progressive manufacturers 
are now using the mechanical seal. 

Manufacturers of agitators and vacuum-processing equipment 
find the mechanical seal a solution to many of the problems which 
have troubled them previously. 

The use of seals on the coolant pumps on internal-combustion 
engines is an important development. Today, with but one or 
two exceptions, every automobile builder uses seals to the 
comfort of many automobile owners. 

The Diesel-engine manufacturers are making wide and in- 
creasing use of seals on coolant and oil-transfer pumps, reducing 
‘{n-shop” time and making for cleaner and more efficient opera- 
tion. Frequently the adoption of mechanical seals results in con- 
siderable construction savings, eliminating parts and expensive 
gland construction. Mechanical seals permit full streamlining 
and enable important space-saving requirements to be made. 


SUMMARY 


Construction is important, and every interested prospective 
user should acquaint himself fully with the desirable factors and 
necessary requirements for his particular job and insist that the 
seal used possess all of the desirable factors that go to make up a 
good seal, 

Application of the proper seal to the job is the answer to 
successful performance. Submit application problems to a 
qualified manufacturer before they are too far advanced in con- 
struction details. Follow closely the layout submitted and 
approved for the particular job under consideration, and thus 
assure a successful seal application. 

Utility is unlimited, and the prospective seal user would do 
well to deal only with a manufacturer competent and capable of 
analyzing the specific problem and willing to work with the 
equipment manufacturer toward a successful solution of the 
problem involved. 


C.L. Popg.? The author refers to the ability of the mechanical 


seal to prevent leakage. It is our opinion that a mechanical seal 
must permit leakage if it is to run as a lubricated surface. If the 
seal is not lubricated, wear will result. It is granted that under 


2? Lubrication Engineer, Eastman Kodak Company, Rochester, 
N. Y. 
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the right conditions wear is low and relatively long seal life can be 
obtained. Seals should last indefinitely if a seal controls oil 
leakage so that the surfaces are at all times lubricated. 


P. C. Stern.’ Exception must be taken to the inference that 
dry-running of mechanical seals is not possible. Dry seals have 
been run and are being run on commercial machines at rubbing 
speeds far in excess of the limits which the author gives for liquid 
seals. The author states: ‘No combination of materials has 
yet been discovered that can tolerate dry rubbing for more than a 
few minutes’ duration.” Certainly, he is aware that motor and 
generator brushes have been able to tolerate weeks of continuous 
operation with dry-rubbing contact since well over a half century 
ago. This example goes somewhat afield from mechanical sealing 
devices, but it is one which is commonplace in everybody’s ex- 
Without question, dry-rubbing contact per se at sub- 


” 


perience. 
stantial speeds is possible. 

The writer has designed and has been associated with the manu- 
facture and testing of well over a hundred dry seals which have 
given satisfactory service in the field, some at high rubbing speeds. 
Several typical applications are given in Table 1 

Leakage measurements were not made on the applications given 
in Table 1 beyond determining that seal performance was satis- 
factory from an operational standpoint, with the exception of 
applications Nos. 2 and 3. In application no. 2, for which 54 
seals were furnished, leakage test results were below 4 cfm free air 
per seal at the operating pressure. Application no. 3, which was 
in a compressor for a supersonic wind tunnel, did not have a 
direct leakage test for the seals after installation, but a test indi- 
cated that leakage into the enire tunnel, including leakage through 
the compressor casing, valve stems, piping flanges, and gaskets at 
the working-section entry ports under full vacuum, as well as 
through the two seals, was less than 0.4 cfm of free air. 

In general, leakage of dry seals can be held to almost any rea- 
sonable minimum by refinements in manufacture and workman- 
ship. In most applications, the additional expense incurred to 
obtain very low leakage is not justified. In application No. 8 
which is a shop experimental installation, it is consistently possi- 
ble to have the leakage per seal less than 0.75 cfm of free air at 100 
psig internal pressure. This installation has been —_— a 
speeds of 19,000 rpm with test durations extending over several 
days. 

Experimentally, the writer has operated a 10-in-diameter 
intended for dry operation on a gas-turbine dummy pisto 
speeds up to 8800 rpm (rubbing speed of 23,000 fpm). The t 
were being conducted in an effort to test seal performancé 
15,000 rpm (rubbing speed of 39,200 fpm), but bearing and « 
pling failures terminated the test on every attempt to attain the 
desired speed. Seal performance under 60 psig air pressure | 
fore mechanical failure of the testing machine was always go 

3 Consulting Engineer, The Kuchler-Huhn Company, Inc., Sharon 
Hill, Pa. 


‘TABLE 1 APPLICATIONS OF DRY SEALS 
Seal Rubbing Ambient 
| 0. in. Rpm fpm machine sealed sealed deg F 
6%/s 4000 6660 Compressor Air 45 psig 260 
pax 2 67/s 4000 7180 Compressor Air 75 psig 375 
21/2 1800 1180 Autoclave Air 250 psig 300 
11/2 1800 706 Centrifuge Volatile 
and to Nominal view 
35 7 45/8 1000 1210 draw- Steam 400 psig 448 
31/2 19000 17400 Experimental Air 100 psig 
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The speed limitations given by the author for liquid seals are 
far below what has been attained to date even in commercial 
serviee. The writer has designed and has been associated with 
the testing of liquid seals for high-pressure compressors which are 
in service with rubbing speeds well in excess of the author’s limita- 
tions. He has also conducted tests of similar seals at rubbing 
speeds of roughly twice the upper limit given by the author. 

In the present state of the art of seal design, it is rash to venture 
an opinion of the possible upper limits of rubbing speed for either 
dry, nonlubricated, or liquid-lubricated mechanical seals. The 
limitations of a given design are determinable, but recognition of 
the mechanism and properties which cause the limitations will 
often extend the regions of operability of a mechanical seal. 


AUTHOR’s CLOSURE 


Mr. Stein overlooks entirely the type of sealing that is being 
In the first instance, let us 
consider the rather thinly drawn analogy to motor and generator 
brushes. It has been the consensus of opinion of electrical engi- 
neers that there exists between the brush and the armature an 
air film which serves to prevent excessive friction, wear, and 
heat. The correctness of this air-film theory is rather well borne 
out by the fact that unlimited difficulties were experienced in 
high-altitude flying where the air film was of low degree, which 
resulted in rapid wear, excessive friction, and the generation of 
considerable undesirable heat. 


discussed in the author’s paper. 


The seals discussed in the author’s paper are such that the loss 
of even 0.4 cfm would be unthinkable and intolerable. It can be 
appreciated readily that if leakage amounting to 0.4 cfm existed, 
it would be impossible to live in a room where an ammonia com- 
pressor was in operation. There are many other toxic problems 
where such losses could not be tolerated. 

The seals primarily discussed and considered in the author’s 
paper are those wherein the losses of oil in refrigeration compres- 
sors, for example, must be held well below 10 grams per 1000 hr of 
operation. The author does not deny the possibility of operating 
a seal on an air or gaseous film at relatively high speeds, provided 
losses such as Mr. Stein proposes are not objectionable. 

In order to hold leakages to extremely low limits (which is 
understood to be of such a low order that the gas is not detectable 
by conventional means), the imposition of considerable spring 
loading is required. This, in the opinion of the author, makes 
it impossible to run dry. Innumerable tests of various designs 
and construction with innumerable material combinations have 
proved the impracticability of attempting to operate dry. It is 
the opinion of this author that high speeds with dry running are 
possible only when relatively high leakage can be tolerated. 

If Mr. Stein will take into consideration the difference in 
sealability of the seals discussed in the writer’s paper and those 
brought forth in his discussion, he should agree readily that the 
arguments he advances have little or no bearing on the precision 
type of low-leakage seals covered in the author’s paper. Oo 
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A cyclic heating test of several full-size heavy-wall pipe 
joints between austenitic and ferritic steels is described. 
It is concluded that sound welded joints can be made 
between these dissimilar materials and that such joints 
will withstand the effects of temperature changes which 
may be expected to occur in modern power-plant service. 


TAINLESS-steel steam piping and valves are new in power- 
plant practice. While various austenitic steels have been 

used for several years in oil-refinery and other high-tem- 
perature industrial-process piping, these applications are at low 
pressures, requiring relatively thin-wall pipe. Also, the ex- 
pected life is comparatively short. Sewaren Generating Sta- 
tion of the Public Service Electric and Gas Company, New 
will be the first steam power plant to operate at 1050 F 
initial steam temperature, the steam pressure being 1500 psi. 


Both the General Electric and Westinghouse 100,000-kw tur- 


Jersey, 


steam piping. The Combustion Engineering Company boilers, 
however, are provided with 3 per cent chrome 1 per cent molyb- 
denum (ferritic) steel piping from the superheaters to the tur- 
bines. This paper describes a test of several full-size joints be- 
tween the austenitic and ferritic steels required for the piping of 
the Sewaren installation. 


The connection between the boiler leads and the turbine stop 
valves is 12°/, in. diam and 2 in. thick. The suitability of welds 
between dissimilar materials in this heavy section was the subject 
of considerable discussion and speculation. During the past 
few years a number of replacements of stainless-steel piping 
systems and valves in oil-refinery service have been reported, 
due to cracking. These failures, however, all occurred in cyclic 
processes in which temperatures change rapidly at frequent 
intervals, a much more severe operating condition than may be 
expected in power-plant service. Also, welds between ferritic and 
austenitic steels have been reported to have developed cracks in 
service near the joint. These failures were in connection 
with certain mercury-boiler applications; a number of high- 
carbon-steel welded steam-boiler drums in Germany during the 
last war; and aviation gas-turbine wheels where austenitic 
blade rings were welded to ferritic wheels. It was reasoned that 
because the coefficient of thermal expansion of austenitic steel is 
about 50 per cent greater than that of ferritic steel, exceedingly 
high stresses were set up with changes in temperature which re- 
sulted in cracking at the joints. 


On the other hand, a number of 
cases in the same applications were reported to be satisfactory 
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— Test of Main Steam Piping 
Joints Between Ferritic and Austenitic 
Steels—Sewaren Generating Station 
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bines have been furnished with austenitic-steel valves and inlet 


NEWARK, N. J. 


under equally severe operating conditions. It is entirely pos-_ 
sible, therefore, that the failures were due to other causes. 
Paralleling the design of the piping systems for the Sewaren 
units, it was decided to conduct a test of several full-size welds 
and subject them to 100 cycles of heating and cooling, simulat- 
ing operating conditions. Single-boiler turbine-generator units 
on the interconnected Public Service System are designed to run 
continuously with scheduled shutdown once a year, and only 
occasional emergency shutdown for repairs. Alternate heating 
to 50 F above the operating temperature and cooling to the 
vicinity of the ambient temperature 100 times should give a good 
indication of conditions at the end of a major portion of the life 
of the unit. The long-time stability of the material at operating 
temperature of course would not be evaluated in the short-time 
test. Also, the effect of stresses due to internal pressure and ex- 
ternal expansion forces present in the actual piping system would 
not be reflected. These stresses, however, were not considered 
sufficient to warrant the expense of inclusion in the test, as they 
are minor compared to the stress which is set up due to dif- 
ferential expansion of the dissimilar materials, and the stress due : 
to temperature difference across the pipe wall when cooling 
rapidly. The latter condition may occur as a result of acci- 
dental water carry-over from the boiler. In order to simulate this 
condition, a series of ten quench cycles was included in the pro- 
gram following the ‘“normal’’ heating and cooling tests. 


DescrIPTION OF TEST PIECES 
In the summer of 1946, a co-operative arrangement for mak- 
ing the test was agreed upon among representatives of the Public 
Service Electric and Gas Company, the General Electric Com- 
pany, the Westinghouse Electric Corporation, the Combustion ; 
¢ngineering Company, and the M. W. Kellogg Company. A : 
length of 12.75-in-diam X 1.625-in-thick 2'/, per cent chrome 
1 per cent molybdenum forged and bored pipe, available from 
the Essex installation, was cut into short spool pieces and welded 
to a series of 18/8 castings, using a number of austenitic filler 
rods of various compositions. The assembly, shown diagram- 
matically in Fig. 1, is hereinafter referred to as the multiweld 


FILLERS 


BASE 15/35 19/9 18/13 23/13 25/20 
METAL, | | | | | 
18/8 CR MO 18/8 CR MO 18/8 CR MO 7 aan 
—|—+——_- #+- + oF + 


25/20 OvERLAY — 

SIX SECTIONS, 12.75" OUTSIDE DIAMETER, 1625" WALL THICKNESS 
EACH SECTION 5 1/2” LONG 

Fig. 1 ARRANGEMENT OF MULTIWELD TEST PIECE 
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TABLE1 DETAILED INFORMATION ON MATERIALSIN MULTI- 
WELD AND KELCALOY TEST PIECES 
Multiweld Section: 


18/8 Stainless-steel rings—Type 347 castings (Midvale) 
Cc = 0.09 i 0.76 


Tensile, psi 
— 
Elongation, per cent 
: Reduction of area, per cent...... 


21/, Cr-1Mo steel rings including backing strips, ASTM 
A-213 Gr T22, modified (Penn Forge) 
i 0.29 
- 2.24 
Mo = 1.0 
29250 to 43650 
Elongation, per cent 29.5-35 
Reduction of area, per cent 63-69 .5 
Brinnell 163 max 


2 Kelcaloy Section: 
uter casting (M. W. Kellogg) 


Cb = 1.125 
Mandrel, 21/4 Cr-1Mo, forged steel (Penn 2.) Muutiwecp Test Piece BerorE MACHINING 
uc 9:98 Si = 0.29 
Mn = oe 
0 2. 1 
71000 Sta 
Elongation, per cent 34.5 =e 
Brinnell 163 max piec 

3 Filler Metals: four 
Multiweld section—lime-coated 5/32 in. diam (Arcos Corp.) tot 


0.84 
Ghromend 25/20 > 


piece. More detailed information on the materials is given in 
Table 1. All welding was done with a preheat temperature of 
600 F, and the piece was subjected to a postheat of 1550 F for 
3 hr followed by furnace cooling. Fig. 2 shows the welded piece 
before machining. Fig. 3 shows the same piece after machining 
and removal of trepanned coupons which served as a record of 
the condition of the welds before the heating tests. The contrast 
between the austenitic and ferritic steels can be seen clearly in the 
latter illustration. 

At the suggestion of Mr. D. B. Rossheim of the M. W. Kellogg 


Company, an additional joint of an entirely new type was fab- Fic. 3 Muvttiwe_tp Test Prece Arrer MACHINING AND 
ricated, as shown in’ Fig. 4. The purpose of this arrangement TREPANNING OF Test Piucs inser 
is that the major portion of the interface between the dissimilar thert 
metals is longitudinal to the pipe rather than transverse, and “N 
therefore subject principally to shear stress only as a result of = shee in 
internal pressure or bending forces. If failure occurs at the joint a PRR geod may 
between the two metals, it should appear as a lap or lamination — ie \ i : j Fi 
rather than as a separation straight across the pipe. The joint =F intro 
was made by the Kellogg ‘“Kelcaloy” process, which is used in Tab} 
pressure-vessel construction where low-alloy base metals 
clad with corrosion-resistant materials. 
Fig. 5 is an external view of the transition piece containing the 7 4—: : Figs 
joint, hereafter referred to as the Kelealoy piece. The composi- : pipe 
tions of materials used are given in Table 1. A short piece of — cauiifamraibaa meget paid perat 
2'/, per cent chrome 1 per cent molybdenum pipe was welded to gg em pe iid ee 15" OUTSIDE DIAMETER 400 
the ferritic end of the test piece in order to provide a weld be- coolin 
tween similar materials for control purposes. "1c. 4 ARRANGEMENT OF KELcALoY Test Piece Tem 
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Viel Te find? 


Fic.5 Ketcatoy Test Piece Arrer MAcHINING AND TREPANNING 


or Test 


HeatinG-Test PROCEDURE 


The heating of the test pieces was carried out at the Essex 
Station of the author’s company, where induction-heating equip- 
ment was available. Initially, it was proposed to heat the test 
pieces directly by winding them with induction coils. It was 
found, however, that it was impossible to heat uniformly owing 
to the widely different magnetic properties of the two steels. The 
final arrangement was a furnace which consisted of a 24-in 
insulated induction-heated pipe, in which both test pieces were 


Fic.6 Heatina Furnace SHow1ne EquiPpMENT 


inserted at the same time, end to end, Fig. 6. A total of 24 
thermocouples were installed and temperatures were recorded. 
“Normal” cooling was accomplished by the use of a blower con- 
nected to a perforated pipe inserted inside the test. pieces, which 
may be seen in Fig: 7. 

For the quench tests a steam-atomizing oil burner was used to 
introduce a fine water spray in the cooling-air stream, Fig. 8. 
Table 2 shows the heat cycles to which the test pieces were sub- 
jected. Fig. 9 shows a typical normal heating and cooling 
cycle. Fig. 10 shows a similar cycle during the quench tests. 
Figs. 11 and 12 show the temperature differences across the 
pipe wall during the quench tests. It will be noted that the tem- 
perature differential across the 1.625-in-thick pipe exceeded 
400 F during the quench tests, whereas during the normal 
cooling tests the maximum differential did not exceed 50 F. 
Temperatures during the quench tests were difficult to control, 


SHOWING ®& {EN AND 
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TABLE 2 HEATING AND COOLING CYCLE PROCEDURE 
—Cycles 
Heating and cooling.................. 0-25 26-100 101-110 a 
Heating period to 1100 F, hr........... 4 2 2 “ 
Holding period at 1100 F, hr........... 1% 0 0 ily 
2 


Cooling period to 200 F, hr........... 2 
Cooling period to 600 F.............. ’ 


rapid 
and therefore varied considerably. The most severe quench 
(upper range) and the least severe quench (lower range) tem- 
perature differentials across the pipe wall are plotted in the 
RESULTS oF TEsTs 


Coupons were removed for examination before, during, and 
after the tests, and the entire test pieces were subjected to zyglo 
and x-ray examinations in accordance with the schedule shown in 
Table 3. 

Zyglo examination of the multiweld piece after welding and 
before the heating tests indicated surface cracking in the 15/35 
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TEMPERATURES MEASURED 
BY 12 THERMOCOUPLES SA 
ON MULTIWELD PIECE (7\. 

@ HIGHEST RECORDED 
“Y TEMPERATURES 
800 7 
LOWEST RECORDED 
TEMPERATURES 


200 


TEMPERATURE - F 
° 


0 3 a 


2 
TIME - HOURS 
Fic. 9 TypicaL HeatinGc AND CycLe, CooLep WiTH 
Forcep Arr, Cyctes NUMBERS 26 To 100 


s—7— THERMOCOUPLES 


uw 


TREPANNED HOLE 


VENCH COOLING | 
UPPER RANGE 


¢ OF PIPE 
COOLING AIR— 


> 


u 


QUENCH COOLING 
LOWER RANGE 


FIRST 100 CYCLES 


3 6 12 iS 18 24 27 33 
ELAPSED TIME FROM START OF COOLING OR QUENCH 


MINUTES 
Fic. 11 Typrca, TEMPERATURE DIFFERENTIALS OUTSIDE TO INSIDE 
OF Test Piece DurinG TEsts 
TABLE 3 TEST EXAMINATION PROCEDURE a 
After cycle number............ 0 5 25 100 110 
ER eee Yes Yes No Yes No 
Yes Yes Yes Yes Yes 
Microexamination ............. Yes No No Yes Yes 


weld metal near the fusion line with the 18/8 base material over 
about 23 in. of the circumference, Fig. 13. This filler rod, not 
commonly used, was chosen because it had expansion char- 
acteristics about midway between the 18/8 and the 2!/, chrome 
materials. Cracking was also found in the 19/9 weld metal near 
the 25/20 buttered edge on the 2!/,-chrome base metal. This 
extended over 9 in. of the circumference, as indicated in Fig. 14. 
The other three welds in the multiweld piece were sound, )as 
determined by zyglo and x ray, as well as sihssieeninalinibieal at 
the trepanned plugs, except for small weld-root cracks at the 
backing rings, which were present in all of the welds in the 
multiweld piece. Fig. 15 is a macrograph of the 19/9 Cb weld 
which is typical. Figs. 16 and 17 show typical microstructures. 
No defects were found in the Kelealoy piece as fabricated. There 
were a number of ferritic inclusions in the 18/8 deposited metal 
due to improper control of the casting process. 

Examination of the pieces during the tests and subsequent 
to the final quench tests, indicated that no new cracks developed 
as a result of the cyclic heating and cooling, and there was no 
indication that any of the cracks noted prior to the test due to 
unsound welds had increased to any measureable extent. Zyglo 
examination of the end of the Kelealoy piece after the 100 cycles 
indicated an apparent separation between the two materials 
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Fig. 10 Typrcat HeatTING AND CyYcLe, QUENCH COOLING 


CycLes NuMBErRS 101 To 110 


_THERMOCOUPLES 
2 
= 500 
COOLING 
400 HIGHER RANGE 
300 / iN 
> QUENCH COOLING 
hes LOWER RANGE 
\ 
2 100 4 NORMAL COOLING 
FIRST 100 CYCLES 


° 3 6 9 12 15 18 2! 24 27 30 33 
ELAPSED TIME FROM START OF COOLING OR QUENCH 
MINUTES 
Fig. 12 Typicat TEMPERATURE DIFFERENTIALS OUTSIDE TO INSIDE 
or Test Durine Tests 


Fic. 138. Examination oF 15/35 WELD 


at the surface at one end of the test piece. This could not, 
however, be verified by x-ray examination. 

At the conclusion of the cyclic-heating tests, the test pieces 
were sectioned for detailed examination. Table 4 gives the re- 
sults of the cold physical tests of the multiweld piece. Except 
for the 15/35 weld, which failed in the weld, all breaks in the 


test 
had 


exa 


tori 
the 
hea 

71 


pie 


646 
| 
t 
— 
= 
a 
100 NORMAL COOLING 
this 
aus! 
> 


W EISBERG—CYCLIC HEATING TE 


Fig. 15 or 19/9 Fitter-Rop Wretp 


tensile specimens were in the 2'/;-chrome base material. The 
cracking which had been indicated by the zyglo examination on 
two of the welds was found to be of negligible depth and was not 
detected in microexamination of cross sections of the welds. 
The bend-bar ductility of the specimens judged by ferritic mate- 
rial standards is low, All breaks in the bend bars occurred in the 
18/8 base material or austenitic weld metal. It is expected that 
this matter, along with high-temperature rupture-test results will 
be the subject of further reports by others. _ It is difficult to make 
austenitic welds in heavy-wall pipe free from cracks. The welds 
tested were the first attempted, and the technique of welding 
had not been developed very far at the time. Thorough micro- 
examination of the test pieces by several independent labora- 
tories of the companies involved showed no discernible effect on 
the welds or parent metal which could be attributed to the cyclic 
heating and cooling. 

Table 5 gives results of cold physical tests of the Kelcaloy 
piece. The junction between the austenitic and the ferritic 


PIPING JOINTS 


STEAM 


OF MAIN 


Fic. 16 Microstructure or 2!/, Cr-1 Mo Foreine ww Heart- 
AFFECTED ZONE ADJACENT TO 25/20, CB OverRLAY WELD: X 100 


MICROSTRUCTURE OF 18/8, CB CastTING aT FusION ZONE 
19/9, Cs Meta: X 100 


material was found to be entirely sound as judged by these tests. 
Bend tests of coupons removed from the Kelealoy piece at the 
joint, where an indication of separation had been noted by zyglo 
examination previously mentioned, showed good ductility, and 
photomicrographs indicated that the apparent separation was 
due to intergranular oxidation of negligible depth. The ferritic 
inclusions which were found in the Kelealoy piece proved to be 
weak points, as indicated by failure in those areas in bend-bar 
tests. The occurrence of these ferritic inclusions has been ex- 
perienced before, and studies have shown that they can be 
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TABLE 4 RESULTS OF PHYSICAL TESTS ON MULTIWELD 
PIECE AFTER CYCLIC HEATING AND COOLING TESTS 


(A) Transverse Tensile Tests Across Welds: 
diam) 


(Reduced section—0.505 in 


Per cent elon- 
-—gation in 2 
Bottom 


Per cent reduc- 
-—tion in area— -—Ultimate, psi— 
Bottom 
Filler 


material 


Nore: All failures in 21/4 chrome base material except 15/35 which 
failed in weld. 
(B) Free Bend Tests: 
Per cent 
-—elongation— 


Remarks 


Filler 
material Face 
15/35 
19/9 
18/13 
23/13 


25/20 


Face 
Broke in preliminary 
bend in weld 
Broke in preliminary 
bend in wel 
a outside weld in 


Root Root 


Broke preliminary 
bend in wel 
Broke preliminary 
bend in wel 
Broke in flaw in pre- 
bend 
in preliminary 
bend in 1 
Broke in 18/8 base ma- 
terial before bend 
comple 


Broke in ed at begin- 
ning of 

Broke at cin of weld 
at start of face bend 


Nore: All failures in 18/8 base material or welds. 


(C) Side Bend Tests: 


15/35 


Remarks 


Cracked at beginning of bend in weld i 
Broke in weld at start of bend 

Broke in weld at start of bend 

Broke at edge of weld at start of bend 
Broke at edge of weld at start of bend 


Nore: All failures in welds. 


OF THE ASME 


AUGUST, 1949 
eliminated by close regulation of the electrical condition during 
the intermelting operation. It is expected that additional in- 
formation on the physical tests of this piece also will be presented 
by others. 

For the first three units at Sewaren it was decided to use Kel- 
caloy transition pieces between the ferritie piping and austenitic 
turbine stop valves. A cross section of the final design is shown 
in Fig. 18. In view of the satisfactory performance of the aus- 


tenitic welds in the multiweld piece, a regulation butt weld 
using 19/9 Cb filler metal may be used for the fourth unit 


cR MO JOINT 18/8 


7 


J 


: 


END- 


12.75" OUTSIDE DIAMETER END~I2.75" OUTSIDE DIAMETER 

2.197" WALL THICKNESS 2.0125" WALL THICKNESS 
LENGTH — 18" 

Fic. 


18 ARRANGEMENT OF KeLcaLoy Prece As FINALLY DESIGNED 


It is planned to continue the cyclic testing of full-size pipe of 


various materials and types of welds alongside the actual turbine 
installation at full pressure and temperature. 


CONCLUSION 


One hundred eycles of alternate heating and cooling of seve 


TABLE 5 RESULTS OF PHYSICAL TESTS ON KELCALOY PIECE AFTER CYCLIC HEATING 
AND COOLING TESTS 
(A) Tests Between 18/8 Outer Layer and 21/4 Cr-1 Mo Inner Layer: 
(a) TRANSVERSE TENSILE Tests Across JUNCTION 


Yield 
point, 
psi 
44600 
44200 


Tensile 
strength, 
psi 
67300 
66200 


Speci- Diameter, 


in 1 


Per cent 
elongation 
in. 
30 
17.9 


Per cent 
reduction 
in area 

70 
18.9 


Remarks 


Ragged cup fracture in Cr-Mo 
Straight fracture in 18/8 


(b) SHear Tests THROUGH JUNCTION 


_ Shear strength, psi 
59600 

46000 


(c) Sipe Benp Tests Across JUNCTION 
in. bars) 


(/sin. X 

Specimen Per cent elongation 
1 34 
3 28 


(B) Tests of Control Weld 21/4 Cr-1 Mo to 21/4 Cr-1 


Remarks 
and !/2 in Cr-Mo 
Sheared in Cr-Mo 


Mo: 


(a) TRANSVERSE TENSILE Tests Across WELD . 
(Reduced section—0. 505 in. diam) 


Yield point, psi; 
0.5 per cent elonga- 
tion———. ——tionin area-~ 
Bottom Top 
weld 


of 
weld 
71.4 
73.9 


All breaks in 2!/, chrome base material, 


weld 

37375 

38250 


Specimen 
1 eae 
2 41750 


NoTeEs: 


(6) Free Benp Tests 2!/, Cr-1 


Per cent 
——elongation— 


Per cent Reduc- 
Bottom 
weld 


71.2 
71. 


Per cent elongation 
-——in 2in. — 
Top Bottom 

of 
weld 
16.5 
15.5 


Top 
of 
weld 
66000 64500 
67000 64750 


22.5 


6 25.0 


Mo Control Weld 


Face Root 
44.2 31.4 


41.5 36.0 


Specimen 
1 


9 


Face 
= ir Bent till ends met; 

apd here: 


Av 


Both specimens passed satisfactorily. 


holes 
Bent to 195 deg; 
wel 


two very small 


one small hole in Bent till ends met; one small hole in 


(c) Stipe Benp Tests 2!/, Cr-1 Mo 


Remarks 


wilh 


Root 
Bent to 180 deg; one hole 


weld 


the 
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full-size pipe joints between austenitic and ferritie steels through 
the range of temperature expected in normal operation, plus 
10 cycles simulating water-carry-over conditions, produced no ap- 
parent deleterious results. The effect of long-time exposure at 
the operating pressure and temperature of course cannot be 
evaluated in a short-time test. It is believed, however, that the 
results provide considerable assurance that 18/8 piping, and 
particularly welds between 18/8 piping and low-chrome steel 
piping, can satisfactorily withstand the temperature changes 
which may be expected in power-plant service. 
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Discussion 


R. K. Axtn.? Having been favored with reports of the pro- 
gress of this investigation, we decided to conduct a parallel set 
of tests on tubing, the class of material with which we are more 
concerned. A report of our observations may be of interest as 
supplementary to the paper. First, however, will the author 
favor us with answers to the following questions: 


1 After the multiweld piece was welded, was it allowed to 
cool from preheat temperature before stress-relieving, or was it 
raised immediately to the higher temperature? 

2 Was the joint, made by the Kelealoy process, stress- 
relieved in the same manner as the multiweld piece, and if not, 
what was the procedure? 


Our investigation, like that of the author, was made to de- 
termine the effect on welded joints between ferritic and austenitic 
materials of alternate heating to 1100 F and cooling. We de- 
sired further to know whether rapid cooling from operating tem- 
perature would affect the joint differently from slow cooling. 
For the reasons offered by the author, we repeated the slow cool- 
ing cycle 100 times, but we increased the number of rapid cooling 
cycles from 10 to 25 in order to intensify the effects of this type 
of cooling. 

Our tests were made on 2-in-OD X_ 0.200-in-wall tubing, 
involving flash-welded and fusion-are-welded joints between 


3 per cent chromium, 1 per cent molybdenum, ASME Spec 
213, T-21 
18 per cent chromium, 8 per cent nickel with titanium, ASME 
Spec SA 213, TP 321 
25 per cent, chromium, 20 per cent nickel, 0.15 per cent maxi- 
mum carbon 


Are welds were made using 3 Cr-1 Mo filler metal between 3 
Cr-1 Mo and 18-8 Ti base metals, and 25-20 filler metai between 
the three combinations of base metals. Appropriate preheating 
and postheating was applied to each type of joint. Each type 
of joint was made in triplicate, one to be tested without cyclic 
heating and cooling, one to be tested after 25 cycles of heating to 
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1100 F, holding 1'/2 hr, and water-quenching, and the third to 
be tested after 100 cycles of heating to 1100 F, holding 11/2 hr, 
and furnace-cooling to approximately 150 F. 

The tests applied included the Zyglo test, Rockwell B hardness 
survey, free-bend tests, and microscopic examination. The 
Zyglo test was applied to determine first if there were any cracks 
in the original welds, and again after completion of cyclic heating 
and cooling to determine whether or not cracks had developed. 

Hardness surveys were conducted to determine the efficiency 
of stress-relieving, the hardness characteristics before cyclic 
heating and cooling, and any changes which might have occurred 
because of cyclic heating and cooling. 

Free bend tests were made to determine the ductility at vari- 
ous stages of thermal treatment and were considered the most 
important of the tests used. Tests were made on longitudinal 
sections following the spirit of the requirements of the boiler 
code, measuring the elongation of an original gage length equal 
to twice the tube-wall thickness. 

All fusion welds involving 3 Cr-1 Mo material were preheated 
and maintained at 600 F minimum throughout the time of weld- 
ing and until they were placed in a stress-relieving furnace. A 
preliminary stress relief at 1300 F for 1 hr was given to a group 
of welds before they were subjected to various experimental 
stress-reliving procedures. After a satisfactory procedure was 
adopted, newly welded samples were stress-relieved according 
to that procedure. 

Hardness and bend tests were made on welds subsequently 
stress-relieved experimentally at subcritical temperatures and 
at various temperatures up to 1550 F, which was used by the 
author in his investigation. The data obtained are shown in 
Table 6 herewith. It will be noted that the hardness data are 
not very helpful in determining the properties of a weld. The 
ductility as shown by the free bend tests is more important. The 
welds with 1300 F preliminary stress relief failed by cracking with 
low elongation and can be considered as proof of the necessity for a 
proper stress relief. 

A temperature of 1350 F, that is, subcritical temperature 
stress relief, produces better than 30 per cent elongation if the 
cooling rate is slow enough. Nonuniformity of furnace tem- 
perature, resulting in some overshooting, may cause some carbide 
solution so that air cooling from 1100 F tends to produce some 
hardening in the ferritic material. 

Temperatures of 1500 F or higher cause excessive carbide 
migration with attendant weakening of the ferritic material 
through decarburization and embrittlement of the austenitic ma- 
terial through increase in carbide content and subsequent carbide 
precipitation. As a result, the bend specimens failed at or near 
the juncture of the two types of materials. 

On the basis of these data we decided to stress-relieve, or 
“anneal” all joints involving this ferritic material by holding for 
2 hr at 1350 F, cooling at a controlled rate, 50 deg F per hr, to 
1200 F, and cooling further in the furnace to 800 F or less. Addi- 
tional sets of joints 6 and 7 were further annealed by heating to 
1550 F for 2 hr, cooling quickly in the furnace to 1250 F, holding 
for 1 hr, furnace-cooling to 1000 F, and then air-cooling. 

Joints involving only austenitic materials were tested either 
as welded, or after annealing, or “equalizing,” by holding at 
1550 F for 5 hr and air-cooling. 

The Zyglo test showed no cracks either before or after cyclic 
heating and cooling. 

Table 7 shows the results of free bend tests, each set of figures 
representing four tests. The type of weld, materials joined, and 
the stress-relieving or annealing treatment are indicated. Sam- 
ples tested prior to cyclic heating and cooling are designated by 
the letter “‘A.””. Those cooled rapidly from cyclic heating tempera- 
ture are indicated by “R,’’ and those cooled slowly, “‘normally,” 
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TABLE 6 EXPERIMENTAL STRESS-RELIEF TREATMENTS: 


Specimen no 

Temperature, deg F.. 

No. of hours.. 
Cooling rate, deg pe hr. 
Minimum 

No. of hours.. 

Cooled in 


4A-14 
1350 


Hardness Tests: 


3 Cr-1 Mo tube 
8 Cr-1 Mo filler......... 


18-8 Ti tube 


Bend Tests: 
NF or F..... 
Elongation, per cent. ... 


Remarks 180 deg Good 
flat 


PER CENT ELONGATION ON FREE 


Type of weld 
Joint no. 
Materials 
Treatment 


Maximum 
Minimum 
Average 


Stress 

-—3 Cr-1 Mo 
R 
26 
14 
20 


-18-8 Ti— 
N A 


44 
40 
42 


~= 


Type of weld — 
Joint no. 
Materials 

Treatment 


Maximum 
Minimum 
Average 


Type of weld 


-—4 Stress relieved— 

A R 
40 
30 
35 


relieved—. Stress relieved— 


—38 Cr-1 Mo 


R 

52 
44 
47 


———Are welds———— 


-—3 Cr-1 Mo—18-8 Ti?— Ti—25-206 


4A-15 


Good 


THE ASME AUGUST, 1949 


ROCKWELL B HARDNESS AND FREE 


4A-5 
1500 
9 


BEND TESTS 
1350 
9 


400 
800 
9 


Furn. 


toroto ors 4 


On 


NF 
31.8 


Broke 

at 
scribe 
mark 


180 deg 180 deg 
flat flat shear 
at we 


line 


BEND TESTS 


-Flash welds 


~ 


As welded— 


N 


-—5 As welded— -—5 Annealed— 


46 
22 
38 


N 
43 


A R 


46 
43 
45 


N 
38 
34 


36 41 


Joint no. —6 Stress relieved—. —6 


Materials 
Treatment 


Maximum 
Minimum 
Average 


@3Cr1 Mo filler metal. 
b 25-20 filler metal. 


by “N.” Hardness tests are not included because there were no 
changes observable due to the heating and cooling cycles. Joints 

6 and 7 showed a difference in hardness of ferritic material as a 
result of prior thermal treatment. The stress-relieved samples 
had a hardness from 83 to 89 next to the deposited metal, and the 
annealed samples had a hardness from 72 to 75 at the same loca- 
tion. The austenitic material showed no difference in hard- 
ness. 

A study of the data in Table 7 reveals the following: 


1 Flash welds between 3 Cr-1 Mo and 18-8 Ti, stress-relieved 
at 1350,F, show comparatively low ductility especially after 
rapid cooling cycles. 

2 Flash welds between 3 Cr-1 Mo and 25-20, stress-relieved 
at 1350 F, have good ductility, but show some loss after 100 cycles 
of slow cooling. 

3 Austenitic filler metal of 25-20 composition produces a 
joint between 3 Cr-1 Mo and 18-8 Ti that retains more ductility, 
especially after the slow cooling cycles, than 3 Cr-1 Mo filler 
metal, 

4 Joints between 25-20 chrome-nickel alloy and 3 chrome 1 
moly are superior to those between 18-8 Ti and this ferritic 
alloy. 

5 A stress-relieving temperature of 1350 F applied to a 3 Cr- 


Annealed——. 
————3 Cr-l Mo—18-8 Ti> 


Are welds— 


Stress relieved -——-7 Annealed—. 


25-206 
A 
34 


27 


30 


1 Mo-25-20 joint is superior to a 1550 F annealing treatment, 
because of the greater ductility retained after cyclic heating and 
cooling. 

6 Cyclic heating and cooling does not appear to detract from 
ductility of stress-relieved joints between 3 chrome 1 moly and 
25-20 chrome-nickel. 

7 With respect to ductility of a joint between the two kinds of 
austenitic materials, neither the ‘‘as-welded” joint nor the an- 
nealed joint shows superiority over the other, and joints in eithe1 
condition retain good ductility after cyclic heating and coo!- 
ing. 

8 The rate of cooling does not appear to influence the ductility 
of the joint so much as the number of cycles. This may be an 
ii.dication of the effect of time at operating temperature which 
these short-time tests cannot evaluate. 


Based on the results of these tests, it would appear that joints 


' between 3 per cent chrome | per cent molybdenum and 18-8 Ti 


materials would be improved if an intermediate section of 25-20 
material were inserted. This type of construction has a threefold 
advantage: (1) The joint between ferritic material and 25-20 
using 25-20 filler metal can be stress-relieved at 1350 F, holding 
carbide migration to a minimum, and then cooled appropriately 
to produce a ductile joint which remains ductile after several 
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cycles of heating to 1100 F and cooling. (2) The joint between 
25-20 and 18-8 Ti, using 25-20 electrode, is easily stress-relieved by 
heating and holding at about 1550 F and then air-cooling, or it 
can be left as welded, either of which is satisfactory. The first 
type, requiring more precise stress-relieving temperature control, 
can be made in the shop; the second type between two austenitic 
materials does not require too precise control of preheat or post- 
heat so can be handled easily in the field. (3) The insertion of 
25-20, having an intermediate coefficient of expansion between 
the other two alloys, supplies a structure less susceptible to the 
effects of differential expansion. 


H. S. BuumBerG’ ano W. B. Bunn.‘ This paper is timely 
in view of the relatively recent and growing interest in the 
use of the austenitic stainless steels as steam power-plant 
piping materials. The subject is a challenging one, and focuses 
on the need for considerably more knowledge regarding the 
behavior of ferritie and high-chromium high-nickel austenitic 
steels in elevated-temperature service. Of value in the reported 
study is the fact that the specimens tested actually represent 
the dimensions and design of piping which is to be used in 
service. 

The author mentions that, in addition to the multiweld butt- 
welded structure which he describes in detail, a specimen of 
Kelcaloy was fabricated so that a comparison could be made be- 
tween the two types of construction. A description of the manu- 
facture of the Kelealoy transition piece was not included in the 
paper, and therefore it will be given here. 

Kelcaloy is the commercial name for the material made by 
the Kelcaloy process, which provides an automatic means for 
melting and solidifying metals progressively, so that relatively 
large objects can be produced. Essentially, the process is carried 
out in the Kelcaloy machine in which commercia! raw materials 
in purified form are melted in a novel manner in special molds at 
a controlled rate through an electric are under a highly protective 
flux. The liquid metal is progressively and rapidly solidified to 
produce metals of high uniformity and particular characteristics. 
Several thousand ingots of a wide variety of compositions have 
been made by this process during the past decade. 

The Kelcaloy machine operates entirely automatically; it is at 
present approximately 40 ft in height. Raw materials enter at 
the top and move downward. These raw materials consist of 
ferro or other alloys and pure metals, flat metal strip, and slag. 
The alloying elements are commonly available in controlled- 
particle size; the strip is selected from commercial sources, and 
the slag is of special composition, In operation, the entering flat 
strip in coil form is moved downward at a controlled rate through 
rolls to form a tubular cross section; simultaneously, alloys are 
metered accurately through the moving tube by unique mechani- 
cal means; the tube continues to move uniformly downward and 
the alloys fall through it, so that an exact quantity of raw ma- 
terials (strip and alloys) reaches the electric are at the end of tube 
in a given time, thus making available at the are within the mold 
a known quantity of liquid metal of controlled composition. 
The are operates under a protecting blanket of molten flux. In 
the process there is continually present during melting a liquid 
level head. Thus there is neither pipe nor voids in the cast ingot, 
and a minimum of segregation. The ingot stress-relieves itself 
during the process so that even extremely air-hardening steels 
including high-speed steels can be made without cracking; sub- 
sequent heat-treatment is of course carried out if necessary. 


* Chief Metallurgist, The M. W. Kellogg Company, Jersey City, 


N.J. 


. ‘Welding Engineer, The M. W. Kellogg Company, Jersey City, 
N.J. 
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The range of analyses which can be made by this queens depends 
on the availability of raw materials in proper form. 

The process will make objects of uniform composition in a 
single melt, or it may be utilized to produce integral objects of 
dissimilar metals. Thus, in making clad-steel plates, slabs or 
ingots of base metal are set up so that one face of the latter forms 
one of the four sides of a rectangular mold. The molten material 
is manufactured in the mold space, and provision is made for 
intermelting simultaneously about 1 in. into the slab or ingot 
face. Because speeds of diffusion of metallic elements are ex- 
tremely high at temperatures reached by the molten metal, the 
clad layer is uniform in composition across its entire thickness. 
An integrally clad object is thus available to the steel mill which 
can be rolled or otherwise hot-worked in conventional manner 
to produce clad plates, sheet and strip, or it may be used in the 
‘‘as-clad”’ condition. 

The Kelcaloy transition piece is a clad material. In its manu- 
facture, an annealed 12'/,-in-diam forging, 30 in. long, of low- 
carbon 2!/, per cent Cr-1 per cent Mo composition, furnished to 
ASTM Spec A-213, Grade T22, served as the base metal. This 
forging was centered in a round water-cooled copper mold, so 
that a space of approximately 2 in. was present between the outer 
surface of the forging and the inner face of the mold; 18-8 Cb 
austenitic steel was manufactured and intermelted with the face 
of the 2'/, per cent Cr-1 per cent Mo forging. The strip used as 
one of the raw materials for melting was of plain-carbon-steel 
composition, and alloys consisted of low-carbon ferrochromium, 
ferromanganese, ferrosilicon, ferrocolumbium, and nickel. The 
clad piece was annealed by heating to 1550 F, holding for 4 hr, 
followed by furnace-cooling. It was then machined to the dimen- 
sions shown on the Kelealoy portion of Fig. 4 of the paper. It 
will be noted that a 2'/, per cent Cr-1 per cent Mo spool piece was 
welded to the 2!/, per cent Cr-1 per cent Mo end of the transition 
piece with electrodes of similar analysis. 

The author reports the presence of ‘‘ferritic inclusions’ in the 
Kelcaloy section when it was cut up for testing. These small 
crescent-shaped inclusions consisted of low-carbon steel, and were 
the result of electrical difficulties encountered during Kelcaloy 
manufacture of the transition piece. Electric meters in the 
Kelcaloy machine are used to give a clear indication as to arc 
stability and uniform melting. In the Kelealoy manufacture of 
the transition piece, it was known that these inclusions were 
being formed during a short part of the melting cycle. Ordi- 
narily, such a Kelealoy piece is not accepted by our inspection de- 
partment. However, when an attempt was made to obtain 
another 2'/, per cent Cr-1 per cent Mo core section, it was learned 
that there would be considerable delay. In a review of the situa- 
tion, it was decided that these inclusions, because of their small 
size and number, would probably not affect the behavior of the 
Kelcaloy section in the cycling tests. 

Subsequent to the manufacture of the transition piece used in 
the presently discussed tests, four more were made for actual use 
at Sewaren. No difficulties were encountered in Kelcaloy inter- 
melting. Careful observations were made during machining of 
the alloy surfaces, and this was compared with the results of 
x ray, Zyglo, and magnaflux testing. Nod effects of any kind 
were observed in any of the four sections. 

It has also been requested that the results given in Table 5 of 
the paper which were made in our laboratory, be discussed in 
somewhat more detail. 


(A) _ lists data obtained on sections removed from the Kelcaloy 
piece, after cyclic heating; the physical test results represent 
values for the junction and vicinity of the 2'/, per cent-Cr Me 
and 18-8 Cb integral transition piece. 

(A) (a) This gives values obtained after testing 0.375-in- 
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diam tension specimens with the Kelcaloy junction at the center 
of the test bars; one half of the length of the specimen consisted 
wholly of the ferritic 2'/, per cent Cr-Mo material, the other half 
of the bar of manufactured austenitic 18-8 Cb steel. A 1-in-gage 
length, !/: in. on each side of the junction, was marked on each 
test specimen. Two tests were made, one fracturing in the 2!/, 
per cent Cr-Mo portion near the junction, with good elongation 
and reduction of area. The other specimen broke in the austen- 
itic portion, with lower elongation and reduction of area. There 
was little difference in tensile strength and yield points between 
the two bars. 

(A) (0) This shows the results of shear tests. These speci- 
mens were prepared in accordance with Fig. 1, ASTM A264-44T, 
in which a small rectangular button of manufactured austenitic 
steel of fixed dimensions is present above the base metal, so that 
shearing force can be applied in testing by utilizing a jig and a 
conventional tensile testing machine. Since load and area in 
shear are known, calculation can be made in terms of shear 
strength. Values of 59,600 and 46,000 psi were obtained in two 
tests. These values are approximately equal to those for unitary 
materials, that is, if specimens were tested wholly of either 2'/, 
per cent Cr-Mo or 18-8 Cb material. It is interesting to note 
that the shear-test requirement of the ASTM specification for 
clad steels is a minimum of 20,000 psi. 

(A) (c) This gives values of side bend tests in which the 
cross section of the wall of the Kelcaloy transition piece was made 
the outer fiber of the side bend test. Again, one half of the bar 
consisted wholly of 21/4 per cent Cr-1 per cent Mo steel, the other 
half of 18-8 Cb. The junction of the two dissimilar metals was 
made the center of the outer fiber of each specimen. No failures 
were observed when the two specimens were bent to 34 per cent 
and 28 per cent respectively, at 180 deg. 

Test values reported in (B) refer to specimens cut from the 
welded ferritic end of the transition piece after cyclic testing. 
Each of the tested bars contained a 2'/,; per cent Cr-Mo weld 
in the center which joined the 2'/, per cent Cr-Mo transition 
piece end to a length of 2!/, per cent Cr-Mo tubing as described 
in the paper. Transverse tension bars containing the weld in 
the center and base metals at each side gave good strength and 
ductility. The elongation values reported are not particularly 
significant, in view of localized nonuniform yielding due to the 
presence of weld, heat-affected zone, and unaffected base metals, 
all within a single gage length. Free-bend and side-bend test 
values reported in (B) (b) and (B) (c) were entirely satisfactory. 
All tests values reported in (A) and (B) are indicative of ex- 
cellent bond quality in the transition piece and of 2'/, per cent 
Cr-Mo weld characteristics. 

Table 4 of the paper reports results of physical tests on the 
five welds of the multiweld piece after cyclic testing. Ultimate 
strength values are satisfactory, but a relatively low order of 
ductility is indicated ih these welds, as judged by face, root, and 
side-bend tests. The transverse-tension elongation values re- 
ported in (A) are difficult to interpret, when it is considered that 
deposited weld metal, two heat-affected zones, and two unaffected 
base-metal regions in dissimilar metals were all contained within 
the single 2-in-gage length of each 0.505 bar. Obviously, there 
was considerable opportunity for highly localized deformation so 
that the reported elongation figures cannot be evaluated reasona- 
bly. It is to be noted that except for the 15 Cr-35 Ni specimens 
which failed in the weld, all test pieces broke in the 2'/, per cent 
Cr-1 per cent Mo base-metal portions. The high reduction of 
area is indicative of the excellent ductility of the 2'/, per cent 
Cr-Mo material. 

A résumé of the reported face, root, and free-bend failures is 
given in Table 8 herewith. The outstanding facts in Table 8 are 
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the preponderance of failures in the weld and the extremely low 
ductilities obtained. 

TABLE 8 SUMMARY OF FACE, ROOT, AND FREE BEND TESTS 


REPORTED BY THE AUTHOR FOR MUL TIWELD PIECE WELDS 
AFTER CYCLIC TESTING 


—Face bend test— —Root bend test— —Side bend test— 


Elon- Elon- Elon- 
gation, gation, gation, 
Joint percent Broke in per cent Brokein percent Broke in 
0 Weld 0 Weld 0 Weld 
19-9 Cb.... 0 Weld 0 Weld 0 Weld 
18-13-2Cb. 25 Type347 0 Weld 0 Weld 
23-13 Cb.. 0 Weld 0 Weld 0 Weld edge 
25-20 Cb... 9 Weld edge 2 Type 347 0 Weld edge 


In order to obtain some indication of the relative ductilities of 
the various zones in each of the five welds, our laboratory, after 
discussions with the author and his associates, prepared a number 
of miniature bend-test specimens from each weld and centered 
each in testing so that maximum bending would be located in 
the weld, the heat-affected zones in each base metal, and in the 
unaffected base metals of each of the five welds. 
the limited material available, small specimens had to be used. 
Results are given in Table 9 of this discussion. The salient 
points developed by these results are as follows: 


Because of 


(a) Relatively low ductility of all welds. 

(b) Relatively low ductility of all austenitic junctions, wit! 
sharp failures at the junction lines. ia) wt Bits 

(c) Good ductility of all ferritic junctions, 

(d) Low ductility of austenitic base metal. iy 

(e) High ductility of ferritic base metal. Pew 


From this it appears that low-ductility regions are confined t 
each of the five welds and the austenitic junctions. 
An attempt was made to correlate these results in terms of: 


Cyclic test conditions. 


ngs 
6 Microstructures of base metals and welds. 
7 Results reported by previous investigators in this field. 
8 Heavy-wall welds made and tested in our laboratories. 


The 18-8 Cb and 2!/, per cent Cr-Mo base metals have sati 
factory chemical compositions; these are consistent with th: 
requirements of ASTM specifications. Microstructure of t 
austenitic material was coarse grained, typical of cast materia 
with eutecticlike aggregate at grain boundaries. The 2'/, p 
cent Cr-Mo base metal was well spheroidized. 

Weld-metal chemistries appear to be typical of those to be « 
pected in each particular weld. In view of recent researches r 
ported, it appears that carbon contents of all welds are in that 
range, reported by Thomas and co-workers, which give low 
ductilities. However, the actual elongation values reported in the 
full-sized specimens are so low that they do not appear to be re- 
lated to chemical analyses. 

No factor was indicated in the welding history which might 
account for the bend-test results. Some welding engineers feel 
that low preheat or perhaps complete absence of preheat wit! 
controlled low interpass temperature is desirable. There is, 
however, as yet no unanimity of opinion on this point. 

Microscopic studies were made of full cross sections of each 
weld. In general, the welds were reasonably free of nonmetallics; 
however, the 23-13 Cb and 25-20 Cb welds were noted to contain 
some slag stringers of the type described by Carpenter. All 
welds were expectedly coarse grained, but no microcracks were 
observed. It was not possible in our studies to relate the low 
ductility values to microstructure. 


1 Base-metal chemistries. 
2 Weld-metal chemistries. 
3 Welding history. 

Heat-treatment. 
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TABLE 9 


-—~Before cyclic— —— 


heating Junction — 
———Weld —~ -———Weld ——dAustenitic— ———Ferritic———. ——-Ferritic-—X 
Elong, Elong, Elong, Elong, Elong, Elong, 
Joint percent Brokein percent Brokein percent Brokein per cent Broke in percent Brokein percent Brokein 
22 Weld 12 Weld 20 Juncet. 30 No cracks® 4 36 
8 38 
19-9 Cb (Buttered) 6 10 Weld 14 Weld 4 Junet. 32 No cracks : er a ‘ 
18-13-2 Cb (Buttered) >. 6 Weld 2 Weld 10 Junct. 24 No cracks ‘ 
6 Weld 2 Weld 10 Junet. 40 Junct. & 
weld 
10 Weld 4 Weld 10 Junct. 36 Junction 


@ Except for slight root bend crack. 


In a consideration of heat-treatment as a possible factor, it was 
realized that there are data to show that ‘‘stabilization” treat- 
ments, consisting of holding at 1550 F and 1650 F and air or 
furnace-cooling, causes some lowering of ductility. However, the 
low values obtained are not typical of the effect of such heat- 
treatments. 

The miniature bend-test results on weld metal representing no 
cyclic treatment are of the same general order as after cyclic 
exposure. This would tend to indicate that the heating and 
cooling procedures were not a primary factor. 

Table 10 herewith lists a comparison of the 15/s-in-thick 19-9 
Cb weld (between dissimilar metals) reported by the author, and 
five 3/,-in-thick welds made in our welding laboratory joining 
Type 347 base metals. The latter joints were restrained during 
welding by heavy fillets at the plate edges. The considerably 
higher elongation values than obtained in the 19-9 Cb weld re- 
ported in the paper are apparent. 

Our studies thus far have disclosed no clear cause for the low 
elongation values reported. 

It is possible that the poor results obtained are traceable to the 
heavy thickness welded, with which there is reldiively little ex- 
perience to date. The need for further experimental studies in 
heavy-walled tubes is clearly indicated. 

The encouraging feature of the data presented by the author 
lies in the fact that no failure was encountered as a result of the 
cyclic heating and cooling. 

This paper will undoubtedly serve as a strong stimulation to 
many investigators to carry out further studies to fill in gaps in 
the present knowledge. 


TABLE 10 COMPARISON OF CHEMICAL ANALYSES, CR-NI 
EQUIVALENTS, AND FREE-BEND-TEST ELONGATIONS OF 19-9 
Cb WELD REPORTED BY THE AUTHOR, AND FIVE WELDS 
MADE AT THE M. W. KELLOGG COMPANY 
19-9 Cb 
weld 
reported —-——-—-Welds made and tested by--——-—. 
Element by author No. 1 No, 2 No. 3 No. 4 No. 5 
Cc 0.062 0.081 0.074 0.080 0.060 0.077 
al Mn 1.80 1.67 1.45 1.46 1.61 1.46 
$2 Si 0.68 0.60 0.42 0.60 0.42 0.41 
‘> Cr 18.64 19.5 19.5 19.7 19.1 21.0 
sé Ni 10.78 10.6 10.6 10.5 9.8 10.0 
45 Cb 0.84 0.83 0.86 0.91 0.89 0.70 
Cr Ea. 1.64 1.64 1.64 1.70 1.76 1.80 
\ Nika. 
Weld thicknesses, 
Free bend {As 
tests, welded 
per cent 31.3 42 41.7 41.7 37.8 
Elong. in{1600 F 
weld, 4hr 
per cent oe 28.6 29.2 36.5 37.2 38.5 
36.5 


® 1550 F, 4 hr. 
_Nore: (1) Weld reported by author joined dissimilar metals. M.W-K. 
Co. welds joined wrought Type 347 materials. 

(2) All 4/q-in-thick welds made under restraint. 


P. M. Brisrer.® The tests reported give a good answer to one 


Staff Engineer, The Babcock & Wilcox Company, New York, 
N.Y. Mem. ASME. 


ELONGATION VALUES OBTAINED IN TESTING MINIATURE BEND SPECIMENS FORCED TO BEND AT LOCATIONS 
INDICATED BEFORE AND AFTER CYCLIC TESTING 


cyclic heating 


» Buttered with 25-20 Cb weld metal on 2!/4 per cent Cr-1 per cent Mo base-metal groove edge. > 


Base Metal 


of the questions in making this type of weld, namely, that of 
differential expansion under cyclic temperature conditions. The 
tests have aided many of us in our studies of this problem since 
knowledge of the results has prevented duplication of test work 
and has permitted greater study of some of the other problems 
connected with welding ferritic materials to austenitic materials. 

We have been doing a considerable amount of test work on this 
subject in our Works Control Laboratory in Barberton under Mr. 
Carpenter, and much of the information we have obtained is 
difficult to evaluate. It is apparent from our studies and tests 
that time is a very important factor, as well as stress and tem- 
perature, and we are sure much will be learned from the test 
specimen to be installed at Sewaren. 

Our discussion of this paper is based on our development work 
and experience. 

One of our tests is a rotating-beam fatigue test, with the test 
specimen being a heavy wall, 2'/:-in-OD superheater tube. In 
testing welds between austenitic and ferritic tubes, we have found 
considerable difference between the results when tested with no 
internal pressure on the tube specimen, and with 2000 psi internal 
pressure. We at first thought that the pressure stress would be 
relatively small in comparison with the stresses from welding and 
differential expansion and would not affect the results appreciably. 
However, test specimens having internal pressure showed a con- 
siderably shorter fatigue life and indicated that the stress imposed 
by the internal pressure had an effect out of proportion to the 
value of the stress. Apparently, at a temperature level of 1050 F 
to 1100 F, the creep effect on the behavior of the materials is not 
apparent in evaluation of the stresses with the elastic theory. 
We believe there is much more to be learned on the behavior of 
metals under load in the creep range, and that laboratory work 
simulating service conditions should consider all loads from 
whatever source. 

Our experience indicates that welding austenitic materials 
with preheat temperature as high as 600 F is not good practice. 
Some of the results to be expected were presented in a paper by 
O. R. Carpenter.* This paper indicated that austenitic materials 
should be welded with a low preheat and with low interpass tem- 
peratures in order to avoid the inclusion of intergranular slag 
envelopes in the weld metal with a consequent loss of ductility. 

When a postweld heat-treatment of 1550 F is given a weldment 
having ferritic base metal and an austenitic weld metal, such as 
reported in this paper, considerable carbon migration from the 
ferritic steel to the austenitic weld metal results. This is apparent 
in Fig. 16 of the paper. There is also carbon enrichment at the 
line of fusion resulting from the migration. Evaluation of the 
effects of the weak zone of carbon depletion and possible em- 
brittlement at the line of fusion under the operating conditions 
of such a weldment are very difficult. Our tests with the fatigue 
machine showed that the decarburized zone is the weakest part 


§ “Some Factors Controlling the Ductility of 25 per cent Cr-2040 


Ni Weld Deposits,” by O. R. Carpenter, American Welding So- 
ciety, October, 1947. 
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of the joint and that failures started at slight notches. However, 
we have examined a weld made with an austentitic rod between 
two pieces of cast 5 per cent chromium pipe which had 11,000 hr 
service at 1000 F, and 375 psi, and had the temperature cycled to 
room temperature seventeen times during this period. This 5 
per cent chromium pipe had received a 2-hr 1575 F postweld heat- 
treatment, followed by air-cooling and drawing at 1250 F, and 
there was found to be appreciable carbon depletion in it. There 
were also numerous slag pockets and voids which could have 
acted as internal stress raisers. However, the weld did not fail in 
service, though bend tests on the weld indicated the defective 
condition of the weld. 

While we do not believe the carbon migration in this type of 
weld with the type of service expected will result in an immediate 
failure or dangerous condition, we believe that, since it is the 
weakest part of the weld, it should receive considerably more 
study and should be watched carefully in service. It is possible 
that the effect of carbon migration in a joint, as shown in Fig. 18 
of the paper, will be different from a more or less standard V-type 
weld groove. 

We agree with the author that it is difficult to make welds in 
heavy-wall pipe free from cracks. It is necessary to employ 
careful techniques and to control the weld-metal analysis within 
proper limits. Lack of proper techniques and weld-metal analysis 
control can produce defects which are microscopic in nature and 
difficult to recognize. Our experience indicates that it is these 
defects which tend to produce notches that can eventually lead to 
failure. 

In summary, we believe this paper has contributed much to the 
industry. We all recognize that the power industry is on the 
threshold of a new era of high steam temperatures, necessitating 
the use of materials not heretofore used extensively in this in- 
dustry. We all have much to learn and it is through papers such 
as this that we can all benefit by interchange of information. 


J. D. Conrap.’? The tests described in this paper indeed give 
assurance to the designer that joints between austenitic and 
ferritic materials may be expected to stand up in service. How- 
ever, such tests are necessarily limited in scope, in this case only 
one size and wall thickness of pipe being used. Therefore some 
analysis of the stresses in the test piece, and the manner in which 
these stresses vary with the proportions of the piece seems 
desirable. 

The problem lends itself to at least an approximate analysis 
without undue complications. Let us consider a pipe joint which 
is located a sufficient distance from rigid parts or other joints as 
to be unaffected by them. Assuming the thickness of the pipe is 
relatively small compared to its diameter, a rather simple ap- 
proach may be made by applying the well-known theory of the 
bending of a beam on an elastic foundation. The formulas de- 
rived by the application of this theory will be given. The follow- 
ing nomenclature applies to this discussion: 


T, = temperature at which joint is fully stress-relieved ‘a 
T, = temperature at which stress is computed 
a; = coefficient of espansion of austenitic steel a 
a: = coefficient of expansion of ferritic steel = 
r = mean radius of pipe 
h = thickness of pipe 
A = difference in radial expansion or contraction of the two 
materials 
x = distance along axis from junction to point of stress 
1.285 
B = 


rh 
7 Manager, Mechanical Design Section Steam Div., Westinghouse 
Electric Corporation, Lester, Pa. Jun. ASME. 
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Eh’ 
12(1 — 
o, = bending stress 
o, = tangential stress 
7 = average shearing stress 
A= (T; T>) (ay ay) r 
M, = Ap* De-* sin Bx 
(for Br = /4) = 0.322 


= 2.67 X 10% 


Mins 
=~ h? = 8.5 106 (ay a2) 
P, = Ap* De-* (cos Bx — sin Bx) —s— 
Pmax (for Bz = 0) = 
Prax 
= 5.6 X — (a — 
EA 


o, max (for = 0) = = 14.5 10°(7; — (a1 — ay) 

It will be noted that the proportions of the pipe do not affect 
the maximum bending and maximum tangential stress, i.e., these 
stresses are independent of both wall thickness and pipe radius. 
The shear stress at the joint varies with Wh/r. 

However, the wall thickness and pipe radius have an appre- 
ciable influence on the extent to which all the stresses are carried 
along the axis of the pipe. 

Fig. 19 of this discussion shows the stress variations plotted as 
a function of the quantity Bz. As 8 varies with the proportions of 
the pipe, then the extent to which these stresses are carried along 
the axis of the pipe depends upon the relative wall thickness and 
pipe radius. Computing 8 and using these curves, the designer 
can determine readily a safe distance to keep such junctions from 
flanges, valve bodies, unremovable weld rings, or anything which 
might serve to raise these stresses. 

The use of these curves also indicates that the 5'/:in. length 
of the sections in the multiweld test piece is such that a cross- 
effect of one junction on the other takes place. For this test 
pipe 8 is 0.43 and for an z value of 5'/2, 8x is 0.75x. Thus it is 
seen from the curves that each junction is within the influence of 
the adjacent ones. 

Using the same general theory as was used in the derivations of 
the foregoing formulas and curves, an analysis of the actual 
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stresses in the multiweld test piece was found feasible. The 
results are shown in Fig. 20 herewith. 

These curves give the stress condition at room temperature and 
are calculated on the basis of no stress at 1550 F. It is assumed 
that the value of # at room temperature is 29 X 10° for both 
materials. The value of (a@; — a) is taken as 2.25 & 107°. 
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Fic. 20 Stresses iN MULTIWELD Test Piece at Room TEMPERA- 


TURE AFTER BEING FULLY StRESsSs-RELIEVED AT 1550 F 


It is interesting to compare the maximum stresses in the test 
piece with the value computed for junctions sufficiently separated 
from each other as to avoid cross-effects. Bendipg stress is re- 
duced from 51,000 to 29,000 psi, and shear stress from 13,000 to 
10,000 psi. The tangential stress is unaffected. 

The stresses so far discussed are, in effect, set up stresses at 
room temperature and, as such, are probably only of secondary 
importance. The change of stress through the cycling range is 
the chief criterion for failure. For the range of 200 F to 1100 F, 
we get a variation of 69 per cent of these stresses. The stresses 
at 1100 F are 20 per cent and at 200 F are 89 per cent, respectively, 
of the values on these curves. 
these two sets of stresses. 


Therefore the cycling is between 
The fact that the highest stresses are 
at room temperature is indeed a favorable condition. 

There is a third stress component not so far considered. At the 
transition between the two materials there is a local radial com- 
pression on one side and an equal radial tension on the other. 
This stress has the same sign and numerical value as the tan- 
gential stress at the same location. In other words, we have 
equal biaxial tension and compression on either side of the ma- 
terial transition point. The third component of principal stress 
is zero at this point. Combined stress may be evaluated accord- 
ingly. 

A stress analysis of the Kelealoy joint has also been made. 
This work is more involved and its presentation is not within the 
scope of this discussion. In general, the theoretical stresses in 
this Kelealoy piece are somewhat higher than in the junctions 
just described. This is particularly true when stress concentra- 
tion, due to change in wall thickness within the piece, is con- 
sidered. Other advantages as pointed out by the author, may, 
however, outweigh this disadvantage of higher theoretical stress. 


Ernest L. Roprnson.' To the writer there seem to be two impor- 
tant lessons to be learned from the series of tests described by the 


‘Structural Engineer, Turbine Engineering Divisions, General 
Electrie Company, Schenectady, N. Y. Fellow ASME. 


author. The first lesson is the ease and success with which a 
welded joint may be made between the very different materials 
used for the station piping and the turbine piping. The other 
lesson is the need for getting a new background of judgment in 
the acceptance of materials selected for conditions never before 
employed. 

A little more might be said with reference to each of these 
lessons. The success of making the welded joint between the 
untike mater‘als was not altogether unexpected, although none- 
theless gratifying. Such joints had previously been used suc- 
cessfully in superheater tubing. They had also been used success- 
fully in the turbine wheels of jet engines manufactured during 
the war. The ability to stand up under 100 such cycles as are 
anticipated in the Sewaren plant, including a smaller number of 
the severe cycles, has been demonstrated. How such joints will 
survive the conditions of service not immediately reflected in the 
tests is a matter in which we shall all be interested. 

The materials chosen for use in this plant have been selected 
particularly because of their long-time strength at high tempera- 
ture, as demonstrated in the most appropriate tests it has been 
possible to devise, among which are included those described by 
the author. 

Over many years it has been customary to judge the materials 
used under less severe conditions by well-known tests indicating 
short-time strength and ductility under ordinary conditions. 

The second lesson to be learned from this presentation is that 
tests, although they have been appropriate in years past for 
ordinary materials under ordinary conditions, can no longer be 
accepted as a suitable background for judgment of the new 
materials developed for the extraordinary conditions now being 
anticipated. It is not the writer’s intention to underestimate the 
importance of any of the short-time low-temperature tests of 
strength and ductility. The important thing to note is that they 
were appropriate for use in judging the materials in current use 
when the test methods were developed. Wholly new levels or 
wholly new tests or both are required for the short-time accept- 
ance of materials suitable for long-time service at extreme tem- 
peratures. 

For instance, we know that large amounts of plastic strain may 
be withstood safely for a limited number of cycles, as this paper 
well shows. We are extending the well-known S-N fatigue curve 
far to the left and finding that it is possible to creep and uncreep 
successively many times under conditions which, on a stress 
basis, would look very severe. We know that the acceptability 
of these compositions is improved frequently by low-temperature 
hardness of a degree which would cast suspicion on the softer 
materials used at lower temperatures. The Sewaren installation 
and this paper constitute a step toward the determination of the 
limitations which must be known as we go to higher steam tem- 
peratures, 


R. L. Jackson.’ From the results of the tests described in the 
paper, it was concluded that a welded joint between ferritic and 
austenitic steels showed no deleterious effects from the cyclic 
temperatures imposed upon it. This conclusion was based on the 
tests conducted over a relatively short time. To gain further 
knowledge of the properties of such welds, the writer’s company 
is running long-time rupture tests on bars from each of the welds 
in the test piece, Fig. 1, in the paper. This discussion will cover 
those tests and will comment on the matter of ductility and other 
weld properties. 

As stated in the paper, bend bar tests on samples cut from the 
welds showed little apparent ductility. This same lack of ap- 


* Turbine Engineer, Apparatus Department, General Electric 
Company, Schenectady, N. Y. Mem. ASME. 
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parent ductility has been encountered by the writer’s company in 
welds between dissimilar materials before; one such case being a 
weld between 2!/, Cr-1 Mo steel and 1 Mo-0.2 V steel. In such 
cases, upset sections have been used to reduce the stress below 
that in straight pipe sections. When dissimilar materials are 
welded together and subjected to bending, most of the bending is 
concentrated in the more ductile of the two materials causing 
failure, with little apparent ductility indicated between the scribe 
marks. It may be that a new concept of what is obtainable in 
room-temperature properties will be formed when more informa- 
tion is available on the alloys being considered for service at 
1000 F and up. 

Early attempts at welding austenitic materials showed con- 
siderable cracking in the deposited metal. By continued develop- 
ment with attention to rod coating and chemistry, this trouble 
has been almost eliminated. Since the time of the heat-cycle 
tests, considerable welding has been done on the various parts of 
the Sewaren turbine built by the General Electric Company. 
Two halves of a large valve chest approximately 7 ft long with 
2'/-in-thick walls were welded together, and then a large stop- 


7 valve casing was welded to each end of the chest. Also, a Kelealoy 
transition piece was welded to the inlet of each stop valve, in 
order that the field weld connecting the main steam piping to the 

7 stop valves could be made between similar materials. At several 


~~ steps in the making of these welds Zyglo and microscopic examina- 
No defect in the weld metal 


tions were made and x rays taken. 


tet 
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was discovered in any of these examinations. Lime-coated elec- - 
trodes were used for all this welding, and no preheat was used. uy 
The major problem in welding austenitic castings appears to be 
the difficulty of detecting discontinuities in the base metal which “ 
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may develop into large cracks under the influence of stresses set 
up by the welding. 

As mentioned previously, test bars from each weld in the 
multiweld piece were placed in a rupture furnace and held at 
1100 F until failure. The bars were loaded at various stresses to 
obtain data for a stress-time curve. All the bars loaded to stresses 
to cause failure in less than 500 hr failed in the 2'/, Cr-1 Mo at 
stress-time values comparable to those published for this ma- 
terial. However, even on these bars there was a sharp line of 
demarcation at the fusion zone where.the ferritic material showed 
considerable strain and the austenitic material practically none. 
On bars loaded to stresses causing failure in times longer than 500 
hr, an unusual type of failure showed up. Apparently, failure 
starts as a shearing at the fusion zone and then final failure occurs 
as a typical tension failure of the intercrystalline type with low 
ductility (see Figs. 21, 22). Bars from each weld are sti!] running 
in the furnace, but the data obtained so far have been plotted 
(see Fig. 23), and the curves extrapolated to 100,000 hr to give the 
following rupture-stress values: 


100,000-hr rupture 


Electrode strength at 1100 F, psi 


18 Cr-13 Ni-2!/2 “Mo 5000 
Nore: All electrodes except the 15 Cr-35 Ni were stabilized with 
columbium. 


Published data for the 2!/, Cr-1 Mo material give the following 
100,000-hr rupture strengths at 1100 F: 


B&W (annealed)........... 
Timken (normalized) 


6300 psi 
8200 psi 


At present a turbine to operate at 1050 F is being designed with 
stop valves of austenitic steel to which the main steam pipe of 
2!/, Cr-1 Mo steel will be welded by a joint similar to the ones 
subjected to the tests described in the paper. The wall thickness 
has been proportioned to give safe stress values in accordance 
with test data. 


I. A. Rouria.'’ All who have investigated austenitic welding 
of ferritic materials have been confronted with the same funda- 
mental objection, namely, the effect of stresses due to the dif- 
ferent expansion characteristics of dissimilar materials. The 
author has demonstrated that the expected high stresses either 
did not occur or were not severe enough to cause failure even 
under the conditions imposed by a quench. The published re- 
sults of other investigators are in general agreement with those 
reported by the author. 

Some of the earliest work on austenitic welding of ferritic 
materials appears to have been done in the Krupp Industries as 
judged by published reports. European investigators were ex- 
ploring austenitic welding at that time for use in boiler construc- 
tion. The theoretical objection was raised, however, that owing 
to the greater coefficient of thermal expansion of the austenitic 
weld metal as compared with that of the ferritic boiler-construc- 
tion materials, there would be produced intolerably high differ- 
ential stresses which would vary considerably with heating and 
cooling. 

Kautz" stated that alternating hydrostatic-pressure tests 
on boiler drums containing austenitic welds, as well as tempering 


Oy neal Department, The Detroit Edison Company, Detroit, 
ich. 

‘al “The Development of Austenitic Welding,” by K. Kautz, Tech- 
nische Mitteilungen Krupp, vol. 3, August, 1935, pp. 143-173. 
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and cooling tests on austenitic-welded nesiiens did not sub- 
stantiate the fear that the differential stresses between ferritic 
base material and austenitic weld metal were dangerous because 
of different thermal expansions. A further result of those earlier 
studies by both Beckman and Kautz was the Krupp “special 
weld,”’ German Patent 567094, pertaining to the application of 
austenitic welding in boiler and auxiliary-equipment construc- 
tion.!2. The invention covers a chromium-nickel austenitic weld- 
ing electrode of the nominal composition, 25 chromium-20 nickel, 
and was recommended for the welding of ferritic steels. 

In 1936 The Detroit Edison Company used austenitic chro- 
mium-nickel electrodes to weld a carbon-molybdenum test section 
of 5'/:-in-ID and */s-in. wall thickness into an 18-8 stainless-steel 
experimental steam line operating at 925 F and 380 psi pressure. 
The welds were made using 18-8 electrodes, not stabilized. One 
such austenitic welded joint was examined in 1943, after it had 
been in service for 20,000 hr carrying steam at 925 F. During its 
service life, the joint had been cooled to room temperature 42 
times. No harmful effects resulted from either the carbide pre- 
cipitation at the fusion zone of the weld or the mechanical stres- 
sing of the joint, caused by the unequal expansion of the austen- 
itic weld metal and the ferritic pipe metal. 

In addition to the fact that the austenitic weld was entirely 
satisfactory for further service, a significant finding of that par- 
ticular investigation was that the austentitic weld metal had a 
pronounced effect in suppressing graphitization in the weld-heat- 
affected zone of the ferritic pipe material. 

Subsequent investigation confirmed this finding and the results 
of the study were reported in 1944.'% Although austenitic weld- 
ing was suggested at that time as a means for control of graphiti- 
zation in carbon-molybdenum piping, the same objection, namely, 
stresses due to differential expansion, was raised. This objec- 
tion appears to have been disposed of by the results reported from 
tests as well as from actual service. 

A macrograph of the cross section of the austenitic-welded 
joint that had been in service for 20,000 hr at 925 F is shown in 
Fig. 24 herewith. A micrograph of the joint is shown as Fig. 25. 
Although a considerable amount of carbide had migrated from the 
carbon-moly pipe to the fusion zone of the 18-8 weld and into the 
weld metal, the Charpy notched-bar strength of the fusion 

12**The Krupp Special Weld: German Patent 567094,’ by E. 
Beckman, Technische Mitteilungen Krupp, vol. 3, August, 1935, 
pp., 137-142. 

3 **A Study of Austenitic Welding for Control of Graphitization in 
Steel,”” by I. A. Rohrig. See pamphlet on ‘“Graphitization of Steel 


Piping,”’ pp. 65-76, published September, 1945, by THz AMERICAN 
Society oF MECHANICAL ENGINEERS 


Fic. 24 Cross Section or an 18/8 Wetp Between 18/8 Pipe at 


Lert, aND C-Mo Pips at Rieut, Arrer 20,000 Hr at 925 F 


(Black line at fusion zone between C-Mo pipe and 18/8 weld is composed 


of carbides and is not a crack; X1'!/2 approx.) 
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Fig. 25 Herat-AFFrecTED AREA OF 18/8 Cr-N1 WELD IN C-Mo Pipr, 
SHOWING CARBIDE BANpD aT Fusion ZONE AFTER 20,000 Hr or 
L Service at 925 F; 100 


gone was excellent and showed no reduction as a result either of 
_ carbide precipitation and enrichment or of differential stressing 
due te heating and cooling in service. The notched-bar values 


TABLE 12 CHEMICAL 


Code 
nd. Cc Mn P 8 
24 0.07 0.52 0.021 0.003 
25 0.06 1.43 0.018 0.006 
7 52 0.11 0.45 0.011 0.021 
< obtained are given in Table 11 of this discussion. These results 


__ support those given in the paper. 

E> 7 a Objections have been raised against austenitic welding of 

a TABLE 11 NOTCH TOUGHNESS AT 70 F OF AN AUSTENITIC- 
: “o> WELDED JOINT AFTER APPROXIMATELY 20,000 HR AT 925 F 
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ferritic materials because of some failures in service. The failures 
may have been due to factors such as inadequate heat-treatment 
or improper choice of materials for the service involved. Austen- 
itic welds, if made in carbon steel that is to be used at high tem- 
perature, may fail in the weld-heat-affected zone as a result of 
carbon depletion and grain growth in that zone during high- 
temperature service. As little alloy as 0.50 per cent molybdenum 
has been found to be effective in preventing such grain growth in 
the weld-heat-affected zone even though carbon depletion may 
still occur. 

Austenitic welds likewise are not advisable for high-tempera- 
ture applications in steels that develop a highly martensitic struc- 
ture in the weld-heat-affected zone, unless the martensitic 
structure is fully tempered or annealed before service. The 1550 
F annealing treatment used by the author would satisfy that 
requirement. 

Fig. 16 of the paper shows a complete absence of a martensitic 
structure in the weld-heat-affected zone in the 2!'/, chrome-1 
moly base material, which is favorable. The structure indicates 
also that some carbon depletion has occurred in the weld-heat 
affected zone. 
would prevent grain growth in that zone. 

After examination of the test results reported for each of the 
different. welds in the special test section used by the author, a 


The alloy content of the base metal, however 


question arises concerning his selection of the 19-9 welding ele 
trode for future use. 
eracks in the 25-20 weld, whereas, when the 19-9 electrode was 
used, cracks developed. 
pansivity and greater structural stability of the 25-20 weld, seems 
to favor the use of electrodes of that composition rather than otf 
19-9, 


His test results have shown an absence ot 


This fact, together with the lower ex- 


\. B. Witper.'* Stability at 1050 F (565 C) of the 18-8 Cb 
stainless steel and 3 Cr-1 Mo ferritic steel used in the Sewaren 
Generating Station over long periods of exposure is one of the 
factors which will have an important bearing on the ultimate 
properties of these materials. Data ':!® developed in our labora- 
tories on similar steels shown in Table 12 herewith, after exposure 
at 900-1050-1200 F (480, 565, and 650 C) for a period of 10,000 hi 
in the welded and unwelded conditions, will be discussed. 

The prior heat-treatment before depositing weld beads and the 
welding electrodes used are shown in Table 13 of this discussion. 
The weld beads were deposited with a !/s-in-diam electrode using 
100 amp at 24 volts, and an are travel of l0ipm. No preheating 
or postheating was employed. 

Microstructure. Titanium carbides in the 18-8 Ti, and colum- 
bium carbides in the 18-8 Cb in the unexposed parent metal are 


COMPOSITION OF STEELS 


Cr Ni Mo * Cb Ti 
0.386 17.97 10.40 0.011 0.58 
0.444 «2117.80 11.16 0.076 0.77 
0.390 3.21 0.21 0.97 


TABLE 13 HEAT-TREATMENT AND WELDING ELECTRODES 


Code Steel Heat-treatment prior Welding electrode 
no. designation to exposure employed 
24 18-8 Ti (321) 1900 F water quench Type 347 
1550 F air cool 
25 18-8 Cb (321) 1550 F air cool, quench Type 347 
52 3 Cr-1 Mo 1550 F. anneal Type 502 


(a) In metal Chief Metallurgist, National Tube Company, U. 8. Steel Cor- 
at center of weld......... 5 70 of Delaware Subsidiary, Pittsburgh, Pa. 
7 bic —~ . 18 “Graphitization of Steel at Elevated Temperatures,” by A. B. 
7 a - (b) At junction between weld sy Wilder and J. D. Tyson, Trans. ASME, vol. 40, 1948, p. 233. 
metal and pipe metal...................... 190 16 Stability of Steels at Elevated Temperatures,’’ by A. B. Wilder 
: ah and J. O. Light, Preprint no. 36, American Society for Metals, 
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Fic. 26 Unexposep PARENT METAL; 


(a, 18-8 Ti oxalic-acid etch, showing 
acid etch showing columbium carbides; 
carbides, 


shown in Fig. 26 a, b,"and c herewith. Grain structure of the 
weld heat-affected zone of these steels before exposure had a 
tendency to have a columnar structure normal to the weld metal 
Junction. 

In the 18-8 Ti and 18-8 Cb parent metal, sigma phase was ob- 
served after 10,000-hr exposure at 1200 F (650 C). The occur- 
rence of this phase was questionable at 1050 F (565 C) and was 
hot observed at 900 F (480 C). Sigma phase in the 18-8 Ti steel is 
illustrated by comparison of Figs 27(a) and(b). Sigma phase was 
also observed in the weld-heat-affected zone of the 18-8 Ti and 
18-8 Cb steel after 10,000-hr exposure at 1050 and 1200 F (565 
and 650 C). A larger quantity of the constituent was present in 
the weld-heat-affected zone than in the parent metals. 


TEST OF MAIN STEAM PIPING JOINTS 


b, 18-8 Cb oxalic- 
3 Cr-1 Mo nital etch showing 


oe 


In the 3 Cr-1 Mo, no graphitization was observed after expo- 
sure for 10,000 hr at 900, 1050, and 1200 F (480, 565, and 650 C). 
No change in microstructure was detected after exposure at 900 
F. A slight agglomeration of carbides occurred at 1050 F after 
exposure, and at 1200 F additional agglomeration was observed. 

Impact and Hardness Properties. Impact properties of the 
several steels are shown in Table 14. The lower impact properties 
of the 18-8 Cb and 18-8 Ti steels after 10,000 hr exposure at 1200 
F (650 C) were associated with the presence of sigma phase. No 
explanation is offered at this time for the lower impact properties 
of the 3 Cr-1 Mo steel after exposure. 

Hardness changes are presented in Table 15 of this discussion. 
The austenitic steels heeame slightly harder at some exposure 
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Fig. 27 Parent Metat AFTer Exposure or 10,000 Hours at 1200 F; 
(a, 18-8 Ti Murakami’s reagent showing carbides; 
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X L000 
b, same field as a after repolishing and 


etching with Vilella’s reagent showing carbides and white constituent sigma phase.) 


TABLE 14 IMPACT PROPERTIES 


Charpy full-size keyhole notch specimens, ft-lb 


-———Exposed 10000 hr—— 
Steel designation Before exposure 900 F 1050 F 1200 F 
18-8 Ti (321) 107 
18-8 Cb (347) 56 
3 Cr-1 Mo 77 


temperatures. These changes were probably associated with a 
precipitate, submicroscopic in size. The slight change in hardness 


of the 3 Cr-1 Mo steel after exposure at 1200 F may be associated 
with carbide agglomeration. 


TABLE 15 HARDNESS PROPERTIES 


Rockwell B hardness 
-——~exposed 10,000 hr-——. 
Steel designation 900 F 1050 F 1200 F 
18-8 Ti (321) 
18-8 Cb (347) 
3 Cr-1 Mo 


Before exposure 


The material described in this discussion will be exposed for 
a period of 10 years. Creep resistance, tensile properties, and 
other mechanical, as well as certain chemical properties, will be 
determined after exposure. 


N. L. Mocuet.'’ It was indeed a pleasure to co-operate with 
the author and his associates of the Public Service Electric and 
Gas Company, and with the representatives of the General 
Electric Company, the M. W. Kellogg Company, the Combustion 
Engineering Company, and the United Engineers and Con- 
structors, Inc., in the planning and carrying out of the tests 
described so well in this paper. 

Along with others, the writer’s company received a long section 
of the welded composite after all of the tests were completed, 
and some studies made on this specimen may be of interest in 
connection with a study of the entire matter. 

A longitudinal specimen from the Kelcaloy test piece was 
secured, and this was cut up to observe the general nature of the 
joint of the cast to the wrought material. Visual and micro- 
scopic examination and bend tests left the impression that the 
cast 18/8 stainless steel and the wrought chromium-molybdenum 


17 Manager, Metallurgical Engineering, Westinghouse Electric 
Corporation, East Pittsburgh, Pa. 


steel were well bonded together, and no separation had taken 
place during the cycling tests. 

A section 2'/, in. wide for the full length of the multiweld 
test piece, Figs. 1 and 2 of the paper, was procured. This piec« 
was identified as J-10. The five welds in the longitudinal seetior 
were identified in order as follows: ; 


Designation 
A 15 Cr-35 Ni 
B 19 Cr- 9 Ni Cb Buttered with 25/20 
Cc 18 Cr-13 Ni-2!/2 Mo-Cb Buttered with 25/20 
D 23 Cr-13 Ni-Cb 
E 25 Cr-20 Ni 


Deposited metal 


The full length of specimen was first ground, polished, and 
etched to show the general structure. The results are recorded 
in Figs. 28, 29, and 30 of this discussion, which should be grouped 
together to show the full length. Close examination shows small 
root cracks in the case of welds A and B. The other three were 
sound. 

Figs. 31 and 32, herewith, show the manner of cutting up this 
longitudinal specimen to provide creep-rupture and creep 
specimens. Four such specimens were prepared from each 
welded joint. Creep and creep-rupture tests were made on most 
of these specimens and gave results as shown in Table 16 of this 
discussion. 


TABLE 16 RESULTS OF CREEP AND CREEP-RUPTURE TESTS 
Test load, 


Specimen Results of tests 


Failed in 3 hr; failure in Cr-Mo steel 

Discontinued after 158 hr; 14.4 per cent elongation 

Discontinued after 500 hr 

Still running after 7800 hr; 
is 4 X 10-8 per hr 

Failed after 3400 hr in joint of weld to Cr-Mo ste¢ 

Failed after 270 hr, with 32 per cent elongat 
in mid-length of Cr-Mo steel 

Failed after 21/2: hr in CrMo steel 

Failed after 139 hr, with 20.4 per cent elongat 
in CrMo steel 

Discontinued after 500 hr 

Still running after 7800 hr. 
is 5.3 X 10-8 per hr 

Failed after 5420 hr in fillet of Cr-Mo steel 

Failed after 105 hr in joint of weld to Cr-Mo ste¢ 

Discontinued after 3000 hr; 1.88 per cent elonga- 


tion 
Discontinued after 3000 hr; 0.28 per cent elo 
tion 


present creep rat 
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Present creep 
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33 ‘Wee ROSTRUCTURE OF 18 FERRITE — 


(1) Ferrite material 
(2) Wecarborized zone 


on (3) Carbide migration 
(4) Buttered 25-20 


(6) Weld 18—-13-2-'/2 
Cast 18-8 
Etchant: (1)-(2) and (3) 2 per cent Nital; (4)-(5) and (6) and (7) 10 
per ce lt Chromic Electrolytic 
Magnification: X60 
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WEISBERG 


Fig. 33 


(Continued) 


Fig. 33 shows a composite micrograph of the C-weld. It 
may be of interest especially because it shows the decarburized 
This matter of 
carbide migration will receive much comment and thought. It is 
of interest that some of the specimens mentioned failed at this 
point in the creep-rupture tests. This matter will bear further 
examination. 


zone where the weld joins the ferritic material. 


AUTHOR'S CLOSURE 


Messrs. Blumberg’s, Jackson’s, and Mochel’s discussions should 
be considered as supplementing the paper, much of the work 
involved in the test having been carried out by them. Mr. 
Conrad’s stress analysis also helps make the presentation more 
complete. 

Mr. Akin’s tests on tubing are helpful in evaluating the various 
heat-treatments which may be used. Because his welds were 
so much smaller, he was able to cover the entire range of possi- 
bilities. This preliminary work was not practical with the large 
pipe used in our test. His specimens 4A-6 and 4A-7 (Table 6) 
which were postheated to 1550 F and showed elongations of only 
6.0and 2.5 per cent, respectively, would appear to explain the low 
ductility of the multiweld piece of our test. Messrs. Blumberg 
and Brister point out, and our independent observations of other 


CYCLIC HEATING TEST OF MAIN STEAM PIPING JOINTS 


work indicate, that this heat-treatment does lower ductility. The 
resultant structure with 1550 F postheat, however, may represent 
more closely that which would be expected in actual service after 
several years of operation at 1050 F, and therefore may have 
been more desirable for the purpose of this test. 

Mr. Akin’s evaluation is based entirely on ductility. As Mr. 
Robinson points out, ductility tests may not be appropriate for 
judging the suitability of materials for long-time service at ex- 
treme temperatures, 

Mr. Akin’s suggestion that a 25-20 transition piece be used to 
make the joint between the dissimilar steels may have considerable 
merit. for superheater tubing, where a large number of joints must 
be made under confined space conditions, and therefore the 
elimination of the field postheating would result in considerable 
saving in erection costs. 

in reply to Mr. Akin’s specific questions, the multiweld piece 
was stress-relieved before it was allowed to cool from the preheat 
temperature. As reported in the discussion by Messrs. Blumberg 
and Bunn, the Kelealoy piece ‘‘was annealed by heating to 1550 
F, holding for 4 hr, followed by furnace-cooling.”’ 

Referring to Mr. Rohrig’s comment on the choice of 19-9 weld- 
ing electrodes for future use in making a weld between the dis- 
similar materials, this filler metal was selected tentatively because 
of the desire to have the weld as nearly the same composition as 
the base metal as possible. The better weld obtained with the 
25-20, compared to the 19-9 in the multiweld piece of the test, 
should not be taken as being representative of the two filler 
metals, as these were the first welds made, and much has been 
learned regarding welding heavy austenitic sections since that 
time. More information is expected to be available before it will 
be necessary to make our decision. 

Mr. Wilder’s investigation of the stability of various steels at 
operating temperatures will be followed with great interest. 
There is no complete substitute for time in determining the be- 
havior of metal at high temperature. 

The wide interest in the subject of this paper, shown by the 
large amount of discussion, is gratifying. It is evident that weld- 
ing high-pressure austenitic piping is an involved problem subject 
to many contradictory ideas. Because of the high coefficient of 
expansion, low conductivity, and low yield point of austenitic 
steels, the welding of heavy sections is particularly difficult. 
When we superpose on all this the problem of welding dis- 
similar materials, with the possibility that what is good for one is 
not good for the other, we have a real job on our hands. 

The following are some of the factors which have been suggested 
as being important in the welding of austenitic steels: 


Carbon content 
Silicon content 
Cb or Ti content 
Cb — C ratio 


Castings or forgings 
Preheat temperature 
Postheat temperature 
Peening 


Si — C ratio Buttering 

Cb — Si ratio a P Type of weld bead 

Cr — Ni ratio Welding current 

Delta-ferrite orientation : Weld-rod coating 

Grain structure Backing rings 


Room-temperature physical properties of test coupons are the 
criterion by which the importance of the various factors are 
judged. 

The end result desired is a piping system which will stand up 
satisfactorily in power-plant service at the specified temperature 
for as long a time as possible, say, up to 40 years. Room-tempera- 
ture physical properties of test coupons serve only as an indication 
of the soundness of the joint. They are no measure of the high- 
temperature properties of the full-size joint, nor of the stability 
of the metal at high temperature. High-temperature testing, 
either full scale or of test coupons, is costly and time-consuming, 


a 
4 
| — 


but this is what is needed if we are to avoid failures in service. 
Admittedly, these cyclic heating and cooling tests just scratch the 
surface. 

It is comforting to know that even though the welds in the 
multiweld piece were not of good quality, as judged by the cus- 
tomary but, nevertheless, arbitrary tests of room-temperature 
physical properties, no apparent change resulted from cyclic heat- 


ne 


| 


TRANSACTIONS OF THE ASME 


/ 


ing and cooling/ The use of the Kelcaloy joint appears to pro- 
vide an additional factor of safety, and therefore in our opinion, 
is justified in view of the uncertainties of the situation. 

At this date the first two units at Sewaren have been in opera- 
tion about 5 months. Plans for the additional tests mentioned in 
the paper are well advanced, and it is hoped that more in- 
formation will be available soon. 
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yngine Exhaust 


By P. H. SCHWEITZER! anv T. C 


The maximum amount of energy which an ideal turbine 
can recover from the exhaust gas of an engine is the same 
as the additional energy obtainable from an ideal, com- 
plete-expansion piston engine. This energy, known as the 
convertible blowdown energy, is equal to the tail triangle 
of the p-v diagram. A chart is presented for the quick 
determination of the convertible blowdown energy for ex- 
haust release pressures between 10 and 1000 psia, exhaust 
release temperatures between 0 and 4000 PF, ¢ and altitudes 
between sea level and 40,000 ft. 


N view of the fact that 30 to 50 per cent m the energy of the 
fuel released during combustion in an engine escapes through 
the exhaust, it is not surprising that engineers pay more and 

more attention to the recovery of the exhaust energy. That 
generally takes one of two forms. The energy of the exhaust is 
either used for heating, or it is used for producing mechanical 
work. The thermal utilization of the exhaust, which pertains to 
heat exchangers and exhaust boilers, is outside of the concern of 
this paper. 


Exuaust ENERGY FOR POWER PRODUCTION 


Recently the exhaust energy is being utilized more and more 
for the production of power. Compound engines, exhaust tur- 
bines, and inertia charging of cylinders belong to this category. 
Exhaust turbines widely used both ‘or aireraft and 
Diesel engines for power boost. Ordinarily the power gain is only 
indirect. The exhaust turbine drives a blower which super- 
charges or helps to supercharge the engine. In some applications, 
however, the turbine has been geared to the main shaft to aug- 
ment the engine power. 


are now 


While the turbine is the most popular means of utilizing the 
exhaust energy, it is helpful to know that the maximum amount 
of work which an ideal turbine is capable of producing is exactly 
equal to the work an ideal engine would deliver if the same ex- 
haust gas were allowed to expand in both cases to the same am- 
bient pressure. One of the authors called attention to this fact® 
in 1925 but it has been largely ignored. 

“Complete-Expansion” Piston Engine. 
energy is utilized in a complete-expansion, 
engine, the gain is evidently equal to the tail triangle of the p-v 
diagram, shown shaded in Fig.1. Line 4-1 is the constant-volume 
line at the bottom center position of the piston from exhaust re- 
lease pressure to ambient pressure. Line 4-5 is an isentropic from 
point 4 to ambient pressure. Line 1-5 represents the ambient 
pressure, which at sea level is 1 atm. The area of the triangle can 
be expressed either as 


In case the exhaust 


second, piston 


! Professor of Engineering, Research and Consulting Engineer, The 
Pennsylvania State College. Mem. ASME. 
Associate, The Pennsylvania State College. 
ASME. 

*“How Much Can Be Gained by Exhaust Turbines?” by P. H. 
Schweitzer, Mechanical Engineering, vol. 48, 1925, pp. 860-861. 

Contributed by the Oil and Gas Power Division and presented 
at the Annual Meeting, New York, N. Y., November 28—December 3, 
1948, of Taz AMERICAN SocreTy OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—A-56. 
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1 CONVERTIBLE ENERGY—SHADED TRIANGLE 


Convertible blowdown energy = W, = uo) — Apo(vo — v) 


or as 
= (h — ho) — A(p — Pov 


where u and uo represent the internal energy of the gas at points 
4 and 5, h and ho the enthalpy at those points, and A the recipro- 
cal of the mechanical equivalent of heat. In using the latter 
formula and assuming the exhaust to be a perfect gas 


Exhaust Turbine. In the other case the exhaust energy is re- 
covered by an exhaust turbine during the blowdown process. 
Assuming an ideal turbine which utilizes 100 per cent of the isen- 
tropic enthalpy drop across the turbine all the time, while the 
gas blows out of the cylinder until the cylinder pressure becomes 
ambient atmospheric, the total turbine work is 


is the instantaneous enthalpy, and G the mass of the 

gas in the cylinder. Envisaging 1 lb of gas before exhaust release, 

the integration limits are 1 and the final amount of gas Gp which 

remains in the cylinder when the blowdown process is completed. 
It can be shown mathematically or by a heat balance that 


1 
(h, — ho)dG = (h — ho) — ART (1 
Go 


In a particular case p = 180 psia, 7 = 3300 R and po = 14.7 
psia 


where h, 


(h — ho) — ART = (784.19 — 356.69) 
Pp 


is also evaluated in Fig. 2 by graphical integration, always 
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180 psia 
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ART(I~ “2 ) 220.5 Btu/ib 
00 +100 - 
400 80 FIT 
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10 Btu 4 
\ 
100 20 
>> 
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MASS OF CYLINDER GAS G— Ib 


Fic. 2 


assuming G, = p,V/RT, and using Keenan and Kaye’s‘ tables 
in the computations. The planimetration of the area under the 
(h, — ho) line gives exactly 220.5 Btu per lb and serves as an 
empirical proof (if one is needed ) that the ideal engine delivers the 
same amount of work as the ideal turbine. 

Fig. 2 illustrates the variation of the cylinder pressure p,, the 
isentropic enthalpy drop (h, — ho), and the theoretical discharge 
velocity w,, as the mass of cylinder gas decreases during the blow- 
down process. It may be noted that after the completion of the 
blowdown process, about 15 per cent of the gas mass remains in 
the cylinder. 

Steady-Flow Turbine. If the same pound of cylinder gas were 
used in connection with a steady-flow turbine (the steady-flow 
condition being obtained by interposing an infinitely large re- 
ceiver between the turbine and an assumed eight-cylinder engine), 
the maximum ideal turbine work would be only 129 Btu,® or 
58.5 per cent of the convertible blowdown energy. 

CONVERTIBLE BLOwDOWN ENERGY 

It is clear that in order to obtain the maximum amount of 
energy from the blowdown gas, each gas element should be uti- 
lized at its highest possible pressure and temperature. During 
the early part of the blowdown process, the pressure and tempera- 
ture of the discharging gas are high. Naturally, more available 
energy can be obtained from this high-pressure high-tempera- 
ture gas than if it were allowed to mix with the later portions of 
exhaust gas, thereby reducing its pressure and temperature. 
The convertible blowdown energy, therefore, is the theoretical 
maximum amount of energy which can be recovered from the 


4 ‘Thermodynamic Properties of Air,’’ by J. H. Keenan and J. K. 
Kaye, John Wiley & Sons, Inc., New York, N. Y., 1945. . 
5 Based upon yet unpublished data by one of the authors. 


CURVES OF Pz, Wz, AND (hz-ho) VERSUS G 


blowdown gas. It can be regarded as the goal which designers of 
exhaust turbines may try to approach, but never quite reach. 

This fact gives the concept ‘convertible blowdown energy” a 
more than casual significance. It represents the maximum theo- 
retical amount of energy that can be recovered from 1 Ib of 
cylinder gas if it is allowed to expand to ambient atmospheric 
pressure. The “convertible blowdown energy”’ is defined by the 
initial condition of the gas p and 7’ and by the ambient pressure 
to which the gas can expand. 

It should be noted that in the foregoing formulas, W, is the 
convertible blowdown energy expressed in Btu per pound of gas 
that exists in the cylinder at the point of exhaust release. For a 
given engine the total convertible blowdown energy is 


U = Ww, Btu per min 


where w, = the mass rate at which cylinder gas is produced 
(Ib per min). 


w, = m(? p) (S) (4, + (*) 


where 
w, = lb of cylinder gas produced per min a oe nag 
n = number of engine cylinders 
D = cylinder bore, in. 
S = piston stroke, in. 


S. = effective expansion stroke = piston stroke at point of 
exhaust release, in. 

r = compression ratio 

N = engine speed, rpm 

c¢ = constant = 1 for two-stroke-cycle engines, or 2 for four 
stroke-cycle engines 
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Fig. 3 


(Example: At 30,000 ft altitude, ambient pressure 


exhaust release pressure = 50 psia; pressure ratio = 
of cylinder gas.) 


p = exhaust release pressure, psia f 

T = exhaust release temperature, deg R 

R = gas constant = 53.3 X 12 if cylinder gas is assumed to 

have properties of air 
REFERENCE CHARTS 

Charts shown in Fig. 3 have been prepared on the basis of air 
tables for ready reference in computing the convertible energy 
contained in the exhaust. It shows the convertible portion of the 
heat energy in 1 Ib of cylinder gas, from sea level to 40,000 ft alti- 
tude. 

In order to cover a wide range of pressure ratios, the ab- 
scissa is in logarithmic scale. From the exhaust release pressure 
and the altitude, the pressure ratio is obtained by an alignment 
chart below the abscissa axis. 


PRESSURE p, psia 
CHART FOR DETERMINING CONVERTIBLE BLOWDOWN ENERGY 


11.5; 


aD 


4.36 psia; exhaust release temperature = 2000 F; - 


convertible blowdown energy = 156 Btu per lb 7 


The example shows that at 30,000 ft altitude with an exhaust 
of 50 psia release pressure and 2000 F release temperature, the 
convertible blowdown energy is 156 Btu per Ib of cylinder gas. 
Compared with the fuel energy which approximately amounts to 
1350 Btu per lb of air in a spark-ignition engine, the convertible 
blowdown energy is some 11.5 per cent. At sea level the same ex- 
haust has only 60 Btu blowdown energy available to boost the 
thermal efficiency by 4.5 per cent if full recovery is accomplished. 
This means that, even theoretically, of the energy which escapes 
through the exhaust, only about one fifth can be recovered. At 
high altitudes a larger recovery is obtainable. 

The chart is based on the thermodynamic properties of air. 
In order to show that with combustion gases the results are only 
slightly different, in Fig. 4 the convertible blowdown energy of 
pure air and that of the combustion products of a chemically 
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Fig. 4 Errect or Fureu 
(Assumptions: 7; = 4000 R; p: = 14.70 psia; fuel = [CH2.25)s; fuel/air 


= 0.0665. 


correct fuel-air mixture are compared. In the computation for 
the curve marked “air and fuel,’”’ a chart of thermodynamic 
characteristics prepared by Hershey, Eberhardt, and Hottel was 
used. 

In view of the fact that the exhaust release pressure is 
seldom more than 6 times atmospheric, the error committed by 
using the air chart is negligible. iy “ETS 3 
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Discussion 


IsRAEL Kartz.6 The authors have added materially to the 
advance of internal-combustion engines and have presented a 
convincing case favorable to piston-engine compounding. The 
following remarks are made solely to illustrate how energy in 
the engine exhaust may perhaps best be employed in aircraft 
propulsion machinery. 

While utilization of exhaust energy affords a ready means for 
boosting the power output of many engines, it is quite evident 
that aircraft piston engines have reached a point in development 
where substantial improvements yield only marginal performanc: 
advantages. Turbosuperchargers and coupled gas turbines offe: 
but minor gains in net propulsive effort over the thrust boosts 
attainable with relatively simple duct-type augmenters or jet 
stacks (devices which involve Jittle penalty in terms of me- 
chanical complexity, increased weight, operating hazards, costs, 
and installation difficulties). 

However, a 15 per cent power boost for sea-level take-off and 
moderate altitude cruise (up to 20,000 ft) without loss in fuel 
economy currently justifies the complexities of turbine com- 
pounding, and the leading engine builders have recently an- 
nounced their contributions to this art. On the whole, such 
gains are only of temporary importance (long-range heavy bomber 
propulsion) and involve engine and airframe design changes which 
already crowd the point of marginal return. Further reduction 
in the weight/power ratios of existing engines may involve serious 
losses to reliability or endurance. Higher compression ratios or 
operation at very high manifold pressures will now yield only 
minor gains in economy or power output within limits set by 
incidence of detonation, spark-plug fouling, lead deposition, 
bromide attack on combustion-space components, increased fuel- 
octane requirements, and inadequate cylinder cooling. Opera- 
tion at higher piston speeds will contribute to some power ad- 
vantages, but also to greater mechanical losses, deleterious vibra- 
tion, piston scuffing, and abnormal bearing wear. 
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Fic. 5 Turso Topping Powrer-PLant INSTALLATION COMPOSED OF A MECHANICALLY SUPERCHARGED 

‘‘Toppine” ENGINE, SEVERAL CoMBuUSTORS, A TURBOSUPERCHARGER AND DucTepD 
Jet Nozz_e 

(Air passing through first-stage compressor supplies engine and combustors. § 

with air from the first-stage compressor 2, expand through the turbine 7, and primary jet nozzle 9, and finally iin ved 


merge with cooling air to provide substantial thrust boost 10. 
U.S.A.F., working on this development under direction of discusser at Cornell Aircraft Power Plants Laboratory.) 
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Perhaps a novel approach to this seemingly exhausted en- 
deavor may expose a new field for further developments. Highly 
refined engines surely merit the attention that a new viewpoint 
ean bring to bear. 

A recent classroom study, at the Sibley School of Mechanical 
Engineering, devoted to significant changes in aircraft-engine 
design and compounding possibilities, tentatively discloses that 
power-plant performance may be substantially improved if 
piston engines were used as “topping units” in combination 
with turbo-power-plant components. The power-plant installa- 
tion evolved from this study (Fig. 5 of this discussion) may 
have some very promising features, such as: 


1 High power output at moderate crankshaft speeds to be 
achieved through two-stroke-cycle operation, substantial super- 
charge, and uniflow scavenging during extended valve overlap. 
The use of very rich fuel-air mixtures should permit operation at 
high charge densities with low-octane fuels and afford a measure 
of internal cooling during the scavenge period. 

2 Unusual over-all fuel economy (for the installation weight / 
power ratio) to be made possible by afterburning prior to tur- 
bine expansion (consistent with maximum allowable turbine- 
blade temperatures), in addition to the use of exhaust energy for 
supercharger operation and thrust augmentation in a ducted jet 
nozzle (where combustion products are to merge with heated 
cooling air). 

3 Low weight/maximum-power ratio to be attained through 
two-stroke-cycle engine simplicity and the use of relatively light 
auxiliary components. 

4 Low cost/power ratio to be achieved through use of exist- 
ing highly developed piston engine, turbosupercharger and gas- 
turbine components. 

5 Good installation versatility and maintenance ease. 


Design details cannot be discussed, but the following informa- 
tion will illustrate other anticipated installation properties: 


1 Displacement (piston engine), euin.........0....0.... 2000 
2900 
Sea-level take-off power, bhp.. .. 8600 
4 Static jet thrust (take-off), Ib....................2000-. 800 
5 Take-off bsfe (installation), |b per bhp-hr.. 0.56 
6 Take-off crankshaft speed, rpm.....................-. 3000 

Manifold air pressure (TO), in. Hg abs.............. 80 
9 Release pressure (TO), in. Hg abs..................... 60 
10 Combustor pressure (TO), in. Hg abs.................. 49 
11 Combustor temperature (TO), deg F.................. 1400 
12 Cruise power at 10,000 ft and 400 mph, bhp.......... 1800 


13° Cruise jet-thrust at 10,000 ft and 400 mph, Ib.......... 600 
14 Cruise bsfe (installation), |b per bhp-hr 0.43 
15 Cruise power bte, per cent 28 .2 


E.C. Magpesurcer.’ The paper presents a simple and quick 
way of estimating the heat content or potential energy of the ex- 
haust gases of an internal-combustion engine for any possible 
pressure and temperature of these gases and for any pressure or 
altitude of the ambient air. ‘To measure is to economize,” is 
the sage observation attributed to Pascal. Hence’ this new 
knowledge of the amount of energy wasted in the exhaust. will 
keep on pointing its accusing finger at the engineer and challenge 
him to find ways and means of preventing this waste in a world 
which is becoming more and more sensitive to the status of its 
rapidly dwindling petroleum reserves, 

However, it is not enough, for instance, to know with reasona- 
ble certainty just how much petroleum is stored in the vast 
deposits of oil-soaked shales in Colorado. The question is how 
are we going to make that oil practically available. 


’ Head Engineer, Bureau of Ships, Navy Department, Washington, 
D.C. Mem. ASME. 
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It would seem, therefore, that the value of the paper would 
be enhanced by the presentation of one possible method which 
was found in the huge mass of “unfinished business” created by 
the German surrender. Apparently, only preliminary tests were 
completed, the purpose of the research having been the dev lop- 
ment of a “back-pressure’’ engine suitable for jet propulsion. 
Unless this idea is found to possess attractive economic possibili- 
ties on this side of the ocean, it will stay buried in the mountains 
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Fie. 6 DraGrams or GerMAN Back-PressurE ENGINE 
of rubble and desolation by a people more concerned about 
physical survival than about contributions to the more efficient 
use of fuel resources of the world. 

The concept of the new engine rests upon two opposing pistons, 
the lower connected to a crankshaft in a normal manner, the 
upper made of larger diameter and driven at one half the crank- 
shaft speeds as from the customary camshaft of the four-cycle 
engine. The engine operates on a cycle requiring four strokes of 
the lower piston and two strokes of the upper piston. The ac- 
companying diagram, Fig. 6, of piston motions illustrates most 
effectively the resultant operation. It is obvious that the pistons 
in the “intake” inner dead center must be separated by only the 
minimum possible physical clearance, and at the “injection” 
dead center by the required combustion space. Thus only cool 
and undiluted air will fill the cylinder at the end of the intake 
stroke, the cylinder volume in the lower dead center being in 
excess of piston displacement by one half of the combustion-space 
volume. It will then be compressed in the normal manner on the 
upstroke of the two pistons, the fuel will be injected at or near 
the dead center, followed by the expansion or power stroke down 
to the bottom dead center of the lower piston. As in every normal 
four-cycle engine, the exhaust valve is then opened and the gases 
of combustion are to be “‘transferred’’ by displacement. In a 
normal engine exhausting into the atmosphere, their energy con- 
tent would be lost and wasted. Furthermore, the gases filling 
the clearance space normally remain in the cylinder and thus 
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not only is their heat energy wasted but they also dilute and 
reduce the incoming air charge by heating it. By ‘transfer’ 
to the low-pressure turbine of a turbocharger, for instance, all of 
this energy can be recovered in the form of compressed charging 
air. 

The new engine differs from others by this ability to displace 
all of the gases of combustion out of the cylinder. Furthermore, 
by properly designing the turbine nozzles and the exhaust duct 
between the cylinder and the turbine, the pressure of exhausting 
gases can be maintained and a very much greater part of the heat 
energy of these gases can be converted into mechanical energy of 
the turbine shaft, thereby raising the weight and the density or 
pressure of the air charge, with consequent increase in net output 
and improvement in thermal efficiency or fuel consumption. 

This is one way of materializing the energy now going to waste 
in the exhaust gases of internal-combustion engines. Is it prac- 
tically attractive? Or is there a better way? 


EK. F. Opert.s The authors have emphasized that either an 
ideal turbine or an ideal complete-expansion engine will deliver 
the same ideal amount of work when the working fluid is the ex- 
haust gas from a reciprocating piston engine. The authors show 
that their first equation, for the complete expansion engine, gives 
the same answer as their fourth equation, for the ideal exhaust 
turbine. This proof (and the necessity for such a proof is debata- 
ble because the end result appears to be self-evident) is not 
too satisfying because their fourth equation must be solved by 
A more elegant solution is available by 


graphical integration. 
Consider 


defining a slightly different thermodynamic system. 
that their fourth equation arises from analysis of a nonsteady 
flow system, which consists of a turbine with flow from the 
cylinder into the turbine and from the turbine into the atmos- 
phere. Applying the “first law’’ to each element of fluid which 
flows reversibly through the adiabatic turbine (which is the 
system) 


= (h, = — ho(1 — G) 


=C Go Go 
and this is the fourth equation of the paper. Suppose now that 
the system is defined as the ‘cylinder’ at the time of exhaust 
blowdown. For this system the decrease in internal energy is 


Now examine the fluid leaving this system, say, through a rever- 


The change in energy indicated by Equation [1] herewith, for 
an adiabatic and reversible expansion must be equal to that of 
Equation [2] but of opposite sign 

Go)ho + KEry = u— Gouo 
Since the work to be obtained from this flow must come from 


conversion of the kinetic energy 


Wrev = [u Gouo (1 Go)hols =C 
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Mem. ASME. 


8 Associate Professor, Mechanical 
Technological Institute, Evanston, IIl. 
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Equation [3], unlike the author’s fourth equation, is quite easily 
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solved (and of course [quation [3] reduces directly to the 
author’s first equation, because Gp = v/v). 

It is well to remark that the foregoing equations (and most of 
the author’s equations) are not limited to perfect gases and lend 
themselves to more exact solutions when using combustion charts 


such as the Hottel charts. 


A. R. Rocowsk1.® The authors of this paper have introduced 
a valuable concept. The fact that an ideal blowdown turbine 
will convert into work the same amount of energy that the ideal 
engine would, if both expansions were carried to ambient pres- 
sure, gives the engineer a most useful criterion for comparison of 
actual exhaust-turbine performance. 

Since the authors are considering ideal cases, and since, in fact, 
the authors’ expression for w, is strictly true only if » = 1, it is 
suggested that the exhaust release be assumed to take place at 
Then the ideal efficiency of the blowdown process 


bottom center. 
will be 


w 
From a practical standpoint, early exhaust release will result 
in loss of reciprocating-engine work which is chargeable against 
the turbine. The values of 7’ and p may be calculated easily for 
the theoretical engine cycle, but are much more difficult to esti- 
mate for an actual engine. This is another argument for using 
the foregoing concept, mainly as a simple criterion for comparison 
of actual turbine performance. 

A simple proof that the exhaust energy recovered by an ideal 
blowdown turbine is equal to 


e 


Gar 


= (h ho) — A (p — po)v 


may be obtained by considering the engine cylinder and turbine 
as an “open system.”’ 

Starting with the energy present per pound of gas in the 
cylinder at point (4) as u, then during the blowdown process the 
Go) pounds which leaves the system, carry- 
The flow work re- 


system will lose (1 
ing with it (1 — G))uo Btu of internal energy. 
quire ‘d to force it out of the system will be 


The system will lose turbine work w,, and will gain piston work 
during the exhaust stroke of 


At the end of blowdown, there will remain Gp lb in the cylinder, 

the thermodynamic condition of which will be the same as th 

turbine exhaust, since all the gases bave expanded isentropically 

from p to po. The energy left in the cylinder will be Gouo. 
Noting that Gy = v2/vo and v = v,;, we may write 


From which, combining terms 


w, = u+ Apv — Apv + Apo; — (1 — Go)ho — GoA — Got 


or 


® Associate Professor of Aeronautical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. 
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po) —(1— Gy)ho — Golo 


(ey 


Therefore 


w, = h—h— A (p— pov = 
QED. 

A similar analysis may be made for the case of an internal- 
combustion engine discharging its exhaust gas into a receiver held 
continuously at py pressure. From the receiver, the exhaust gases 
flow through the turbine, expanding to po pressure. In this case 


h 


Flow through the turbine = (1 
engine cycle 


Go) lb per lb of gas in the 


turbine work per Ib gas in cycle = (1 Gy) (h — ho) 
= 

The extra pumping work required of the engine to force the gas 
into the receiver is 


A (v — vz) (p — ni) 


Ge = and Pi = Po 
v r 


Pumping work = A (v — Gw) (p — po) 
shes =A (1 Go) (p Po) v 


The net turbine work per lb of gas in the engine cycle will thus 
be 


hie (1 Go) [(h ho) A (p Po) v] 


Henry Scurecx." When presenting this paper, the authors 
seemed to limit their work to a blowdown process of a mass of 
gas out of a container through a nozzle down to atmosphere. 
The example used in the paper is for the exhaust of a gasoline 
engine, but reference is also made to the exhaust of Diesel engines 
which, therefore, are included in this treatise. Now then, in the 
casc of a gasoline engine, say, an aircraft engine, there is an 
abundance of heat left in the outgoing exhaust, which is not true 
in the case of the Diesel engine, for which an actual example and 
its solution might be in place in the authors’ closure. 

A few years ago one of our leading locomotive builders entered 
into a contract with a well-known builder of supercharger exhaust 
turbines for airplane engines. The contract came about on the 
basis of an outstanding success of the latter in developing the 
Same system for a new supercharged high-speed locomotive 
Diesel, using a liberal-sized exhaust manifold and the blowdown 
method as the authors call it. On the Diesel engine this system 
turned out to be a miserable failure because the turbine did not 
have sufficient output to meet the requirements for the desired 


Supe recharging. The condition was turned into success by sub- 


ASME. 


Retired, Jackson Heights, New York. Mem. 


-ENERGY IN THE 


w, 


ENGINE EXHAUST 671 


stituting the larger exhaust manifold with small individual pipes 

from each cylinder, thereby utilizing the heat mass plus the ki- 
_ netic energy of the gases as they leave the cylinders 

It would be interesting to have somebody, maybe the authors, 
work out the actual conditions with which the engineer is con- 
fronted when determining the exhaust-power utilization of an 
actual Diesel engine. 


H. W. Wetsu.'! In view of the current widespread interest 
in compound reciprocating engines, this paper is timely indeed. 
Theoretical studies of this nature are frequently quite valuable 
in analyzing the potentialities of various proposed designs. The 
chart presented in Fig. 3 of the paper is quite general since it 
can be applied to theoretical Diesel and Otto-cycle engines 
equally well. 

However, the fact that Fig. 3 is based on the temperature and 
pressure at the time of release makes it extremely difficult to use 
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practical applications. 
from another cycle, the writer cannot help but wonder what is 
the relation between the work of the basic cycle and the con- 
vertible energy of the exhaust. 
Unfortunately, the authors have not presented test data show- 
ing the degree of correlation between theory and actual perform- 
For that reason, the writer takes the liberty of presenting 
some data obtained by his company. The tests were run to 
determine the actual convertible energy in the blowdown from 
cylinder to exhaust pressure. 

The data, expressed as a function of theoretical cycle release to 
exhaust pressure ratio, are compared to the authors’ calculations 
in Fig. 7 herewith. Although there is considerable agreement 
with regard to the slope of the curve, the recovery is only about 
35 per cent of that predicted from Fig. 3. The large difference is 
indicative of the losses inherent in exhaust power-recovery sys- 
tems. The losses cover almost every conceivable form, including 
shock, friction, and heat transfer. 

Owing to the magnitude of the losses, it is apparent that actual 
test data must be used for all power-recovery applications and, 
while the chart in Fig. 3 is very interesting from the theoretical 
standpoint, it should not be considered a short cut to evaluating 


ance, 


1! Assistant Project Engineer, Wright Aeronautical Corporation, 
Wood Ridge, N. J. Jun. ASME. 
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the energy actually available. The a is referred to three 
papers which discuss the amount of available energy in the 
exhaust. 

In terms of engine performance, test data show that the blow- 
down energy (convertible energy in this paper) varies from 30 to 
more than 50 per cent of the brake output of typical aircraft 
engines. When this energy is converted to useful work in a tur- 
bine, geared to the engine, the engine power output can be in- 
creased to 15 to 25 per cent at no increase in fuel consumption. 
Although performance data are restricted, it may be of interest 
to note that the writer’s company is now producing a true com- 
pound engine utilizing the blowdown energy. Pictures of the 
engine appeared in newspapers and trade magazines a few months 
ago. 

AuTHOoRsS’ CLOSURE 


The authors wish to express their sincere appreciation for the 
enthusiasm and co-operation of those who participated in the 
discussion, which is rather thought-provoking and adds much 

alue to the paper. 

Prof. Israel Katz described an interesting compound power 
plant for aircraft propulsion in which a two-stroke cycle engine is 
used as a “topping unit.’””’ The compounding of two-stroke cycle 
engines has been a relatively neglected subject in this country, 
but it does seem to present interesting possibilities. 

Mr. E. C. Magdeburger described an intriguing engine which, 
it is understood, was to be used to create direct thrust on the 
water (jet effect) when the exhaust is discharged through a sub- 
merged nozzle. To this end the engine is to make use of three 
unusual features, , (1) pushing out the residual gas from the 
clearance volume, (2) recovering blowdown energy, and (3) 
creating a back pressure in the exhaust at the expense of the piston 
work, utilizing that, too, to increase the thrust. 

For an ordinary engine an elevated back pressure has a very 
detrimental effect upon its volumetric efficiency. If a “back- 
pressure engine,” such as described by Mr. Magdeburger, were 
used, then the volumetric efficiency would be almost independent 
of the exhaust pressure. Such an engine, although requiring un- 
usual valve arrangement, may be attractive for certain applica- 
tions. 

Profs. E. F. Obert and A. R. Rogowski offered proofs of the 
equation for convertible blowdown energy. The former’s proof 
applies to two-stroke cycle engines, and the latter’s to four-stroke 
cycle engines. The final result is the same in both cases. 

The authors had obtained similar proofs but for brevity they 
were not included in the. paper. However, the authors are glad 
that their omission has been ably filled by Professors Obert and 
Rogowski. 

12 ‘Design of Nozzles for the Individual Cylinder Exhaust Jet Pro- 
pulsion System,”’ by B. Pinkel, L. R. Turner, and F. Voss, NACA 
ACR April, 1941 (Wartime Report E-83). 

‘Performance of an Exhaust-Gas ‘Blowdown’ Turbine on a Nine 
Cylinder Radial Engine,”’ by L. R. Turner and L. G. Desmon, NACA 
ACR E4K30 December, 1944 (Wartime Report E-30). 

“Engine Compounding for Power and Efficiency,’”’ by E. F. Price 
and H. W. Welsh, SAE Transactions, vol. 2, April, 1948, pp. 316-328 
and 344. 
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The authors agree with Professor Obert that most of the equa- 
tions in the paper are not limited to perfect gases. They can be 
used for solutions involving combustion products such as was 
done in obtaining Fig. 4. 


Professor Rogowski introduced an expression for the “ideal 
efficiency of the blowdown process.” His expression is not clear 
to the authors. The efficiency of a ‘‘process”’ is difficult to define. 
For practical purposes, Professor Rogowski’s u and 1 are at least 
as difficult to evaluate as the authors’ 7’ and p for an actual 
engine. 

Professor Rogowski presented an interesting scheme in which 
an engine exhausts into a receiver where the pressure is kept 
constant at py. This scheme is theoretically very attractive but 
also involves certain limitations. Primarily, it is applicable only 
to four-stroke cycle engines where one piston stroke is available 
for pushing the exhaust gases out of the cylinder against p, pres- 
sure. Then, owing to the necessity of maintaining the exhaust 
back pressure at ps, Which is much higher than the intake pressure 
~i, any low or medium compression-rate engine is out of the 
question. Unless a high-compression-ratio engine or some special 
engine, such as described by Mr. E. C. Magdeburger is used, the 
volumetric efficiency will be intolerably poor. 

Assuming an ideal Diesel cycle with a compression ratio of 
20:1, a fuel/air ratio of 0.045, and initial conditions of 14.7 psia 
and 560 R, the air-cycle efficiency is 54.6 per cent, and the theo- 
retical mean effective pressure is 188 psi. Based upon Professor 
Rogowski’s scheme, the efficiency is raised to 61.7 per cent, and 
the mean effective pressure to 212 psi (referred to engine dis- 
This shows a theoretical net gain of 13 per cent in 
This is paid for by the addition of a turbine 


placement). 
power and economy. 
and its controls. 

In reply to Mr. Henry Schreck, it may be pointed out that 
Fig. 3 of the paper is equally applicable to gasoline engines and 
Diesel engines. A typical Diesel blowdown with 60 per cent ex- 
cess air involves 50 psia release pressure and 1000 F release tem- 
perature, which results in a convertible blowdown energy of 32 
Btu. One pound of cylinder gas contained 19,000/23.2 = 
820 Btu. The recovered energy is therefore approximately 4 per 
cent. Mr. Schreck also touched upon the question of exhaust 
manifolding. Although the authors are carrying on a very prom- 
ising experimental research on this subject, the test results are 
not yet released for publication. 

Mr. H. W. Welsh’s information is a welcome addition to the 
paper. While the authors agree with Mr. Welsh that actual tests 
must be resorted to for exhaust-energy recovery applications, the 
fact that the actual recovery is only 35 per cent of that predicted 
from Fig. 3 indicates that the art of designing exhaust-blowdown 
turbines is still in its infancy. As Mr. Welsh correctly points 
out, the losses in a blowdown turbine cover almost every con- 
ceivable form, such as shock, friction, and heat loss. A blowdown 
turbine also has to negotiate widely varying blade-to-jet speed 
ratios. It is hoped that concerted research will improve sub- 
stantially the efficiency of present-day exhaust- blowdown tur- 
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Operating Experiences in Connection With | 


Regenerative Reheat- 


By C. A. ROBERTSON,' MILWAUKEE, WIS. 


This paper relates to the performance and design of re- 
generative reheat steam turbines, particularly several large 
1800-rpm tandem-compound generating units. The au- 
thor, who has been associated with field work and design 
of both these and marine types, discusses installations in 
the stations of two power companies. A description of 
these units, together with their respective reheat systems 
and protective equipment, is given, and many details of 
design and operation are discussed. The paper covers 
experiences for a period of 18 years, and also considerations 
relating to units now being installed or under construc- 
tion. 


INTRODUCTION 


ENEWED interest in the reheat cycle for large steam tur- 
RR tine can be based not only on the inherent increase in 

thermal economy obtainable but also on the equivalent 
flexible performance between reheat and nonreheat units, as 
indicated by the 18-year operating experience of one large tur- 
bine manufacturer. Operating records of these regenerative 
reheat steam turbines have included base load and varying load 
operation, together with frequent start-up and shutdown per- 
formance. Protective equipment in the reheat lines has fune- 
tioned reliably and the modifications which have been made 
relate more or less to details of design. ; 

The earlier regenerative reheat units have been in operation 
for some 18 years. These are supplied by steam generated from a 
bank of boilers and a separate reheat boiler. Protective equip- 
ment in the reheat lines consists of intercepting and steam-un- 
loading valves. These units have performed comparably with 
nonreheat units located in the same station. 

An 80,000-kw unit of later design in another station, supplied 
from a single boiler with a resuperheating section, has set the 
highest standard of performance in the industry. Subsequent 
80,000-kw reheat units in this station are in operation, being in- 
stalled, or under construction. 

Initial objections to the wide use of the reheat cycle for large 
turbines were based on a reluctance to increase the unit invest- 
ment for reheat unless it enabled a reduction of exhaust moisture 
to below 12 per cent. At some higher steam pressures, reheat 
was the best answer to high exhaust blade erosion by moisture. 

Today the reheat cycle enables an inherent gain in the thermal 
economy of large turbines which is variously estimated at from 4 
to 6 per cent.? In view of greatly increased fuel costs, an in- 
dividual analysis of investment in each specific case often com- 
pletely justifies its use. 

This paper discusses factually the important features of the 


‘Engineer in Charge, Test and Engineering Calculations Group, 
Steam Turbine Department, Allis-Chalmers Manufacturing Com- 
pany. Mem. ASME. 

*“High Fuel Costs Revive Reheating,” by C. W. Bloedorn, Power, 
vol. 92, August, 1948, pp. 485-487. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., November 28-December 3, 1948, of Tue 
AMERICAN Society oF MecHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of the 
Society. Paper No. 48—A-91. 


Turbine Installations 


operation of reheat turbines and should reduce further any re- 
maining objections to application of the cycle. 


DESCRIPTION OF UNITS 


The large steam turbines, which constitute the subject matter of 
this paper, are essentially similar in basic design and characterize 
the entire regenerative reheat-turbine design practice of this 
turbine manufacturer since installation of its initial reheat unit 
in 1930. This basic similarity lies in the use of a single-flow 
high-pressure reaction element and a low-pressure double-flow 
reaction element both coupled in tandem to an 1800-rpm gen- 
erator. While recent construction involves impulse-reaction 
types, the four units in operation are reaction. The reheat belt 
in each case is in the middle of the high-pressure cylinder with a 
diaphragm between the outlet to and the inlet from the reheater. 

Because of the presence of a large volume of steam in the reheat 
lines and reheater, protective devices for the reheat call for in- 
tercepting valves or the equivalent in the reheat lines. These 
intercepting valves are under control of the main speed governor 
and are arranged to close if the speed of the unit increases to ap- 
proximately 3 or 4 per cent above normal. This arrangement has 
proved entirely satisfactory without causing undue complication 
of the governor gear. 

Four turbines now in operation are discussed: 65,000-kw and 
115,000-kw units in station A installed in 1930 and 1931, and two 
80,000-kw units in station B installed in 1935 and 1943. Two 
additional units of 80,000-kw capacity which are under construc- 
tion or being installed for station B are illustrated in section in 
Fig. 1. The earlier 80,000-kw units are illustrated in Fig. 2. 

The additional units are designed for slightly higher steam 
conditions. The design of these is somewhat modified in that 
they are of the impulse-reaction type, and the low-pressure ele- 
ment is designed for 29'/2 in. Hg vacuum. 

Each station A unit is supplied from banks of boilers plus a re- 
heat boiler. Steam conditions are, respectively, 650 psig, 750 F, 
reheat at 750 F; and 650 psig, 750 F, reheat at 750 F. Both 
operate condensing at 1 in. Hg exhaust pressure. Four stages 
of regenerative feedwater heaters are used for each turbine. 

Station B units have single boilers with resuperheating sec- 
tions, and steam conditions are, respectively, 1230 psig, 825 F 
with reheat at 825 F; and 1290 psig, 850 F with reheat at 850 F. 
Five stages of regenerative feedwater heaters serve each unit. 

The design of all these reheat turbines was based on the con- 
sideration that the division of pressure at the exhaust of the high 
and the inlet to the low-pressure elements would be at approxi- 
mately 20 psia, or nearly atmospheric pressure. The reheat 
stage was to be located in the high-pressure cylinder. 

Construction of the high-pressure cylinder involves the use of a 
diaphragm separating the high- and low-temperature reheat 
steam and requires large extraction belts or passages, together 
with the fact that the high-temperature steam is located adjacent 
to the low-temperature steam. However, experience with this 
construction over a period of years has indicated the reliability 
of this type of design. 

Large extraction belts for reheat steam and large reheat pipe 
connections have resulted in substantially no more difficulties 
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than those offered by applying the regeneration extraction cycle 
to the turbines. 

Differential expansigns-between the parts of the turbine rotor 
and cylinder resulting from the introduction of reheat within the 
cylinder have given no cause for concern, nor have they required 
any major design considerations not consistent with ordinary 
condensing-turbine design practice. 

The magnitudes of these differential expansions as affecting the 
radial clearances were no more than in a straight condensing 
unit. The radial clearances of the blading were those for stand- 
ard nonreheat design of similar size, and periodic inspections have 
indicated that these clearances have been maintained. 

Axial differential movements of parts of the turbine rotors 
relative to the cylinder, especially those in the exhaust end, or 
reheat section, never gave the designer serious difficulties. The 
larger movements occurred only during starting periods, and 
these were provided for in the original design. 

This type of construction of having the reheat belt in the center 
of the high-pressure cylinder has several advantages, as follows: 


1800-Rem ReGeneratTive Reneat Units Now 1n Operation in Station 


1 It maintains the conventional straight condensing form of 
cylinder design characterized by unidirectional flow, and the 
maintenance of small diameter in the high-pressure high-tempera- 
ture region and gradually increasing diameter toward the low- 
pressure end of the turbine. 

2 The leakage losses through the diaphragm are maintained 
relatively low because the pressure drop across the diaphragm is 
small, amounting to the pressure loss of the reheater and con- 
necting pipe and valves. 

3 With approximately atmospheric pressure at either end of 
the casing, the shaft-packing problem is comparatively simple 


DESIGN OF CONTROLS 


For ordinary condensing turbines, speed-governor control of 
main inlet valves, and an overspeed governor operating to close 
the throttle valve, together with check valves on extraction lines 
to feedwater heaters, are sufficient to prevent excessive overspeed 
ing of turbine in case of sudden loss of load. 

With reheat units, however, the large volume of steam store od 
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in the reheat piping and steam space of the reheater has an enor- 
mous potential energy which is not controlled by the main inlet 
valves. Therefore it is necessary to provide some form of re- 
heat protective equipment, such as intercepting valves and un- 
loading valves, in the reheat lines; and for these steam turbines 
these valves are under control of the speed governor. 

The intercepting valves, Fig. 5, and also Fig. 3, items (4) and 
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Superheater drain valve to condenser 
Throttle valve 

Governor-operated control valves 
Reheat intercepting valve, oil-operated by governor 
Reheat intercepting valve, oil-operated by governor 
Reheater by-pass valve manually operated 
Reheater drain valve to condenser 

Steam-unloading valve between reheat and condenser 
9 Superheater safety valves 

10 Reheater safety valves 

11 Reheat diaphragm within high-pressure cylinder 


Fic.3) Scuematic DiaGraM or Unit BorLer TurRBINE INSTAL- 
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(5), are wide open at normal speed, and begin to close at a prede- 
termined overspeed of about 1'/: cycles above normal frequency, 
or 1850 rpm. 

The closing time of these valves is faster than that indicated 
on the tests of earlier units (see Fig. 17), designed for lower steam 
conditions, which required greater valve travel. 

The unloading tests reported in this paper show that, in order 
to limit the overspeed rise, the essential idea is to start these 
valves closing very soon after the tripping off of the load and not 
wait until the speed rises to actuate the overspeed governor or 
mechanism. 

As mentioned, the reheat protective valves are set to operate at 
1'/; eycles above normal frequency. This setting, based on ex- 
perience, appears to be quite satisfactory as most line-frequency 
variations are well below this value. 

Should the line frequency for a very brief interval increase to 
this value, or slightly higher, there may be a slight movement of 
the valves; however, as the interval is usually short, the valves 
are restored to normal setting. 

On the more recent installations, the intercepting valves have 
4 definite partially closed position for overspeeds between 3 and 5 
per cent above normal frequency. 

Should the frequency rise as a result of line disturbance to, 
Say, 2'/, cycles above normal, the valves would only close to a 
fixed position and remain there instead of closing entirely. After 
the frequency drops, the valves again open. 

In addition to the intercepting valves, a steam-unloading 
valve, Fig. 6, is also provided, which under normal load operation 
8 closed and steamtight. This valve, however, following a load 
trip-out, opens by the action of the speed governor slightly after 
the intercepting valves begin to close. This valve relieves the 
steam in the reheat line at a point between the intercepting valve 
and the turbine, and by-passes it to the condenser, see Fig. 3, 
item (8), 

The purpose of this valve is to reduce the stage pressure at the 
eheat inlet and also to keep this pressure near condenser value so 
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that very little steam flows through the turbine blading between 
reheat and low-pressure exhaust, thereby reducing to an absolute 
minimum the possibility of turbine-speed acceleration due to 
leakage steam or residual steam. 

On the units in station A, the reheat control consists of a single 
intercepting valve with two steam-unloading valves, Fig. 15, 
items (6) and (7), respectively. All three are oil-operated and 
are under governor control. They function ata predetermined | 
overspeed of approximately 1850 rpm. This arrangement has | 
proved quite successful, based upon unloading tests, and under — 
actual emergency conditions. 

In the later station B, the units which are at present operating 
are equipped with two intercepting valves, Fig. 3, one in each re- 
heat line to and from the boiler, together with an unloading valve, 
thereby isolating the turbine from the storage volume of steam in 
the reheat system on the boiler side of the intercepting valves. 

These are oil-operated and are under governor control. pens ll 
function at a predetermined overspeed of approximately 185 
rpm. Emergency trip-out has demonstrated satisfactory per- 
formance. 


PROTECTIVE EQUIPMENT FOR NEW UNITs FOR STATION B 


For the new units under construction for station B, Fig. 3 
illustrates schematically the arrangement of the reheat cycle, 
including the boiler and turbine. The arrangement of the govern- _ 7 
ing system, including the reheat contro', is shown in Fig. 4. : 

The general idea involved in this protective equipment is the 
same as that on the two units now operating. The operation — 
of the intercepting valves is the same in this respect, that the — 
valves are spring-loaded for closing and that they are opened and 
held by relay oil pressure. The essential differences are in the 
matter of details. The arrangement also includes a steam-un- _ 
loading valve tapped into the return line from the reheater be-_ 
tween the intercepting valve and the turbine. 

Figs. 5 and 6 are included for the purpose of illustrating the 
type of valves for intercepting and unloading, respectively. 

In this plant, with the unit arrangement of one boiler per tur- 
bine which is so well suited to the use of reheat, Fig. 3 shows 
schematically the arrangement of the reheat cycle, including 
boiler and turbine. 

In the design of the protective equipment for a unit arrange- | 
ment of one boiler per turbine, there are a few general ideas which — 
are worth mentioning: 


1 Fundamentally, the protective equipment in a plant, with a 
unit arrangement of one boiler per turbine, should be interrelated 
with respect to both boiler and turbine. 

2 Turbine overspeed, which may be almost as destructive as 
a boiler explosion, seems properly the principal concern when 
designing and preparing operating instructions for a reheat unit. 

3 Protecting the turbine transcends by far the need for pro- 
tecting the reheater and superheater upon loss of load. 

4 Following load trip-out, obviously the fuel feed in the boiler 
must be stopped very promptly. 

5 Referring to the unloading tests which are described in this 
paper, leakage of steam into the turbine during overspeeding 
following load trip-out, is undesirable from the standpoint of - 
holding the maximum overspeed within safe limits. ; 

6 Modern large steam-turbine units, equipped with hydro- 
gen-generator-cooling, have a no-load resistance that is extremely 
low; therefore relatively small quantities of steam in the neigh- 
borhood of 10,000 Ib per hr, or 1 or 2 per cent of full-load flow 
can cause undesirable overspeeding. 

7 The reheater and its lines can be drained to the condenser, 
thus obviating the need of throttling intercepting valve No. 5 to 
remove condenser vacuum from the reheater system. 
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drains to the condenser never cause turbine overspeeding. — If 
the reheater and its lines are not drained to the condenser, but 
drained to the atmosphere, then, in order to prevent air getting 
into the reheat lines during starting periods, intercepting valve 
No. 5 must, be throttled to hold the pressure in the lines and re- 
heater to a value higher than atmospheric, say, 5 to 10 psig. 
The intercepting valve, item (4), Fig. 3, is designed to act as a 
relief valve in case the pressure in the high-pressure cylinder 
should increase too greatly. For instance, at any time this in- 
tercepting valve should be in a closed position, and the inlet 
valves or throttle valves should allow steam to pass into the 
cylinder, the steam pressure would not, rise to boiler pressure, but 
valve No. 4 would act as a relief valve and relieve the steam 
pressure within the cylinder to the reheat system. 


INTERRELATIONSHIP OF REHEATER AND TURBINE IN PLANT 
Wrirn Untt ARRANGEMENT OF ONE BoILeR PER TURBINE 


Referring to Fig. 3, a schematic arrangement of a reheat cycle 
including boiler and turbine, some designs provide a means of 
protecting the reheater upon loss of load during accidental trip- 
out of the unit by a manually operated reheater by-pass valve, 
and often an emergency pressure-reducing valve at the location 
of item (6), which may be set to open when the flow to the high- 
pressure turbine is stopped by either the throttle or governing 
inlet valves (2) or (3) being closed. 

Consider the case where an emergency pressure-reducing valve 
is installed in parallel to valve (6), and upon loss of load this 
emergency valve opens following the closing of valves (2) and 
(3). 

The intercepting valves (4) and (5) will close, bottling up the 
steam in the reheater and connected piping. The result of flow, 
therefore, through the emergency pressure-reducing valve located 
at (6) would build up the reheat pressure to # point where the 
reheater safety valves would open. 

This would aggravate the condition should any leakage occur 
through the intercepting valves (4) and (5) with regard to turbine 
overspeeding, because the reheater pressure would be higher. 
Lowering of the reheat pressure would be more desirable. 

As an alternative solution, drain valve (7), connected to the re- 
heater, could possibly be profitably opened to help guard against 
leakage of either intercepting valves (4) and (5). 

It seems that the proper location for an automatic emergency 
reducing valve would be in parallel with drain valve (7). The 
steam in the reheater and reheater piping would then be relieved 
to the condenser, producing cooling circulation in the reheater. 

Consider the arrangement in this station. The volume of 
steam in the reheat piping between intercepting valves and re- 
heater amounts to almost 4 times the volume in the reheater. 
One half of this volume is in the reheater piping between inter- 
cepting valve (4) and reheater. This relatively cool steam in this 
pipe is the quantity that would produce circulation and cooling 
of the reheater should valve (7) be opened. 

Hand operation of valve (6) would be less dangerous than auto- 
matic operation. However, the turbine operator only should 
direct. its opening and only when the turbine speed is held well 
below normal. 

In so far as the superheater element. is concerned, upon loss of 
load, steam flow through superheater will be srovided by super- 
heater safety valves, 

Based upon the experiences in this station it can be stated that, 
obviously, fuel feed must be stopped very promptly upon loss of 
load. Instantaneously with its discontinuance, there need be no 
concern of superheater or reheater tubes overheating. These 
relatively heavy tubes have entirely adequate heat capacity for 
the few seconds elapsing between shutting of the turbine valves 
and stopping of fuel feed. 
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Sometimes it seems apparent that too much attention has been 
devoted to superheater and reheater cooling and too little to 
turbine-overspeeding safety. 

There seems a real basis for manufacturers and users both in- 
suring that never are any high-pressure lines so connected that 
their discharge steam can pass through any turbine blading dur- 
ing emergency conditions. The turbine throttle and inlet valves 
upon closing must not be by-passed in any conceivable manner. 


Unit BorLer PER TURBINE INSTALLATION WITH SpEcIAL TyPE 
or REHEAT CONTROL 


A special arrangement of reheat protective valves, shown 
schematically in Fig. 7, has been suggested to the author. 

The difference between this type of protective equipment and 
that shown in Fig. 3 is the elimination of the intercepting valves 
from the reheat lines, and the substitution of very large steam- 
unloading valves connected between the reheat line and the con- 
denser, as indicated in Fig. 7, items (4) and (5). The control of 
these valves would be substantially the same as that described 
and indicated in Figs. 3 and 4. These valves would begin to 
open at about 2 and 3 per cent overspeed and would be wide open 
between 4 and 5 per cent overspeed. 


DIAPHRAGM 


jade 


CONDENSER 


1 Superheater drain valve to condenser 
2s Throttle valve 
3 Governor-operated control valves 
4 Steam-unloading valve between reheat and condenser 
i 5 Steam-unloading valve between reheat and condenser 
6 Reheater by-pass valve manually operated 
giubnaly 7 Reheater drain valve to condenser 
8 Reheat diaphragm within high-pressure cylinder 
9 Superheater safety valves 
10 Reheater safety valves 


Fic. 7 Scnematic Dracram or Unit Boiter PER TurBINE IN- 
STALLATION WITH SpectaL Type oF REHEAT CONTROL 


The effectiveness of this type of reheat protective equipment 
would be in the speed at which the steam in the reheater system 
could be discharged into the condenser, in relationship to the no- 
load resistance offered by the unit under consideration, or com- 
monly referred to as the WR?, or mechanical inertia of the rotating 
elements. 

Regenerative reheat steam-turbine units of the 1800-rpm type, 
designed for high steam pressures and high vacuum, which means 
high mechanical inertia in the rotative parts, together with rela- 
tively small volume in the reheater system due to the high 
density of the steam, would be better adapted to this type of con- 
trol than would steam-turbine units designed for higher speed and 
smaller mechanical inertia. 

Applying this arrangement of large-capacity steam-unloading 
valves as the sole protective equipment in the reheat system, to 
1800-rpm, 80,000-kw, tandem-compound, regenerative reheat 
steam-turbine units, the resulting maximum overspeed upon 
tripping or loss of load would appear to be well within the desired 
safe limits. 

These unloading valves would be under control of the main 
speed governor and would relieve the stored reheat-system steam 
directly to the condenser. 
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In station B the volume of the reheat system is about 1250 
cu ft. At full load, the reheat pressure is about 385 psia and 
corresponds to about 750 lb of steam, 

Following the trip-out and during the period when the steam- 
unloading valves are open, the division of steam through the tur- 
bine blading, after the reheat diaphragm, is approximately 17 
to 20 per cent, the difference being by-passed through the un- 
loading valves to the condenser. 

The rate of steam flow to the condenser for a brief interval of 
time may be as high as 3 times normal full-load steam flow, re- 
sulting in a drop in vacuum of the order of 6 or 7 in. 

The 1800-rpm type of steam-turbine generator units discussed 
in this paper have the higher order of mechanical inertia. 

The stored energy in the reheat system is the same for both 
1800 and 3600-rpm units of equal capacity. 

With the same kinetic energy in either case, and the protective 
equipment requiring the same interval of time for operation, the 
resulting overspeed for the 3600-rpm type would be somewhat of 
the order of twice as high in percentage as for the 1800-rpm type. 

In other words, the 3600-rpm type of unit would require the 
protective equipment to function in about one half the time in- 
terval of that for the 1800-rpm type of units in order to maintain 
the same percentage of overspeed. 

As an added protective feature, it might well be mentioned 
that the units in both stations A and B have an electrical trip- 
ping mechanism which trips the throttle valve and the reheat 
protective equipment immediately upon the opening of the main 
generator circuit breaker in emergencies. In this type of trip, 
the reheat protective equipment operates immediately and does 
not wait for a speed rise to initiate its operation by means of the 
speed governor. 


LIMITATIONS OF PROTECTIVE EQUIPMENT CONSISTING OF 
INTERCEPTING VALVES 


In the following discussion the conventional type of reheat 
protection by means of two intercepting valves and one steam- 
unloading valve is compared with a proposed arrangement of 
protective equipment requiring only two unloading valves. 


1 Intercepting valves do not become effective in the closing 
direction until the valves are almost closed. 

2 Intercepting valves introduce pressure drops in the reheat 
line, thus decreasing the total available energy and increasing 
the heat consumption of the unit. 

3 Fouling of the intercepting valve (for instance, foreign 
metal or particles underneath the seat) would cause the valve 
to be open partially and leak, thus creating a condition for ex- 
cessive overspeed upon loss of load. 

4 Where intercepting valves are used, reheat safety valves are 
necessary in the reheat lines to protect the reheat system follow- 
ing the period of emérgency unloading when the intercepting 
valves are closed. 


RELATIVE ADVANTAGES OF A System Usinc ONLY LARGE 
UNLOADING VALVES 


1 Steam-unloading valves become effective as soon as they 
start to lift off the seats. 

2 Unloading valves do not introduce a pressure drop in the re- 
heat system. 

3 Fouling of the unloading valves (for instance, foreign metal 
or particles underneath the seat) would cause the valve to be par- 
tially open and leak. However, this would not create a condition 
that would result in excessive overspeeding upon loss of load. 
Of course, however, a valve of this type, if it leaks, would require 


immediate maintenance to eliminate loss of economy. 
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4 Where unloading valves are used and no intercepting valves, 
these unloading valves would open following a loss of load or trip- 
ping; therefore the present battery of reheat safety valves, 
item (10), Fig. 7, together with all attendant expense, could be 
dispensed with. 

5 Where two steam-unloading valves are used as shown, items 
(4) and (5), Fig. 7, either one of which alone will prevent over- 
speeding, they are inherently more reliable than two intercepting 
valves and one steam-unloading valve. Like dual throttle valves, 
failure of either of the two intercepting valves creates a hazard. 

6 An objection to installation of steam-unloading valves dis- 
charging to the condenser, would be the tripping off of the house 
auxiliary supply at the same time as the main unit trip-out. In 
this case the circulating-water pumps would stop, resulting pos- 
sibly in sudden loss of vacuum. 


TRENDS IN REGENERATIVE REHEAT STEAM TURBINES 
The list of regenerative reheat steam turbines given in Table | 
presents 18 years of reheat steam-turbine experience of one tur- 
bine manufacturer. 


TABLE 1 REGENERATIVE REHEAT STEAM TURBINES IN- 
STALLED BY AUTHOR'S COMPANY, INDICATING TRENDS IN 
STEAM CONDITIONS 
Unit 
Station no. 
65000 A 


Date 
installed 
1930 


Rating, 
kw Steam conditions 

650 psig, 750 F, 1 in. Hg abs; 
reheat to 750 F 

650 psig, 750 F, 1 in. Hg abs; 
reheat to 750 F 

1230 psig, 825 F, 1 in. Hg abs; 
reheat to 825 F 

1290 psig, 850 F, 0.5 in. 
reheat to 850 F 

1290 psig, 850 F, 0.5 in. 
reheat to 850 F 

1380 psig, 900 F, 0.5 in. Hg abs; Under con- 
reheat to 900 F struction 

1200 psig, 740 F, 1!/2in. Hg abs; 1942 
reheat to 740 F 


115000 1931 
80000 
80000 
80000 
80000 


8000 shp 


1935 
Hg abs; 1943 


Hg abs; 1948 


Marine propul- 
sion regenera- 
tive reheat 
steam-tur- 
bine unit 


The increase in steam conditions, as shown in chronological or- 
der, illustrates the trend in the industry to obtain better heat per- 
formance in view of rising fuel costs. 

Higher thermal efficiencies were also desired in the marine in- 
dustry, and working with the author’s company, a pioneer high- 
pressure regenerative reheat unit of 8000 shp was installed on a 
cargo ship. 

The unit was of three-cylinder construction with reheat. be- 
tween the high-pressure and the intermediate-pressure turbines at 
a pressure of 230 psig and 740 F temperature at full load. 

The high-pressure element, of the impulse type, was rated at 
8012 rpm; the intermediate-pressure element, of the impulse- 
reaction type, was rated 5000 rpm; and the all-reaction low-pres- 
sure element was rated at 4200 rpm. 


FOR REGENERATIVE REHEAT STEAM- 


TuRBINE UNITS 


STARTING PROCEDURE 

Over a period of many years the author’s company has investi- 
gated and developed certain procedures in starting and shutting 
down a number of its larger steam-turbine units, both reheat and 
nonreheat. 

The methods developed cover the starting of steam-turbine 
units for two extremes of conditions, namely, starting from cold, 
or starting following a short shutdown. 

As the industry is installing more and more large units, the fre- 
quent shutting down and starting of these units will be necessary. 
This will also apply to reheat units; therefore the question as to 
the comparative flexibility of reheat to nonreheat units becomes 
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In view of this situation, the author is including in this paper a 
brief summary consisting of graphs and explanations relating to 
starting of reheat units and a tabulation comparing this perform- 
ance with that of nonreheat units. 

The data presented strongly indicate that the flexibility of the 
reheat units with reference to frequent starting and shutting down 
is fully suitable for modern central-station service. 

The graphs portray a procedure common to both types of units. 

Table 2 indicates the comparison of normal starting time re- 
quired for various sizes of units ranging from 25,000 to 80,000 kw, 
three of which are nonreheat units and two are regenerative re- 
heat units. 


TABLE 2 STARTING TIME FOR SHORT SHUTDOWNS 


TOTAL TURNING DESIGN 
RATING STARTING TIME GEAR SPEED CONDITIONS 
YES 


30 MINUTES 350 PSIG -675F.-29INVAC 


30 MINUTES 350PSIG -675F -291N. VAC 


30 MINUTES 6O0PSIG-725F-29 IN. VAC 


600 PSIG -725F 


30 MINUTES 725 F REHEAT- 29 VAC 


30 MINUTES 1230 PSIG- 850 F. 


850 F - REHEAT -29iNVAC. 
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16 18 20 22 24 26 28 30 
EXHAUST VACUUM- IN. HG. 


Fic.8 Exuaust-Sream TEMPERATURES VeRSUS ExHAusT VacuUM 
FOR DIFFERENT 80,000 Kw Reneat UNIt 
(1230 psig, 850 F, 850 F reheat, 29 in. Hg vacuum.) 


With regard to the regenerative reheat units, one was of the 
single boiler per turbine type; the other was served by a number 
of boilers interconnected. 

Fig. 8 is a graph showing the relationship between exhaust tem- 
perature and vacuum for different speeds during the starting pe- 
tiod. This graph indicates the necessity of obtaining high vacuum 
during the latter part of the starting period in order to prevent ex- 
cessive exhaust temperatures. 

Fig. 9 shows two different starts for an 80,000-kw reheat unit, 
illustrating the application of the data shown in Fig. 8. 

These two starts were made on succeeding days. In the first, 
the exhaust temperature got out of control, necessitating the 
shutting down of the unit to allow the exhaust to cool. The rea- 
son for the excessive exhaust temperature was caused by the ina- 
bility to obtain the required vacuum at the higher speeds. 

In the second start, the speed was increased more slowly, al- 
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START UP 12-5-43 START UP 12-6-43 


EXH. TEMP. - 
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Fic. 9 Srartina PerrorMANCE, 80,000-Kw ReHeat UNIT 
a (1230 psig, 850 F, 850 F reheat, 29 in. Hg vacuum.) 


(AFTER 10 HOUR SHUTDOWN) 


AUST TEMPERATURE 


10 so 


20 30 40 
TIME - MINUTES 
Fic. 10 Norma Start-Up ror SuHort Suutpowns, 80,000-Kw Re- 

HEAT UNIT 

(1230 psig, 850 F, 850 F reheat, 29 in. Hg vacuum.) 


lowing the vacuum to increase to a higher value, thus reducing 
windage losses at the exhaust blading and thereby preventing an 
excessive exhaust temperature. 

The blade-tip speed on this unit is only 930 fps. Hence it can 
be seen that, with increasing blade speeds, the necessity of ob- 
taining the required vacuum is of prime importance. 

Fig. 10 shows the normal start after a short shutdown for the 
unit in Fig. 9. It indicates that practically full vacuum is ob- 
tained by the time full speed is reached. The maximum exhaust 
temperature is slightly above 200 F. 

Fig. 11 shows the start of the same unit after a long shutdown, 
for instance, a start following a scheduled inspection . 

The unit operates on a unit system with one boiler, and the re- 
heat section integral with the boiler. In starting, the boiler and 
the turbine are brought up together. 

This turbine is equipped with water-seal glands, and it will be 
noted from the graph that the speed is increased initially very 
rapidly up to about 800 rpm, which is the sealing speed of the 
water-seal glands. This is done so as to reduce air leakage and 
increase the vacuum very fast. 

From the graph the time scale starts from 120 min. The first 3 
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hours are consumed in heating the turbine with throttle steam 
the unit is on the turning gear. 

Thermal stresses introduced because of the great. temperature 
difference between steam and metal are highest when the unit is 
while cold and hot steam is admitted to the turbine cylinder. 

To control the thermal stresses within desired limits, a means 
is provided for measuring the rate of expansion of the turbine cyl- 
inder at the high-pressure end. 

Fig. 12 gives a more complete starting record of the unit cov- 
ered in Fig. 11, from the time the steam is admitted until the unit 
is fully loaded. 

From this chart the time for heating on the turning gear and 
bringing up to speed is indicated. 

The steam pressure and temperature are brought up uniformly 
during the starting period and the early part of loading. 

During the cold starts, the essential factor to watch is that of 
keeping the thermal stresses of metal of the turbine within desired 
limits. This can be accomplished by observing the expansion of 
the turbine cylinder at the high-pressure end, and holding the 
rate of expansion to a fixed value per hour, for instance, 0.060 in. 
per hr normal, or 0.120 in. in emergencies. The rate of loading 
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therefore becomes a function of expansion as indicated in the 
graph. 

The total expansion is indicated by a straight line, and the 
loading is indieated by a curved line. About 10 hr are consumed 
in increasing the load from zero to full load. 

The time required for cold starts is not a critical factor, as 
these occur probably only once in a year or once in a longer period. 

The adherence to this idea of maintaining minimum thermal 
stresses to established limits reduces maintenance of turbines. 

Table 3 gives the starting method, depending upon the time the 
unit has been shut down, but it is based on the initial expansion of 
the cylinder at the starting time relative to that of a cold unit. 
From the table it will be noted that with 0.100 in. initial expan- 
sion of cylinder, and with 
0.500 in., the initial expansion, the starting time is 30 min. 


the starting time is 2 hr and 45 min, 


TABLE 3 
INITIAL 


RECOMMENDED STARTING TIME RELATIVE TO 
CYLINDER EXPANSION OF 80,000-KW REHEAT UNIT 


INITIAL CYLINDER TIME BRINGING UP TIME HEATING ON TOTAL STARTING 


PAN ~INCH TO SPEED TURNING GEAR TIME 
1000 45 MINUTES = 2 HOURS 2 HOURS 45MIN 
ye 
.200 40 MINUTES HOUR 1 HOUR 40 MIN. 
35 MINUTES 4 Hour 65 MINUTES 
400 MINUTES) HOUR 45 MINUTES 
500 30 MINUTES ° 30 MINUTES 


@ 1230 psig, 850 F, 850 F reheat, 29 in. Hg vacuum, 


NorMAL Start-Up or a Unit Borter REHEAT PLANT 


1 Drain superheaters, reheaters, and piping adequately, with- 

out unnecessary loss of steam. 

2 Start fire in boiler. 

p 3 If lines are cold, heat up high-pressure lines and also warm 
up reheat lines by closing intercepting valves and by-passing high- 
pressure steam into one of the two reheat lines to allow this steam 
to circulate through reheat lines, the drains being connected to the 
condenser and the excess steam valved to a low-pressure header. 
Heating may be performed with only a low pressure in the boiler. 

4 If the turbine is cold, the warming-up can be started as soon 
as the boiler pressure reaches a few pounds, and by means of this 
early start, time can be saved accordingly. The initial heating 
normally for a cold turbine is about 3 hr; however, the time is 
somewhat governed by the expansion of the turbine cylinder toa 
value of approximately 0.150 in. 

5 Following this initial heating period, in case of a cold start, 
the turbine is started rolling and the speed is increased in accord- 
ance with the method described in the first part of this section un- 
der starting. 

6 After the turbine has been brought up to speed, synchronize 
on the line and apply load on the unit as shown in Fig. 12, if the 
start-up is from cold. In ease of a short shutdown, the rate of 
loading can be applied much faster, as the metal temperatures of 
the turbine casings and rotor are relatively high, and the change 
in thermal expansions is of smaller magnitude. 

7 For normal overnight or week-end shutdown, the procedure 
is the same as for a nonreheat unit, the load being gradually re- 
duced to zero, the unit tripped out and put on the turning geal 
after coming to rest. The steam pressure in the boiler is not delib- 
erately reduced in any case, beeause resumption of service 02 
start-up promptly encourages retention of boiler pressure, iN- 
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stead of its useless dissipation. Steam lines are adequately above 
any saturation temperatures to require draining. [Economy is im- 
proved by making all possible attempts to preserve or hold boiler 


steam pressure. 
FUNCTIONING OF Protective EquireMENT 


Earlier in this paper the author described the reheat-control 
equipment, consisting of governor-operated intercepting and un- 
loading valves in the reheat system, which operate in case of a con- 
dition where the electrical load is suddenly tripped off. 

About 16 years ago the power company at station A performed 
Figs. 13 and 
An elaborate test 
setup was made to determine the operation and sequence of the 


aseries of unloading tests on both of its reheat units. 
14 show sectional views of the steam turbines. 


governor, pilot valves, intercepting valves, unloading valves, and 
the speed of the turbine during the unloading tests. 

These tests were made at fractional as well as at full load, and 
this established the relationship between light-load and full-load 
conditions. Since that time, the practice has been to make light- 
load unloading tests following inspections, and the results of these 


tests indicate whether the protective equipment is in satisfactory 
working order. 

Fig. 15 illustrates schematically the arrangement of the reheat 
eyele, including boilers and turbines. 
heat units in this plant. 


It applies to both re- 
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OPERATING EXPERIENCES WITH REGENERATIVE REHEAT-TURBINE INSTALLATIONS 681 


Fig. 16 shows the method of operation of the control equipment. 
Items (7) and (8) are the spring-loaded intercepting and unloading, 
valves, respectively, in the reheat system. The intercepting valve 
(item 7) is kept normally open, and the unloading valve (item 8) is 
kept normally closed by relay oil pressure. 

In case of overspeed, the main speed governor (item 9) rises to 
a predetermined height and opens the oil control valve (item 
15). When the oil control valve (item 15) opens, it releases the 
oil pressure underneath the oil pistons of the intercepting valve 
(item 7) and unloading valve (item 8), allowing them to move 
under force of their springs. 

In case the speed increases sufficiently to operate the emergency 
trip, the overspeed governor (item 10), in addition to closing the 
throttle valve, operates on the 4-way oil trip valve (item 11), 
which in turn releases the oil pressure from underneath the oil pis- 
tons of valves (items 7 and 8), thus causing the intercepting 
valve to close and the unloading valves to open. The main inlet 
valves also will be closed by action of the overspeed governor 
operation at tripping speed, provided these oil-operated inlet 
valves are not already closed by direct action of the main speed 
governor. 

As the turbine speed returns to normal, the intercepting and un- 
loading valves, being under control of the speed governor, return 
to their normal operating positions, and the unit is in a position to 
be resynchronized the same as a conventional nonreheat unit. 
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Superheater drain valve 

Throttle valve 

Governor-operated control valves 

Reheat crossover valve 

Reheat boiler shutoff valves 

Reheat intercepting valve oil-operated by governor 

Steam-unloading valve between reheat and condense r 

Atmospheric relief valve or safety valve 

Reheater drain valve to condenser ~ee 


Superheater safety valves 
Superheater drain valves 
Reheat diaphragm within high-pressure cylinder 
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Fic. 15 ScHematic DiaAGRAM OF INTERCONNECTED BolLer, REHEAT 


BoILer, AND TURBINE IN Station A 
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close early and the rate of closing of these valves must be as fast as 
possible. 

In these tests it will be noted that the steam-unloading valves, 
Fig. 15, item (7), were set to open at an early moment of this se- 
quence of operation. 

Note also that the unloading valves were open for a brief inter- 
val at the same time that the intercepting valve was open. There- 
fore reheat steam at normal pressure passed through these two 
valves directly to the condenser without going through the tur- 
bine. The time interval was brief; however, the rate of discharge 
of reheat steam to the condenser was very high. The effect on the 
condenser vacuum was scarcely noticeable. 

In Fig. 18 two curves are shown illustrating graphically the 
speed-limiting effect caused by the addition of a steam-unloading 
valve, Fig. 15, item (7). The upper curve represents the charac- 
teristic speed rise when the reheat protecting equipment, in this 
case, consisted of only one intercepting valve, Fig. 15, item (6), 
and the unloading valve, Fig. 15, item (7), was omitted. The 
lower curve represents the characteristic speed rise when the re- 
heat protective equipment, consisting of both intercepting valve, 
item (6), and the unloading valve, item (7), Fig. 15, was in service. 
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Good operating practice would of course call for an investiga- 
tion into the cause of the trip-out. 


Un Test REsutts 
1 


The graphic characteristic curves of one of the unloading tests 
made at full load on one of the reheat units in station A is shown in 
Fig. 17. The purpose of inserting this graph is to show the se- 
quence of operation of the valves, rise in turbine speed, and drop 
in reheat steam pressure, all plotted as a function of time. 

Note the rapid rise in speed following load trip. Therefore, 
to decrease this rate of speed rise, the inlet and intercepting 
valves, Fig. 15, items (3) and (6), respectively, must begin to 


Main speed governor 

Overspeed stop 

Four-way oil-trip valve 

Needle oil-suppy valve 

Oil accumulator 

Oil-operating governor gear 

Speed governor-operated oil-control valve for intercepting valve § 
steam-unloading valves 


ARRANGEMENT OF THE GOVERNING SYSTEM INCLUDING REHEAT CONTROL IN STATION A 


The difference in speed rise amounted to about 180 rpm by the 
introduction of an unloading valve installed as shown in Fig. 15. 

The closing times, Fig. 18, of the inlet valves and the intercept 
ing valves were very nearly in agreement with each other; how- 
ever, the speed continued to rise after the valves were closed. The 
reason for this is due to leakage steam passing through part of the 
turbine. Since there was only one intercepting valve isolating the 
return of reheat steam, the steam pressure on the high-pressure 
side of the diaphragm is maintained at reheat pressure in the re 
heat boiler; therefore the sources of leakage which tend to it- 
crease the speed after valves are, all closed are, namely: (a) leak- 
age through the reheat diaphragm; (b) leakage through the laby- 


INLET VALVE TRAVEL -INCHES 


a = = = 


Fr 


ORS 9 is 
12 


ROBERT SON- OPE R ATING E XP 0 RIE NC ‘ES W ITH RE G GE NER, AT IV E -REHEAT-TURBINE INSTALLATIONS 683 


LOAD MAXIMUM SPEED 1962 | 


INITIAL LOAD MAXIMYM SPEED RPM. | 


| 
| 

Pu 


Soponw, INITIAL SPEED 1888 R. 

| (TIME SCALE CHANGE 

TIME IN SECONDS AFTER UNLOADING 
12 16 20 24 2.8 |40 60 80 We 20 


Fic. 19 CoMmMPaARISON OF SpeED-Rise Curves Durinc UNLOADING 
Tests FoR DIFFERENT FRACTIONAL LOADS 


ety stage pressure on the low-pressure side of the diaphragm was 
maintained close to condenser pressure, thus reducing the availa- 
ble energy of leakage steam that passes through the blading into 
the condenser. 

Note that the unloading-valve connection to the reheat pipe is 
UNLOADING Test at Fuu. Loap on 65,000-Kw Unit 1N between the intercepting valve and the turbine on the return re- 
STaTion A heat line from the boiler; thus the steam passing through this 
valve, item (7), Fig. 15, is relatively small when other valves, 

| | | | | items (3) and (6), Fig. 15, are closed. 

Where no steam-unloading valve is used, two intercepting 
valves, one in each reheat line, see items (4) and (5) Fig. 3, are 
frequently used. In this way the volume of reheat steam trapped 
in the reheat lines cannot get back into the turbine to cause over- 
speeding except by leakage through the intercepting valves them- 
selves. 

Fig. 19 shows graphically the relationship of the rate of speed 
an eee eR increase following unloading for different loads, ranging from 40 
| per cent fractional load to full load. 
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Both steam and gas reheaters have been used for a 
number of years, and this paper is devoted to a discussion 
and evaluation of the gains in thermal efficiency as re- 
flected in turbine heat rate realizable in modern steam 
turbines for central stations. The gains due to reheat are 
justified economically with present equipment and fuel 
costs. They represent an additional gain in fuel economy 
over and above the normal annual gain. 


INTRODUCTION 


ESUPERHEATING, or as it is more commonly called, re- 
heating has been applied to steam power plants of all types 
and sizes for a great many years. If steam is expanded in 

successive steps from the initial to the final exhaust conditions as 
in a multiple-expansion reciprocating engine or in a turbine, the 
steam may be taken away from the engine (or turbine) at one or 
more points, reheated by high-pressure steam, or in a direct-fired 
reheater (including reheaters built into the main steam generator 
or boiler), and readmitted to the engine with a resulting increase 
in thermal efficiency, as evidenced by a reduction in the heat con- 
sumption per unit of output. 

While both steam reheaters and direct-fired (or as they are some- 
times called, gas reheaters) have been used, this paper considers 
primarily the case of the gas reheater. While sceam reheating 
gives a reduction in heat rate, the gain is entirely nonthermody- 
namic, that is, the gain is due to a reduction in moisture losses in 
the engine and not due to improvement in the cycle efficiency as 
such. 

This paper will attempt to evaluate the gains which can be real- 
ized by reheating under various conditions, and enable an evalua- 
tion to be made of the optimum reheater pressure, temperature, 
reheater pressure drop, and the effect of the efficiency of the vari- 
ous sections, as applied to modern steam turbines used in central- 
station and large industrial power plants, with a typical feed- 
water-heating arrangement. 


Bastc CONSIDERATIONS 


The basic cycle is the well-known Rankine cycle, in which the 
working fluid is expanded adiabatically (i.e., constant entropy), 
from the initial temperature and pressure to the final or exhaust 
pressure, with a resulting decrease in total heat and the perform- 
ance of external work. Heat is then given up at constant tempera- 
ture, condensing the working fluid and rejecting heat from the 
eyele. The fluid (as a liquid) then has heat added, first along the 
Saturated liquid line at variable temperature, then at constant 
pressure and temperature to vaporize the working fluid, and then 
generally further heat is added at constant pressure to superheat 
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the working fluid. This cycle is shown diagrammatically in Fig. 1, 
and it can be shown that the work done is proportional to area 
ABCDEA and the thermal efficiency is area ABCDEA divided by 
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area AB’C'CDEA., 
an ideal cycle is 


where H is initial enthalpy, A is condensate enthalpy, and TSR 
(theoretical steam rate) = 3412.75/AE, AE being the available 
energy, which for steam may be read from the ASME Theo- 
retical Steam Rate Tables. This is of course without extraction 
for feed heating. The corresponding efficiency when heating the 
feedwater in an infinite number of heaters, and with 100 per cent 
engine efficiency, may be derived from Selvey and Knowlton’s 
paper (1).* 

If now the working fluid be extracted from the engine at some 
point, say, F, Fig. 2, and heat added to resuperheat it to 
some point G, and then the expansion continued to H, the exhaust 


In everyday usage the thermal efficiency of 


3412.75 
h) X TSR 


3’ Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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pressure, a reheat cycle is defined. The work done in the cycle is 
now proportional to area AFGHCDEA, and the thermal efficiency 
is again AFGHCDEA divided by area AFGH’'C’CDEA. If the 
diagrams are drawn to scale the increase in the ratio of the areas 
can be seen. The efficiency in the same terms as the foregoing, and 
on a nonextraction basis is 


oy 


3412.75 
3412.75 (Hi — + 3412.75 (H, — Hy) 
AE 
Lab 
where 
H, = initial enthalpy at point A re : 
H, = enthalpy at point F 
H; = enthalpy at point G alle WY 
h = liquid enthalpy at point C 


AE = sum of adiabatic energies from point A to F and G to H. 

For the ideal cycle, with reheat, an extension of Selvey and 
Knowlton’s method can be used to obtain the theoretical heat 
rates with regenerative feed heating in an infinite number of 
heaters. 

Theoretical heat rates have been calculated for various steam 
conditions and various reheater pressures and temperatures, and 
the gains over the regenerative Rankine cycle are plotted in Figs. 
4, 5, 6, and 7. This gain is then the pure thermodynamic gain. 
The actual gain is greater than this by reason of the improvement 
in engine efficiency due to reduction in moisture loss, etc., and 
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it is this total gain that is evaluated in the balance of the paper. 

Before showing the total gains to be expected, it might be well to 
devote a few words to the nonthermodynamic gains. First, and 
probably the most important is the reduction in moisture loss. 
Several authorities (2, 3), have given the general rule that in a 
steam turbine there is a loss in used energy (work done per pound 
of steam) in the moisture region of 1.15 per cent for each 1 per cent 
of average moisture during the expansion. An inspection of the 
Mollier diagram in Fig. 3 shows that for the reheat cycle, not only 
is the average moisture content during the expansion less, but less 
of the work is done in the moisture region, so that there is a 
marked increase in the used energy for a given available energy on 
the turbine, which is, for convenience, taken account of as an in- 
crease in the turbine efficiency from the reheat point to the ex- 
haust. Fig. 23 gives the correction factor to be applied to turbine 
efficiency for various initial superheats and pressures (see Ap- 
pendix). 

In addition to this gain, the increase in available energy re- 
quires less steam flow for the same output. While this means that 
effectively the reheat machine is slightly smaller than a nonreheat 
unit, and so should have a slightly poorer internal efficiency, there 
is also for the same last-stage annulus area, a smaller volume flow 
to the condenser, with a resulting lower leaving velocity and cor- 
responding exhaust loss. This gain can be taken advantage of in 
either of two ways: (a) use the same last-stage combination on 
the reheat as would be used on the nonreheat unit and obtain an 
increase in efficiency due to the reduction in exhaust loss; (b) 
reduce the area of the last-stage combination, which will result in 
a slightly smaller and less expensive turbine. The authors have 
chosen alternative (a) to use in the calculations for this paper since, 
at least in their company, last-stage combinations vary in rela- 
tively large size steps, and so in actual practice the same last-stage 
combination would be used on either a reheat or a nonreheat ma- 
chine of given rating. 


SupPLEMENTARY ADVANTAGES 


The reduction in steam flow previously mentioned also permits 
a reduction in the size of the boiler, condenser, feedwater heaters, 
and related piping, and it is hoped that papers by representatives 
of station-equipment manufacturers will discuss this phase of the 
subject. While it may not always be possible to take advantage of 
these gains, due to building column spacings, etc., they are, never- 
theless real and can, in general, be credited to the reheat cycle and 
help offset the increased cost of the reheat turbine and boiler. 

One additional advantage, which in some cases might be signifi- 
cant, is that the reduced heat rejection requires less cooling-water 
supply for the same rating, or, where the cooling-water supply 
is strictly limited, will enable the installation of from 7'/, to 1! 
per cent more ‘More capac ity in reheat than in nonreheat units. 


Basis OF COMPARISON 


The gain in heat rate due to reheat has been evaluated by ac- 
tual calculation of heat rates for a nonreheat and a reheat cycle 
with a heater arrangement as shown in Fig. 8. Turbine efficiencies 
have been kept as comparable as possible, and are based upon the 
curves in Warren and Knowlton’s paper (4) with a uniform ex- 
haust loss of 4'/. per cent of the shaft output for all nonreheat 
units at 1 in. Hg abs exhaust pressure, and an equal annulus area 
for reheat units at the same initial conditions. This assump- 
tion, which results in a nonthermodynamic gain, is part of the 
gain due to reheating and is in the order of 1.2 per cent. 

The assumptions for the heater cycle are indicated in Fig. 5. 
and the resulting gain in heat rate for the four initial pressures an¢ 
the various temperatures considered are plotted versus reheate! 
pressure in Figs. 9, 10, 11, and 12. These curves are all at | i0. 
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Hg abs exhaust pressure and optimum feedwater temperature as 
indicated by Salisbury (6) for each initial pressure, with reheating 
to the initial temperature in a reheat boiler. The gain due to the 
reduction in boiler feed-pump work with reduced flow in the re- 
heat units is included. One of the heaters may be either above or 
below the reheat point. As this heater shifts from above to below 
the reheat point a discontinuity of the gain curve will be obtained. 
This shifting is indicated by the break in the per cent gain curves. 
The heat rates are defined as follows: CI Ae a, 


& 
F (H—h,) 
(Generator output) — (input to ‘0 boiler feed pump) 


For nonreheat, Btu per kwhr = 


For reheat, Btu per kwhr = 
F(H — h,) — — 
(Generator output) — (input to boiler feed pump) 


throttle flow, lb per hr 
reheater flow, lb per hr 
initial enthalpy 
enthalpy after reheater 
enthalpy to reheater 

actual enthalpy of feedwater entering boiler ae : 


RESULTANT GAINS AND THEIR VARIATIONS 


An inspection of the curves, Figs. 9, 10, 11, and 12, of gain due to 
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reheat reveals that on the average a reduction of 6 to 7 per cent in 
heat consumption over a nonreheat plant is obtained by reheat- 
ing to the initial temperature, providing that the reheat pressure 
is near the optimum for modern steam-turbine plants. 

The optimum reheat pressure is a function of the initial steam 
conditions, particularly the pressure. The curves of gain due to 
reheat are nearly coincident for various initial and reheat tempera- 
tures, and the reheat pressure at which the maximum gain occurs 
varies from 0.10 to 0.18 of the initial pressure. 

The actual gain at the optimum reheat pressure varies from 
5.15 per cent with 860 psia, 900 F, and 1 in. Hg abs back pressure, to 
6.9 per cent at 2000 psia, 1200 F, and 1 in. Hg abs back pressure. 
The gain is a function of steam conditions, turbine efficiencies, per 
cent exhaust loss, feed-heating arrangement, and reheater pres- 
sure drop. The gains shown by the curves are realized in reheat 
units where the efficiency of the high-pressure section is equal to 
that assumed in the calculations, and the feedwater is heated to 
the optimum temperature. 

Since the heat rate with reheat is dependent upon the efficiency 
of the various sections of the turbine, calculations of the effect of 
the efficiency of the high-pressure section of the turbine (down to 
the reheat point) were made. These show that at usual reheat 
pressures there is a reduction in heat rate of about 0.16 per cent 
for each 1 per cent increase in the turbine efficiency. However, 
this relation will vary from 0.1 to 0.4 per cent for each 1 per cent 
change in high-pressure turbine efficiency, depending upon the 
reheater pressure. Fig. 13 shows per cent change in heat rate 
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plotted against per cent change in high-pressure turbine efficiency. 

For the nonreheat unit, the corresponding reduction in heat 
rate for a change in the turbine efficiency down to a pressure cor- 
responding to the reheat pressure on the reheat machine is 
about 0.17 per cent for each 1 per cent increase in the turbine ef- 
ficiency. Only the 1450-lb 1000 F unit was calculated, and the 
range of the variation is shown in Fig. 14. 

The difference between the reheat and the nonreheat heat rates 
also changes with high-pressure-turbine efficiency. This gain in 
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eat rate for equal efficiencies in the turbines down ~ the reheat 
pressure point for the reheat and nonreheat units is plotted 
against high-pressure turbine efficiency down to this point for 
four reheater pressures at 1450 Ib, 1000 F, 1 in. Hg. in Fig. 15. 
Within the usual range of reheat pressures the variation in the 
gain for normal variations in turbine efficiency is not very large. 
While a complete exploration of this effect with all the variables 
Was not made, the foregoing curves are believed to be representa- 
tive of all normal combinations. 

The heat rate of a reheat cycle is also markedly affected by 
the pressure drop in the reheater and connecting piping, since such 
Pressure drop is a throttling loss. The basic curves, Figs. 9, 10, 
ll, and 12, were based upon 10 per cent pressure drop from the 
high-pressure turbine-outlet flange to the flange of the intercept- 
ing valve after the reheater. Figs. 16, 17, and 18 show per cent 
Variation in heat rate with reheater pressuredrop, wy 
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_ The effect of the condenser pressure upon the gain due to re- 
heat is rather small, but definite. The principal effect is a reduc- 
tion in the gain due to leaving loss with constant annulus area, 
that is, with higher back pressures the exhaust loss of a nonreheat 
unit is reduced so that the gain due to the decrease in exhaust loss 
for the reheat machine is also reduced. This effect for units with 
the same last stage reduces the gain due to reheat by from 0.25 to 
0.5 per cent in going from 1 in. Hg abs to 1!/2 in. Hg abs exhaust 
pressure. Figs. 19, 20, 21, and 22 show a comparison of the gain 
at 1000 F for 1 in. and 1'/, in. Hg abs. 

The gain due to reheat also varies with load on the unit, since 
a change in load means a change in flow, with a corresponding 
change in reheat pressure and feedwater temperature; while 
a changein flow also changes the efficiency of the high-pressure sec- 
tion. The combined effect of these three variables has not been 
investigated fully, but the effect is such that the gains at partial 
loads are less than would be indicated for the reheater pressure 
corresponding to the load at which the unit is operating. This 
means that the reheat pressure at rated load should be chosen 
higher than the optimum for the steam conditions involved in 
order to maintain economy at partial load. 

All the data presented in this paper have been based on reheat- 
ing to the initial temperature. In some cases the reheat tempera- 
ture is chosen less than the initial temperature, particularly where 
the initial temperature is high as this reduces the problems asso- 
ciated with the design of the reheater and low-pressure section of 
the turbine. 

A difference of 50 deg F between the initial and reheat tempera- 
tures changes the heat rate about 0.6 per cent for usual tem- 
perature ranges. 


CONCLUSIONS 


Reheat has been in use for over 25 years, and there have been 
few, if any, difficulties attributable to reheat as such with the 
plants in all parts of the country which are using reheat. 

The chief objection to its use in the past has been on the basis of 
cost, which sometimes overbalanced the gains in fuel costs. Mod- 
ern developments in turbines and boilers have reduced the differ- 
ential in cost between reheat and nonreheat units, and steadily in- 
creasing fuel costs have emphasized the search for improved econ- 
omy and enabled the higher costs of a reheat installation to be 
justified economically in most cases. ; 

As has been shown by the curves presented herein, when due 
allowances are made for usual range of reheat pressures and high- 
pressure section efficiency, reductions in heat consumption, and 
of course correspondingly in fuel consumption and fuel costs, of 
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41/. to 5 per cent may be realized at loads from about */, to 5/, 
load. This applies to the higher ratings and moderately high 
steam pressure. For ratings of 40,000 kw and below, or for very 
high steam conditions, the lower high-pressure section efficiency 
attainable with reasonable cost, reduces this gain to from 3/2 
to 4 per cent. 

Studies by a number of utilities have shown that the gains indi- 
cated in this paper provide an adequate return on the additional 
investment. It is hoped that such economic studies will be made 
available to the industry for its guidance. 

The industry as a whole has shown an average increase in initial 
temperature of about 12 deg F per year, and there are no indica- 
tions that this rate will change in the future. While the increas- 
ing application of reheat may not change this trend, it does pro- 
vide a marked increase in the rate at which plant thermal ef- 
ficiency has risen over the years and a corresponding marked re- 
duction in that significant ratio, pounds of coal per kilowatthour. 

We have every confidence that the revival of interest in, and 
use of reheat is a permanent one, and that an increasing number of 
reheat installations will be made in the future. The obvious trend 
in coal costs is pretty good assurance of this. 


ACKNOWLEDGMENT 


In closing the authors wish to acknowledge the valuable assist- 
ance of Mrs. Jean Higley and Miss Katherine Edwards who made 


wo 200 300 400 S00 600 700 
REHEAT PRESSURE PS.1A 


the majority of the calculations on which the curves and data in 
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Appendix 


The change in turbine efficiency with superheat mentioned in 
the text was given as Fig. 6, in Warren and Knowlton’s paper (4). 

This has been extended to higher superheats for use with reheat 
turbines, and in addition, curves have been drawn to include the 
effect of differences in pressure at the same superheat. These 
correction curves, drawn as multiplying factors, are given in Fig. 
23. 

These correction factors are based on calculation supported by 
tests on a large number of turbines and stage groups. They can 
be applied to impulse-type turbines with interstage moisture 
drainage as built by the author’s company. / 

1 “Theoretical Regenerative-Steam-Cycle Heat Rates,"’ by A. M. 
Selvey and P. H. Knowlton, presented at the Annual Meeting, New 
York, N. Y., November 29-December 3, 1943, of THz AMBRICAN 50 
CIETY OF MECHANICAL ENGINEERS. e 

2 ‘Some Recent Developments in Large Steam Turbine Practice, 
by K. Baumann, Journal of The Institution of Electrical Engineers, VO 
59, 1920-1921, pp. 565-623. 
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3 ‘Resuperheating in Steam Turbines,” by W. E. Blowney and 
G.B. Warren, Mechanical Engineering, vol. 47, 1925, pp. 455-460. 

. 4 “Relative ‘Engine Efficiencies’ Realizable From Large Modern 
Steam-Turbine-Generator Units,”’ by G. B. Warren and P. H. Knowl- 
ton, Trans. ASME, vol. 63, 1941, pp. 125-134. ; 


5 “Steam Turbines for Resuperheat Cycle,’ by E. E. Parker, 
published in this issue of the Transactions, pp. 693-700. 

6 “The Steam-Turbine Regenerative Cycle—An Analytical Ap- 
proach,” by J. Kenneth Salisbury, Trans. ASME, vol. 64, 1942, Pp. 
231-245. 
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By E. E. PARKER,' SCHENECTADY, N. 


Resuperheat cycles are again being applied to central- 
station steam-turbine installations; this time at initial 
and reheat temperatures in the range of 950 to 1050 F. 
This paper reviews the steam turbines installed by the 
author’s company for the resuperheat cycle and describes 
the modern turbines under construction for this cycle. 


INTRODUCTION 


of steam power generating equipment using the resuperheat 

cycle were installed for central-station service. This was a 
period when initial temperatures had reached the 750 F level. 
Progress to higher initial temperatures was yet a few years in the 
future. During this period, while experience was being consoli- 
dated at the 750 F level, higher-thermal-efficiency stations were 
built using the resuperheating cycle. Roughly, a thermal gain of 
5 to 6 per cent was obtained by using the resuperheating cycle. 
This gain was not equaled by nonreheat cycles until progress per- 
mitted initial temperatures of the order of 900 F. Thus the 
efficiency of these early resuperheat installations equaled 
the efficiency of nonreheat installations made years later at 
higher temperature levels. 

Today, initial temperatures of 900 and 950 F are common for 
central-station service, and a large amount of capacity is being 
installed at 1000 and 1050 F. It appears likely that operating 
experience with materials at 1000 and 1050 F will characterize 
the progress in central-station trends during the next few years. 
Such consolidation of experience need not, however, at the mo- 
ment impede the progress in construction of stations for higher 
thermal efficiency. By application of the resuperheat cycle at 
1000 F, plant heat rates can be achieved which in all probability 
will equal those possible in the future at initial temperatures of 
1150 or 1200 F without the use of resuperheat. Thus the present 
renewed interest in and use of the resuperheat cycle parallels in 
many respects the conditions that led to its application 25 years 
ago. 

Available records indicate that there is installed in the United 
States approximately 2,460,000 kw in turbine capacity for the 
interstage resuperheat cycle. In addition, available records show 
there is installed some 120,000 kw in noncondensing-turbine 
capacity which supplies steam to older low-pressure units with 
provisions for resuperheating the steam between the exhaust of 
the newer noncondensing turbines and the inlet to the older low- 
pressure units. This paper is limited to consideration of those 
turbines built for interstage resuperheat, that is, turbines built 
to utilize the steam from the throttle to the condenser. 

The company with which the author is associated has manu- 
faetured 28 turbines with combined capacity of approximately 
1,945,000 kw for the interstage resuperheat cycle. Twenty-six 
of the turbines (see Table 1) are installed in the United States and 
two with a combined capacity of 105,000 kw in South America. 


|’ the middle 1920’s and early 1930's, a number of installations 


‘Divisions Engineer, Steam Turbine and Generator Divisions, Gen- 
eral Electric Company. Mem. ASME. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., November 28-December 3, 1948, of THe 
AMERICAN SocteTy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. No. 48—A-58, 


Of this total, units of approximately 300,000 kw use steam re- 
superheating, the remainder furnace resuperheating. With the 
exception of one unit, these were all manufactured during the 
period from 1924-1932. 

An indication of the renewed interest in the resuperheat cycle 
can be gained from the fact that this company had under con- 
struction and on order at the middle of 1948, approximately 
1,500,000 kw at name-plate rating for the interstage resuperheat 
cycle (see Table 3). The first of these units will be placed in 
service in 1949. This renewed interest in the resuperheat cycle is 
one of many examples of the effort of the electric-utility industry 
to prevent power costs from rising in the face of rapidly rising 
fuel and other costs. It is also a contribution to the conservation 
of our fuel reserves which is assuming increasing importance. 


EARLIER DESIGNS 


Before describing modern turbines now under construction for 
the resuperheat cycle, it is of interest to note briefly the designs __ 
of some of the earlier turbines, built for this cycle, which have _ 
been proved by years of successful operation. a 

Fig. 1 is a cross section of one of the first resuperheat turbines 
built by the author’s company. A number of turbines of this ¥ : 
type are in operation, and these are of particular interest as the = 7 
resuperheating is here applied to a single-casing turbine, giving 
the advantages of compactness for station design and minimum 
capital investment required for resuperheating. This design, 
however, is subjected to large temperature gradients in the sec- 
tion of the turbine comprising the exhaust to the reheater and 
inlet from the reheater. Such gradients are not as serious in these 
units designed for 750 F as would exist at today’s temperature omni " 
levels. 

The second type of construction used for early resuperheat a 
turbines is the tandem compound of which there is a variety of 
combinations. Fig. 2 shows an 1800-rpm tandem-compound . 
double-flow three-casing unit with resuperheating between the 
high and intermediate sections. This is one of the later units of 
the group now in service and operates at steam conditions of 
1200 psig, 825 F initial temperature, with resuperheat to825 Fat — 
a maximum pressure following the reheater of 425 psig. ae 

Many of the early resuperheat turbines are of cross or vertical- _ 
compound design. The high-pressure turbines of such sets are in ce 
some cases 1800 rpm and others 3600 rpm. The low-pressure hi 
turbines are 1800 rpm, either single or double flow. te 

Fig. 3 shows the high-pressure and Fig. 4 the low-pressure 
turbine of a vertical-compound turbine. These cross sections _ 
also serve as typical of cross-compound designs. The high-pres- ie 
sure 3600-rpm turbine and generator of this vertical-compound © 
unit are mounted on the generator for the low-pressure turbine. 

The low-pressure turbine is single flow and operates at 1800 rpm. 

Turbines such as this were built for steam conditions of 1200 ox 
psig 750 F initial temperature, with resuperheating to 750 F. fi 7 
The steam is resuperheated between the high and low-pressure ae le aie 
turbines at a maximum reheat pressure of 450 psig. | as 

A cross-compound unit for operation at 2300 psig initial pres. 
sure, installed in the Twin Branch Station of the Indiana and 
Michigan Electric Company,? is the most recent installation se 
resuperheating turbines manufactured by the wether 's company. — 


a 


2 Series of articles in ae one Oct. 18, 1941. 
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TABLE 1 LIST OF RESUPERHEAT STEAM TURBINES OF THE AUTHOR'S COMPANY, WITH 
INTERSTAGE RESUPERHEATING, INSTALLED IN THE UNITED STATES 


Reheat 
Initial steam -—-conditions— 
-—-conditions—~ 
Rating, Press, Temp, i . Temp, Type of Type of 


Purchaser k d ig deg turbine reheat Date in service as 


Boiler Sept. 1924 
Boiler Nov.1924 
Boiler Feb. 1925 
Boiler April19250 
Boiler July 1925 

Boiler Nov. 1925 

Boiler March 1926 

Boiler March 1927 

Boiler June 1927 

Steam Aug. 1927 

Boiler Aug. 1928 

Boiler Jan. 1929 

Steam April 1929 

Boiler June 1929 

Boiler Feb. 1930 

Boiler March 1930 

Boiler May 1930 

Boiler Sept. 1930 

Boiler Oct. 1930 

Boiler Nov. 1930 

Boiler Feb. 1931 

Boiler June 19231 

Steam July 19381 

Boiler Nov. 1937 

Boiler March 1940 

Boiler May 1940 


= ~ 


ON: 
SC—Single cylinder. Te a 
compound, single flow. 


TABLE 2 LIST OF NONCONDENSING STEAM TURBINES OF THE AUTHOR'S COMPANY 
IN THE UNITED STATES, WITH RESUPERHEATING OF EXHAUST STEAM <a” 
Initial steam Reheat conditions— 
ae T exhaust, Temp, 
Purchaser kw i deg 
1925 
1926 
ec. 1927 
1929 
. 1929 
. 1930 
. 1930 
. 1932 
. 1938 
. 1942 


Rem SINGLE-CYLINDER STEAM TURBINE oF EARL 
42000 600 725 75 CC § 
55000 600 725 42 CC § 
"30000 «1200 750 oe 750 vc § 
— 
— 
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To reheater | 


150,000-Kw 1800-Rem THree-Casinc STEAM TURBINE oF Earty Design ror RESUPERHEAT CYCLE 


Fic. 2 
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Fic. 3 High-Pressure 3600-Rem TURBINE OF 50,000-Kw VerticaL-CompouND STEAM TURBINE OF EarRLy DesiIGN FoR RESUPERHEAT 
CyYcLE 
(Resuperheating of steam between high- and low-pressure turbines.) 
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From reheoter 


Fic. 4 


Low-PressurE 1800-Rem Tursine or 50,000-Kw VerticaAL-COMPOUND STEAM TURBINE OF Earty Destan ror RESUPERHEAT 


CYCLE 


This installation provides resuperheating between the high and 
low-pressure turbines using 940 F initial steam temperature, with 
resuperheating of the steam to 900 F. A station heat rate of 
10,035 btu per kwhr has been reported on this resuperheat in- 
stallation for 6 months of operation.? Up to July, 1948, no 
record of station heat rate on a steam-electric installation has 
been reported which equals this level of thermal efficiency. 


CuRRENT DESIGNS 
Two types of resuperheat turbines tandem and cross-com- 
pound, and varying in rating from 50,000 to 125,000 kw are cur- 
*“Operating History of the 2500-Psi Twin Branch Plant,”’ by 
Philip Sporn and E. G. Bailey, Trans. ASME (Special Section— 
Furnace Performance Factors), vol. 66, 1944, pp. 1-12. 


— Initial steam— 
conditions 


Purchaser 


1250 
NOTATION: 


CCDF—Cross-compound, double-flow. 
TCDF—Tandem-compound, double-fiow. 


rently being manufactured by the author’s company for resuper- 
heat installations now under construction by the electric-utility 
industry. 

Representing the cross-compound type are a number of resuper- 
heat units for installation in the Philip Sporn‘ and other stations 
of the American Gas and Electric Company. Details of these 
125,000-kw turbines (150,000 kw maximum capacity) are shown 
in Fig. 5 for the high-pressure, and Fig. 6 for the low-pressure 
units. The 3600-rpm high-pressure turbine receives steam at 
2000 psig and 1050 F, and exhausts it to the reheater where it is 
resuperheated to 1000 F. The steam then enters the 1800-rpm 
tandem-compound double-flow low-pressure turbine. At maxi- 

4“The 2000-Psi, 1050 F, and 1000 F Reheat Cycle at the Philip 


Sporn and Twin Branch Steam-Electric Stations,’’ by Philip Sporn, 
Trans. ASME, vol. 70, 1948, pp. 287-294. 


TABLE 3 LIST OF RESUPERHEAT STEAM TURBINES FOR INTERSTAGE RESUPERHEAT- 
ING, ON ORDER WITH THE AUTHOR'S COMPANY AUGUST 1, 1948 


-—Reheat conditions—~ 


ress, 
TB inlet, Tem 


Type of 


turbine Type of reheat 


Boiler 
Boiler 
Boiler 
Boiler 
Boiler 
Boiler 
Boiler 
Boiler 
Boiler 
Boiler 
Boiler 
Boiler 
Boiler 
Boiler 
Boiler 


1000 Boil 
ouer 
Boiler 


Fic. 


Fig 


: ' 
(= 
— 
375 1000 CCDI 
125000 2000 1050 375 1000 CCDF 
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Fie, 2000-Pst 1050 F 35,000-Kw 3600-Rem Hich-Pressure TuRBINE or 125,000-Kw Cross-Compounp TURBINE FOR RESUPERHEAT 


00 
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90,000-Kw 1800-Rem TanpemM-Compounp Dovs.e-FLow Low-Pressure TurBine or 125,000-Kw Cross-Compounp TuRBINE 
FOR RESUPERHEAT CYCLE 


(Receives steam from reheater at 1000 F.) ta AP 
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Fic. 7 Recent DEVELOPMENT IN STEAM TURBINES FOR RESUPERHEAT CYCLE 
(80,000-kw 3600-rpm tandem-compound double-flow turbine.) 


mum load, the steam pressure entering the low-pressure turbine 
is 375 psig. 

The high-pressure turbine has many special features to make 
it suitable for the high initial pressure and temperature condi- 
tions, among which are special stabilized stainless-steel materials 
for all parts operating at 1050 F, double high-pressure shell con- 
struction,® and a special arrangement of packing steam flow to 
cool the outer shell. Because of the double-shell construction, 
the use of stainless steel for the turbine shell can be limited to the 
inner shell, and only the forward portion of it extending beyond 
the second stage. At that point the stainless-steel portion is 
dovetailed to a special low-alloy-steel shell. 

The 1800-rpm low-pressure turbine is a two-casing tandem- 
compound unit with a double-flow low-pressure section. This 
double-flow section provides adequate last-stage area for a turbine 
of this size at even the best vacuum conditions. It is the first 
large 1800-rpm turbine to be designed for 1000 F service, and the 
high-pressure section employs a solid rotor in the high-tempera- 
ture region, combined with built-up wheel construction for the 
later stages which operate at lower temperatures. The intercept 
valves are located in the high-pressure shell of the low-pressure 


unit and are operated’ by the same arrangement of mechanism as . 


normally used for governor-operated control valves. 

A recent development in turbines for the resuperheat cycle is 
shown in Fig. 7. This is a 3600-rpm tandem-compound double- 
flow turbine which resembles very closely the equivalent-size non- 
reheat turbine. In this design the high-pressure steam enters the 
turbine shell at mid-section and travels forward (away from the 
generator). It is exhausted to the reheater at the forward end of 
the turbine adjacent to the No. 1 bearing standard and re-enters 
from the reheater immediately adjacent to the point at which the 
high-pressure steam is admitted. Thus only one portion of the 
turbine shell is subjected to the high temperature of the initial and 
resuperheated steam. This eliminates any severe temperature 


5 ‘*Progress in Design and Performance of Modern Large Steam 
Turbines for Generator Drive,” by G. B. Warren, Trans. ASME, vol. 
63, 1941, pp. 49-75. 


gradients, as would exist in the earlier, compact design shown in 
Fig. 1. It also moves the highest-temperature portion of the tur- 
bine shell and shaft away from the bearings and water seals. 

Foundation and station space required for this type unit are 
essentially the same as for a unit of similar rating without resuper- 
heating. This, together with the fact that the turbine does not re- 
quire an additional cylinder to accommodate resuperheating, 
minimizes the capital investment to build a station using this 
cycle. 

Turbines of this type are under construction in ratings of 
50,000 kw, 60,000 kw, 80,000 kw, and 100,000 kw with steam con- 
ditions of 1450 psig, 1000 F initial temperature and reheat to 
1000 F, or 1250 psig, 950 F initial, and reheat to 950 F. This 
type of resuperheat turbine can be designed for other steam con- 
ditions and may be applied to any existing size condensing unit 
for which the resuperheating cycle can be justified economically. 
To make possible 3600-rpm turbines of larger rating, or for im- 
proved vacuum conditions, a triple-flow low-pressure section in- 
stead of a double-flow section, as shown in Fig. 7, can be applied to 
this type of resuperheating turbine equally as well as to nonreheat 
turbines, 


A turbine for the resuperheat cycle requires those controls cus- 
tomarily used on a nonreheat turbine plus an intercept valve, to- 
gether with its control. Referring to Fig. 8, this intercept valve is 
located close to the turbine in the line returning the steam from 
the reheater. The sole purpose of this intercept valve is to pre- 
vent the turbine speed from reaching 110 per cent, and thus 
tripping the emergency governor when a sudden loss of all or all 
but a small portion of the electrical load occurs. If it were not for 
the intercept valve, the unit, upon loss of electrical load, would go 
up in speed and trip the emergency stop valve, even though 
the main steam valves were closed, owing to the continuing flow of 
the steam stored in the reheater and associated piping through the 
low-pressure section of the turbine. 

The intercept valve is controlled by a speed governor termed 4 
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poemerguney governor, which is designed to operate the valve Because of the addition of the intercept valve, full-capacity 
through full stroke with a change in speed of approximately 3 per — safety valves must be installed between the exhaust of the high- 
cent. It is normally set so that the valve is fully open at all speeds pressure turbine and the intercept valve. These valves, if located 
below about 102 per cent. At a speed of 102 per cent, the valve on the high-temperature side of the reheater, are normally set to 
starts to close and is fully closed at a speed of 105 per cent. Ifthe start relieving approximately 10 per cent above the maximum 
intercept valve closes due to a rise in turbine speed, it will reopen pressure at the intercept valve. For hydrostatic tests of the re- 
upon reduction of speed as it is a balanced-type valve. heater, gate valves, as shown in Fig. 8, or removable flanged 
SUPERHEATER i banttl sections to permit blanking off the reheat lines, must be provided. 
Ps a If gate valves are used, safety valves must also be provided as 
- ve shown in Fig. 8, to protect the exhaust of the high-pressure turbine 
and a portion of the reheater piping. 
/ eager’ Wues Fig. 9 illustrates in some detail a schematic control arrange- 
wwe ment for a modern resuperheat turbine. 
STOP VALVE > pantie Although only an intercept valve and a governor for its opera- 
LvE tion need be added to the usual turbine controls for a resuperheat 
turbine, the operation and control of a resuperheat installation in- 
volve more problems than this alone would indicate. There are 
two major problems to be solved on each resuperheat installation, 
namely: (1) protection of the reheater upon sudden loss of load or 
during starting; and (2) protection of the exhaust portion of the 
turbine and the condenser against overheating during starting or 
operation at no load or light loads of a few thousand kilowatts. 


REHEATER 


The first of these problems, that is, protection of the reheater, is 
being met on modern installations by automatic provision for con- 
trolling the fires when all, or all but a small portion of the turbine 

Fic. 8 Diacram SHowinc Location or InteRcert Vatve anv oad, is suddenly lost. By adequate indicating means, the boiler 
Sarety VALves IN ReEHEATER STEAM LINES operator can be informed of the load conditions on the turbine 
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following the loss of load, from which the subsequent operation of 
the boiler can be determined. 

The protection required to prevent overheating of the exhaust 
end of the turbine depends upon the boiler characteristics and the 
operating cycle. For short periods of operation at no load or light 
loads, it is probable that no protection will be found necessary. 
For prolonged periods of operation at no load or light loads, pro- 
vision for protection should be made if the characteristics of the 
boiler are such that there is a temperature rise of any magnitude 
in the steam passing through the reheater. At light loads, after 
steady conditions have been reached, it is a reasonable approxi- 
mation to assume that the exhaust of a resuperheat turbine will 
operate hotter than a similar nonreheat turbine by the number of 
degrees temperature rise of the steam passing through the re- 
heater, provided vacuum and temperature conditions are such 
that the exhaust of the nonreheat unit is saturated or super- 
heated. Thus a temperature rise of 50 deg F through the re- 
heater may cause the exhaust end of a resuperheat turbine to 
operate at no load approximately 50 deg F higher than the exhaust 
of a similar nonreheat unit supplied steam at the same initial con- 
ditions. An increase in exhaust temperature of even this magni- 
tude is considered undesirable. To overcome this condition, de- 
superheating of the steam is required. This may be accomplished 
by a desuperheater in the exhaust from the reheater or in the tur- 
bine crossover just ahead of the low-pressure turbine. Such a 
desuperheater would be operated during prolonged operation at 
no load or very light loads. Desuperheating immediately follow- 
ing the reheater has the disadvantage of subjecting the reheater 
piping returning from the boiler and the high-temperature portion 
of the turbine following the reheater to more temperature changes 
than otherwise would exist. Desuperheating of the steam in the 
turbine crossover during no-load or light-load operation does not 
have this disadvantage, and therefore is provided on al] resuper- 
heat turbines being manufactured by the author’s company. 

If other conditions permit, the turbine may be started at re- 
duced boiler pressure and the turbine brought up to speed and 
partially loaded before the boiler reaches its operating pressure. 
It is possible that bringing the turbine and boiler up together will 
eliminate the need for desuperheating the steam from the reheater 
during starting. This is dependent, however, upon many factors, 
important among which are the boiler characteristics. These 
must be studied for each particular installation. 

On resuperheat units of the type represented in Fig. 7, it is de- 
sirable that the initial and reheat temperatures remain as close to 
the same value as possible. However, it is to be expected that at 
light loads, the boiler wil] not maintain either the initial or reheat 
temperatures at the rated values, and one or the other of these tem- 
peratures will drop off more rapidly, thus increasing appreciably 
the temperature difference between the initial and reheat steam. 
Care should be taken in the boiler design to minimize such tem- 
perature differences. * 

Due to the storage of steam in the reheater and its piping, speed 
governing of a resuperheating unit which is carrying its load 
isolated from other prime movers is more difficult than a corre- 
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sponding nonreheat unit. It is felt that this problem can be met 
satisfactorily for central-station units with the usual amounts of 
reheater and reheater piping volumes, 

If a resuperheat unit, running at full load, should suddenly lose 
all, or all but a few thousand kilowatts of its load, the speed will 
rise enough to close the intercept valve, and the unit wiil continue 
to operate at a speed sufficiently high to keep the intercept valve 
closed. Under this condition, high-pressure steam passes through 
the high-pressure turbine under control of the governor valves and 
exhausts to atmosphere through the reheater safety valves 
(see Fig. 8). This condition is corrected by moving the governor 
speed control down to restore the unit to normal speed. When 
the speed drops, the intercept valve will reopen and operation be- 
comes normal, Automatic means may be provided to run the 
governor speed control down upon opening of the generator cir- 
cuit breaker and thus eliminate or minimize the blowing of the re- 
heater safety valves upon loss of full load. Such resetting of the 
governor is necessary to resynchronize on either a resuperheat or 
nonreheat unit when the generator is suddenly electrically dis- 
connected while carrying an appreciable load. 


RATE oF LOADING 


In considering a resuperheat installation, the question arises 
concerning the starting and permissible rate of load change as 
compared with a nonreheat unit. Considering only the turbine, 
the time to start and bring a resuperheat turbine to speed should 
not differ from that for a nonreheat turbine of comparable size 
and design. Similarly, if desuperheating of the reheated steam at 
light loads is done, if required, in the turbine crossover, and the 
control of reheat temperature is as accurate as the control of 
initial temperature, the maximum rate of load change is the same 
for a resuperheat as for a comparable nonreheat turbine. 

CONCLUSIONS 

For steam-electric stations, the use of the resuperheating cycle 
permits the construction of new generating units with station 
heat rates 4 to 5 per cent lower than nonreheat installations at 
the same temperature and pressure levels. The return from this 
improvement in efficiency is appreciable and merits the careful 
consideration of this cycle for all new installations, particularly 
with present-day fuel costs. 

From a turbine standpoint, the resuperheat cycle not only con- 
siderably reduces the number of stages in the moisture region, but 
also reduces the moisture content in those few stages remaining in 
this region. The elimination or reduction of moisture on turbine 
steam-path parts increases the useful life of these parts. 

Recent improvements in equipment for this cycle have been 
made to reduce the capital investment and more completely to in- 
sure operating performance comparable to nonreheat units 
Studies of the operating experience on existing resuperheat in- 
stallations, and consideration of the operating problems to be met 
on the new resuperheat installations under construction have not 
disclosed any unusual conditions which should impede a con- 
tinued wide application of this cycle. 
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By R. L. 


This paper outlines the history of the reheat cycle, in 
which steam is resuperheated after expanding through the 
high-pressure section of the turbine, and shows the im- 
provement in thermal efficiency to be derived from its use 
under various operating conditions. Such factors as re- 
generative feedwater heating, pressure drop through the 
reheater and its piping, and the temperature to which 
steam is reheated affect the gain in thermal efficiency ob- 
tainable with reheating. Reheating reduces throttle and 
exhaust-steam flows, exhaust moisture, and heat ab- 
sorbed by the condenser. The effect of all of these factors 
is illustrated by the curves included in the paper. 


HE present upward trend in fuel costs has revived interest 
in the reheat cycle, since the resulting gain in thermal 
efficiency will in many cases more than justify the neces- 
sary additional cost of station equipment. Growth in power 
systems and size of individual turbine-generator units further in- 
crease the economic possibilities of the reheat cycle. 
This paper will describe briefly the history of the reheat cycle, 
show the advantages to be derived, and point out present and 
future possibilities. 


History 


Except for a few isolated and relatively minor cases of reheat, 
this cycle first came into use about 1925. At that time, mate- 
rials and turbine construction details limited operating steam 
temperatures to 700 to 750 F. The use of highér-speed blades in 
the low-pressure section of condensing turbines simplified the 
construction and materially reduced space requirements, but 
in turn limited the exhaust moisture to about 12 per cent be- 
cause of the water erosion on these low-pressure blades. The 
importance of this erosion problem was further accentuated by a 
gradual improvement in turbine stage efficiency, to the end that 
the initial steam pressure was limited to about 400 psig. 

These factors brought about the limited use of the reheat cycle 
to permit an increase in initial pressure above the 400-psig level. 

In order to avoid the increased cost and complexity of the 
reheat cycle, and at the same time to realize the thermal gain 
available with higher steam pressures and temperatures, the 
following improvements in turbine design were made: 


(a2) Improvement in the shape of the low-pressure blades to 
reduce the effect of erosion. 

(6) Attachment of erosion-resisting strips on the inlet edges 
of the rotating blades in the low-pressure section. 

(c) Modification of low-pressure cylinder design to include 
water catchers to entrain some of the moisture from the steam 
passing through the low-pressure blades. 

(d) Development of alloy-steel materials to permit higher 
initial steam temperatures. 


By these means, the temperatures in the early part of the 
1930-1940 decade had risen to about 850 F, and the improve- 

* Manager, Central Station Turbine Section, Westinghouse Elec- 
tric Corporation. Mem. ASME. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., November 28-December 3, 1948, of 
Tue AMERICAN Society OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
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tar 
ment in the low-pressure blade iid ‘cylinder design had made the 
erosion problem relatively less important. As a result, 600 psig, 
and occasionally higher pressures, became common, and the 
reheat cycle was seldom used. 

With the revival in central-station-turbine activity during the 
latter part of the 1930-1940 decade, initial temperatures of 900 F 
became quite common, permitting the use of 850 psig, and later 
1250 psig, initial pressures. This steam temperature level has 
since increased to 1050 F, accompanied by 1500 psig and higher 
pressures, in a few cases. However, it is now clear that service 
experience is needed to prove the dependability and practical 
economy of power plants constructed for today’s advanced steam 
conditions, temperature in particular, and that this experience 
should be obtained before making further substantial steps for- 
ward. Hence the reheat cycle is experiencing a rebirth of popu- 
larity during this period. on 


. 


In arrangement (a) steam, after expanding through the high- 
pressure section of the turbine, passes through a fuel-fired re- 
heater in which its temperature is again raised to, or nearly to, 
the initial temperature, after which the steam expands through 
the intermediate and low-pressure turbine blading. 

In arrangement (b) steam is reheated to slightly less than its 
initial saturation temperature by high-pressure steam. 

Arrangement (c) combines the two systems, with the steam 
passing through the steam and fuel-fired reheaters in series. 

Reheating with live steam has little or no effect on the heat 
rate and was used only to reduce exhaust moisture. For this 
reason this system is no longer being considered. 

The combined fuel-fired and steam reheat cycle was used in an 
effort to maintain closer control of the reheat steam temperature 
by controlling thermostatically the amount of live steam to the 
steam-reheater section. This system led to complexity of con- 
trol and is no longer found necessary. 

Thus the only reheat system now being considered is the fuel- 
fired arrangement, usually with the reheat section being built 
into the main boiler and interposed between the primary and 
secondary superheater sections. 


OF REHEAT » 
Three methods of reheat have been used, as follows: 


(a) Boiler reheat. 
(b) Steam reheat. 
(c) Combination of boiler and steam reheat. 


ADVANTAGES OF REHEAT 
The fuel-fired reheat system has the following advantages: 
(a) Increase in thermal efficiency, resulting in a reduction in 
heat and fuel-consumption rates. 
(b) Reduction in exhaust moisture. 


The use of reheat makes it possible to attain high thermal ef- 
ficiencies without the need for resorting to high initial steam 
temperatures. For example, when steam is reheated to its initial 
temperature, the reduction in heat rate is equivalent to that 
obtained by increasing the initial steam temperature by 150 to 
200 F with the nonreheat cycle. Thus a 900 F turbine, re- 
heating to 900 F, will have about the same thermal efficiency as 
a 1075 F turbine without reheat. This means that the same 
station heat rate can be obtained with temperatures now con- 
sidered moderate and well tested as can ultimately be obtained 
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with temperatures outside the range of present-day central-sta- 
tion experience. 

The reduction in exhaust moisture means an improvement 
in stage efficiency in this section of the turbine and also reduces 
the erosion on the low-pressure blades. Since this erosion has 
been reduced by protective strips and by improved blade and 
cylinder construction, this factor is now relatively less important 
than when reheat was first introduced. 


EFFECT ON THERMAL EFFICIENCY 

A comparison of the saturated, superheat, and reheat steam 
cycles is shown on the temperature-entropy diagram, Fig. 1. 

In the saturated-steam cycle, feedwater is heated to its satura- 
tion temperature along line AB and evaporated along line BC. 
Steam then is admitted to the turbine and, in an ideal turbine, 
expands along the isentropic line CD. Exhaust steam is then 
condensed along line DA, returning to its initial point 4. 
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Fic. 1 TEMPERATURE-ENTROPY DIAGRAM 


In this cycle the total heat added is represented by area 
ABCLK, where KL is drawn at absolute zero, or —459.7 F. The 
heat rejected to the condenser circulating water is represented by 
area ADLK. Thus the heat converted into useful work, assum- 
ing an ideal turbine, becomes area ABCD and the thermal ef- 
ficiency of the cycle the ratio of area ABCD to area ABCLK. 

In the superheat cycle, feedwater is heated along line AB 
and evaporated along line BC as in the saturated-steam cycle. 
It is then superheated along CE before expanding through an 
ideal turbine along isentropic line EF and condensing along line 
FA. The incremental heat available for work is represented by 
area CEFD and, from inspection, it is apparent that the ratio of 
this added work to the heat added (area CEM L) is greater than 
that of the saturated-steam cycle. This means that the super- 
heat-cycle efficiency is greater than that of the saturated-steam 
cycle. 

In the superheat cycle, the actual turbine efficiency increases 
because of the reduction of moisture in the low-pressure stages, 
which adds further to the thermal advantage to be obtained from 
the use of superheat. 

In the reheat cycle, steam, after expanding through part of 
the turbine, such as to point G, is resuperheated to point H, 
after which it expands along line HJ to the exhaust. The addi- 

tional heat added to the steam is represented by area GHNM 
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and the additional heat rejected to the condenser cooling water by 
area FJNM. 

Therefore it is evident that the use of reheating increases the 
available heat from each pound of steam but at the expense of 
additional heat rejected to the condenser cooling water. It is 
further evident that, if the ratio of the incremental heat converted 
into work to the incremental heat added is greater than the 
corresponding ratio under the superheat cycle, a gain in thermal 
efficiency, and, consequently, a reduction in fuel-consumption 
rate, is accomplished. 

The point on the expansion line at which this reheating takes 
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place has a decided effect on the gain in thermal efficiency to be 
realized by reheating. In order to illustrate this more clearly, 
the reheat portion of the temperature-entropy diagram has been 
enlarged in Fig. 2. It will be seen that if this takes place at the 
upper part of the expansion, such as at point P, the thermal ef- 
ficiency of the reheat part of the cycle, represented by the ratio ol 
area PQRF to area PQSM, is relatively high. However, since 
this increment is only a small part of the total work done, the 
over-all effect on the thermal efficiency is comparatively small. 
If, conversely, the reheat takes place at the lower part of the ex- 
pansion, such as at point 7’, the incremental work done is a greater 
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part of the total but its efficiency, represented by the ratio of area 
TUVWFE to area TUVXM, may be even lower than that of the 
nonreheat cycle, thus causing the reheat to have a detrimental 
rather than beneficial effect on the over-all thermal efficiency. 
It is therefore apparent that there is some intermediate opti- 
mum point where the greatest gain can be realized. This will 
be indicated on curves to be shown later. 

The reheat cycle has the same additional advantage as the 
superheat cycle, in that it further reduces the moisture in the 
low-pressure stages, and in this way increases the efficiency in this 
section of the turbine. 

The curves in Fig. 3 illustrate the increase in thermal efficiency, 
which corresponds to the reduction in heat consumption, to be 
realized from the use of reheating at various reheat pressures. 

The following assumptions have been made: 


(a) Steam conditions—1450 psig, 1000 F initial temperature, 
1000 F reheat temperature, 1.5 in. Hg abs exhaust pressure. 

(b) Pressure drop through reheaters and reheater piping 
Zero. 

(c) Noextraction of steam for regenerative feedwater heating. 


The lower curve, labeled cycle gain, shows the increase in 
thermal efficiency obtained from the reheat cycle alone, as- 
suming ideal turbine efficiency. The upper curve, labeled total 
gain, includes not only the gain from the cycle but also reflects 
the improvement in turbine efficiency due to the elimination of, 
or reduction in, the amount of moisture in the low-pressure sec- 
tion. 

Similar curves for other steam conditions indicate that the 
shapes of the curve of total gain, plotted against the ratio of 
reheat to initial steam pressure, are practically identical for 
steam pressures from 600 to 2000 psig and for straight condensing 
operation with steam reheated to its initial temperature. It will 
be noted that the optimum gain from the use of reheat is about 
8'/, per cent, with this maximum improvement occurring at a 
reheat pressure of about 10 per cent of the initial pressure. 

Unfortunately, an improvement of this magnitude cannot be 
realized in an actual installation because of several factors, the 
most important of which are the pressure drop through the re- 
heater and its piping, the number of stages of regenerative feed- 
water heating and, in some cases, the difference between the 
reheat and initial steam temperatures. 


Krrect or PREssuRE Drop THROUGH REHEATER 

Zero pressure drop through the reheater and the piping to and 
from the reheater cannot of course be realized. In most cases, 
this pressure drop is of the order of 10 per cent of the absolute 
pressure at the exhaust of the high-pressure section of the tur- 
bine. Lower values can be obtained by the use of liberal-size 
teheaters, piping, and valves, but the cost of such oversize equip- 
ment usually cannot be justified economically. 

The effect of pressure drop is shown in Fig. 4. 


This curve 


" indicates that the percentage gain in thermal efficiency obtaina- 
) ble with reheat becomes only about 90 per cent of the values 
shown in Fig. 3 when a 10 per cent pressure drop occurs in the 
e reheater and its piping. Thus a loss of 1 per cent of the percent- 
f age gain in thermal efficiency is suffered for each per cent pres- 
H sure drop, this loss being somewhat greater for reheat pressures 
e below and above the optimum pressure. 
f EFFECT OF REGENERATIVE FEEDWATER HEATING 
° The use of the regenerative cycle, or extraction of steam for 
° heating the turbine’s own feedwater, has a compensating effect 
: on the gain realized from the reheat cycle. By this is meant 
‘ that the greater the number of stages of regenerative feedwater 


heating, the smaller the gain to be realized from the reheat cycle. 
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The effect of regenerative feedwater heating on the gain in 
thermal efficiency is illustrated in the curves in Fig. 5. From 
these curves it will be seen that this gain decreases as the num- 
ber of stages of steam extraction increases. 

These curves also show that regenerative feedwater heating 
not only influences the gain derived from reheat but also the 
optimum reheat pressure. Whereas this optimum reheat pres- 
sure is about 10 per cent of the initial pressure for straight con- 
densing operation, maximum gain in thermal efficiency will be 
obtained at about 20 per cent of the initial pressure for 4-stage 
regenerative feedwater heating operation. The gain from re- 
heat for five stages of extraction for regenerative feedwater heat- 
ing and for various steam conditions is shown on the following 
curves: 


1450 paig........... Fig. 8 i 


On these and subsequent curves, the term “pressure before 
reheater’’ means the steam pressure at the exhaust of the high- 
pressure turbine before the steam enters the piping to the re- 
heater. 

These curves indicate that the gain in thermal efficiency ob- 
tainable with reheat to its initial steam temperature is about 
4.6 per cent at optimum reheat pressure, this optimum pressure 
being slightly less than 25 per cent of the initial pressure. They 
further indicate that this reheat pressure can deviate materially 
from the optimum pressure without substantial loss. For ex- 
ample, an improvement in thermal efficiency of better than 4 
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per cent can be realized for a range in reheat pressure of from 
11 to 37 per cent of the initial steam pressure. 

These curves indicate values of increase in thermal efficiency 
for a range in reheat temperature of 100 F above and below 
the initial steam temperature. It will be recognized that tem- 
peratures in excess of 1050 F, shown in Figs. 8 and 9, are in ex- 
cess of present central-station operating experience. 


INCREASE IN THERMAL EFFICIENCY % 


100 200 300 600 
PRESSURE BEFORE REHEATER— PSIA 


Fie. 6 IncREASE IN THERMAL ErFiciency Dug To REHEAT 


(850 psig, 900 F total temperature, 1.5 in. Hg abs; five-stage feed-heating 
operation, 10 per cent pressure drop through reheater.) 
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Fic. 8 INcREASE IN THERMAL EFFICIENCY DvuE TO REHEAT 


(1450 psig, 1000 F total temperature, 1.5 in. Hg abs; five-stage feed-heating 
operation, 10 per cent pressure drop through reheater.) 


Errect or REHEAT TEMPERATURE 

The effect of reheat temperature on the increase in thermal 
efficiency is also indicated on the curves in Figs. 6, 7, 8, and 9. 
As might be expected, the thermal gain from reheat is increased 
by an increase in reheat temperature. 

Other factors which may affect thermal efficiency of the re- 
heat turbine are the type of turbine construction and, to a fairly 
minor extent, reduction in turbine leaving losses. 

The following formula can be used, within fairly broad limita- 
tions, to estimate the increase in thermal efficiency obtainable 
from the use of reheat at optimum reheat pressure 


A 
82511 — — Vn 


where 


r = reduction in heat-consumption rate realized by reheat, 
per cent 
= pressure drop through reheater and reheater piping; 
per cent of absolute pressure before reheater 


8.251 


= number of stages of regenerative feedwater heating 
initial steam temperature, deg F 
reheat steam temperature, deg F 
For example, if we assume steam conditions of 1450 psig, 
1000 F initial temperature, 1000 F reheat temperature, 1.5 in. Hg 
abs with six-stage extraction for feedwater heating, and with a 
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Fic. 7 IncREASE IN THERMAL ErricieNncy Dur To ReEHEA1 
(1250 psig, 950 F total temperature, 1.5 in. Hg abs; five-stage feed-heating 
operation, 10 per cent pressure drop through reheater.) 
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Fie. 9 INCREASE IN THERMAL ErFicieNncy Dug TO KEHEAT 


(1800 psig, 1050 F total temperature, 1.5in. Hg abs; five-stage feed-heating 
operation, 10 per cent pressure drop through reheater.) 


10 per cent pressure drop through the reheater, the reduction in 
heat rate will be approximately as follows 


1000 — 1000) 
380 


dh = 4.4 per cent 
Thus if the heat-consumption rate of a nonreheat turbine 
operating under steam conditions of 1450 psig, 1000 F, 1.5 in. Hg 
abs is 8700 Btu per kwhr, the corresponding heat-consumptio! 
rate for 1000 F reheat under the conditions listed would becom 
8700 0.956, or 8317 Btu per kwhr. 
Errect oN Steam 


The steam flow to the turbine is reduced materially by th 
use of reheat. This is shown in Fig. 10 for initial steam condi- 
tions of 1450 psig, 1000 F. Reductions in steam flow of about 
this same order are realized for other operating steam conditions 

This reduction in steam flow will reduce corresponding]; 
size of the boiler and high-pressure steam piping and valves 
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The size of feedwater heating and boiler feed-pump equipment is 


also reduced correspondingly. 
EFFECT ON ExHaust FLow 


The exhaust-steam flow will be reduced by the use of reheat, 
as shown in Fig. 11 for steam conditions of 1450 psig, 1000 F. 


However, jee tion in the volume of exhaust steam is some-_ 
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Fic. 10. RepuctTion IN STEAM FLow To THROTTLE DvuE TO REHEAT 


(1450 psig, 1000 F initial te:nperature, 1000 F reheat temperature, 1.5 in. Hg 
abs; five-stage feed-heating operation, 10 per cent pressure drop through 
reheater.) 
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Fie. 12 Repucrion ExHAustT VOLUME TO REHEAT 


(1450 psig, 1000 F initial temperature, 1000 F reheat temperature, 1.5 in. Hg 
abs; five-stage feed-heating operation, 10 per cent pressure drop through 
reheater.) 


what less because of its greater specific volume, as will be seen 
from the curve in Fig. 12. 

The heat rejected to the condenser is reduced to a lesser degree 
than the exhaust-steam flow, since the enthalpy of the exhaust 
Steam is greater with the reheat than with the nonreheat cycle. 
This reduction in fhe heat rejected to the condenser cooling water 
is shown in Fig. 13. This reduction in the heat transfer in the 
condenser will reduce correspondingly the size of the condenser 
and its auxiliary equipment. 

Comparison of curves in Figs. 10, 11, and 13 discloses that 
the greatest reduction in throttle- and exhaust-steam flows is ob- 
tained at a rather low reheat steam pressure, about 7 per cent 
of the initial pressure, whereas the greatest reduction in heat 
absorbed by the condenser occurs at a much higher reheat steam 
pressure, about 25 per cent of the initial pressure. This is ex- 
plained by the fact that the lower the reheat steam pressure the 
greater the amount of heat added in the reheater and the heat 
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available for useful work with, however, an increase ,of the heat 
rejected to the condenser cooling water. 
Errect oN ExuHaust MOISTURE 


As stated previously, reheat reduces materially the amount of 
moisture passing through the low-pressure section of the turbine. 
The effect on exhaust. moisture for steam conditions of 1450 psig, 


REDUCTION IN COND FLOW DUE TO REHEAT- % 


100 200 300 400 500. 600. 700600 900 
PRESSURE BEFORE REHEATER—PSIA 
11) Repucrion InN STEAM FLOW TO CONDENSER DvE TO REHEAT 


(1450 psig, 1000 F initial temperature, 1000 F reheat temperature, 1.5 in. Hg 
abs; five-stage feed-heating operation, 10 per cent pressure drop through 
reheater.) 
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Fic. 13 Repvuction in Heat ABSORBED BY CONDENSER DUE TO 


REHEAT 


(1450 psig, 1000 F initial temperature, 1000 F reheat temperature, 1.5 in. Hg 
abs; five-stage feed-heating operation, 10 per cent pressure drop through 
reheater.) 


1000 F initial temperature, 1000 F reheat temperature, 1.5 in. 
Hg abs exhaust pressure is illustrated by the curves in Fig. 14. 
TURBINE DESIGN 

Three types of turbine construction are now being considered 
by turbine builders. These three types are shown diagrammatic- 
ally in Fig. 15. 

In arrangement (A) three cylinders are used. Steam, after ex- 
panding through the high-pressure element, is reheated, after 
which it expands through the intermediate and low-pressure 
elements in series. 

In arrangement (B) high-pressure steam enters near the center 
of the combined high and intermediate-pressure element, pass- 
ing in one direction to the one end. After being reheated, the 
steam again enters near the center and passes in the acodean 
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ARRANGEMENT 


ARRANGEMENT 
CONSTRUCTION 


DIAGRAMMATIC 


direction to the other end of the same turbine element before 
passing to the low-pressure element. 

In arrangement (C) high-pressure steam enters one end, ex- 
hausts to the reheater near the center, after which the steam 
again enters near the center and passes in the same direction to 
the low-pressure end, before passing to the low-pressure element. 

Advantages and disadvantages can be offered for each of the 
arrangements illustrated. Arrangement (A) is slightly more 
efficient, is more conservative in that the high- and intermediate- 
pressure elements are separated into two cylinders, and thus in- 
volve shorter individual elements. It does, however, result in 
greater unit length, a factor which must be balanced against the 
benefits of slightly greater efficiency and more conservative de- 
sign. 

Arrangement (B) has the advantage of a the higher tem- 
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perature of the steam from both the main and reheat boilers 
in a relatively short section near the center of the high-pressure 
element. However, because of the pressure drop across the 
diaphragm, the leakage of steam through this diaphragm re- 
sults in some loss in efficiency and also in some control difficul- 
ties. 

Arrangement (C) has greater temperature difference across 
the center diaphragm, but has the advantage of having prac- 
tically no pressure drop across this diaphragm. 


ConTROL PROBLEMS 


The design of reheat turbine units introduces novel problems 
in the control of steam to provide adequate protection to the 
turbine under all possible normal and abnormal conditions of 
service. For instance, in case of sudden and complete loss of 
load, not only must high-pressure steam flow be cut off quickly 
but, in addition, the steam entrained in the reheater and its 
piping must be prevented from returning to the turbine. Other 
considerations enter into the operation of starting and putting 
such turbines on the line, and of absorbing rapid load changes. 
In these matters, close co-operation between designers of the 
boiler, turbine, and auxiliary equipment is essential to 


plant, 
success. 


CONCLUSION 


In this paper we have shown the advantages and disadvan- 


tages of the reheat cycle. The advantages are as follows: 


(a) Material reduction in heat and fuel-consumption rates. 
(b) Reduction in size and cost of main boiler, condenser, and 


heater equipment. 
(c) Reduction in exhaust moisture, resulting in lower blade 
erosion and higher stage efficiency in the low-pressure section. 


The disadvantages include the following: 


(a) Greater unit length. 
(b) Higher costs of turbine and station piping. 
(c) Additional cost of reheater equipment. 


In weighing the advantages against the disadvantages of the 
reheat cycle, it becomes apparent that the future adoption of 
this cycle will depend to a great extent upon the cost of fuel 
and upon the load factor of the unit. At the present time, this 
cycle often will prove economically desirable on larger units 
where fuel costs and load factors are high. 

General operating experience has been favorable, resulting in 
low station heat-consumption rates with a high degree of relia- 
bility and no severe operating problems. 

If fuel costs remain constant or decrease and if, in addition, 
metallurgical developments produce materials permitting sul- 
stantially higher steam temperatures without sacrifice in relia- 
bility and long life, the reheat cycle will again fall into disuse 
as it did several years ago. If, on the other hand, fuel costs con- 
tinue to increase, as now appears probable, this cycle can be 
justified for smaller and smaller units and will become increas 
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Resuperheating Cycles 


This paper examines some of the technical and operating 
problems which must be faced in the selection of equip- 
ment to supply steam to high-pressure turbine-generating 
equipment employing steam resuperheated to high tem- 
peratures in the low-pressure section. The costs of steam- 
generating equipment per kilowatt of turbine-generator 
capability for resuperheating cycles are compared with 
costs of equipment for cycles which do not employ re- 
superheating. The effects on equipment costs, of furnace- 
exit temperature limitations imposed by fuel quality and 
load range over which primary and resuperheated steam 
temperatures must remain constant, are examined in 
detail. Data are presented comparing present-day prices 
of steam-generating equipment per kilowatt of turbine- 
generator capability for several high-temperature and 
high-pressure resuperheating and nonresuperheating 
cycles usually employed in power stations. 


EVERAL new central-station units employing high-tempera- 
ture resuperheating cycles will soon be operating. These 
units, designed to conserve fuel, were planned by farsighted 

utilities operators to offset rising fuel costs. 

For many years one prominent utility in the Middle West has 
operated several units with turbine conditions as fellows: 

Primary throttle steam at 1300 psig and 830 F; resuperheated 
steam at 375 psig and 835 F. 

The two resuperheating cycles recently given most. serious con- 
sideration involve turbine conditions as follows: 


Cyele Br: 


Primary steam to high-pressure turbine at 1450 psig and 1000 
F; resuperheated steam to low-pressure turbine at 400 psig and 
1000 F, 


Cycle Ar: 


Primary steam to high-pressure turbine at 2000 psig and 1050 
F; resuperheated steam to low-pressure turbine at 400 psig and 
1000 F, 

The design of steam generators for these conditions poses cer- 
tain problems which do not have to be considered when resuper- 
heaters are not included. 

The purpose of this paper is to review these problems and to de- 
termine how their necessary solutions affect the design and the cost 
of steam generators per kilowatt of turbine-generator capability 
for resuperheating units, as compared with nonresuperheating 
units. Two types of units will be considered: (1) Units utilizing 
convection surface only for superheating and resuperheating; and 
(2) units utilizing radiant superheaters in combination with con- 
vection surface. 
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Equipment for 


SUPERHEATING AND RESUPERHEATING ONLY BY CONVECTION 


Resuperheating units utilizing convection surface only for 
superheating and resuperheating are more difficult to design for 
equal fuel flexibility and reliability than nonresuperheating units 
for the same primary steam conditions. In order to illustrate 
this, the design problems posed by the now most seriously con- 
sidered resuperheating cycles Ar and Br are compared with those 
of the corresponding nonresuperheating cycles An and Bn for the 
same primary steam conditions. 

In Fig. 1 the operating conditions of these cycles are tabulated 
and curves are shown of the probable turbine-generator heat 
rates and the corresponding primary steam-throttle flow quanti- 
ties for steam turbine-generator units of various capabilities from 
50,000 to 150,000 kw. The operating conditions, probable heat, 
and throttle-flow quantities of one other resuperheating and three 
other nonresuperheating cycles usually employed are included, so 
that plant-cost comparisons to follow may be more readily under- 
stood. 

All of the cycles compared employ five stages of regenerative 
feedwater heating and exhaust to the condenser at 1.5-in. Hg abs. 
The steam generators are pulverized-coal-fired and have a full-load 
efficiency of 87 per cent. 

A serious problem in the design of conventional arrangements of 
high-pressure high-temperature steam generators for resuperheat- 
ing cycles, such as cycles Ar and Br, for which full primary and re- 
superheated-steam temperature must be realized over a wide load 
range, is the difficulty of providing sufficient heat in the gas leav- 
ing the furnace for this duty, unless small furnaces with higher 
furnace-exit temperature than had been considered desirable in 
the past for nonresuperheating cycles are used. 

Fuel characteristics, particularly the slagging properties of the 
ash in the fuel will always govern furnace designs whether resuper- 
heating is required or not. Therefore the true temperature of the 
furnace gas entering the superheating and resuperkeating zone 
should be limited at every load to preclude slagging. The maxi- 
mum tolerable temperature of gases flowing into closely spaced 
convection heat-absorbing surfaces is always lower than most 
purchasers think they can afford until mounting costs and labor 
problems, arising from necessary frequent manual deslagging, 
commence to bedevil them. 

While some comfort may be taken from the fact that ash con- 
taining iron compounds in certain forms tends to fuse at higher 
temperatures in oxidizing atmospheres than in reducing atmos- 
pheres in laboratory muffles, ash particles, unfortunately, do not 
behave equally well in actual furnaces. Generally, each floating 
particle still contains unconsumed incandescent carbon as it 
approaches the furnace exit. As long as its own temperature and 
that of the film of gas adhering to it and surrounding it remain 
high, this incandescent carbon continues to consume oxygen left 
in the film or which enters it by diffusion. It then goes after the 
CO, and HO present and as long as sufficient heat flows into the 
particles from the surrounding gas to maintain the endothermic 
reducing process, the particles will be in a reducing film. So it is 
most unlikely that the gas film which surrounds the particle will 
provide that much-to-be-desired oxidizing atmosphere. 

Experience teaches that the accumulation of sticky particles on 
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slag screen and superheater tubes proceeds even in very large 
furnaces designed to reduce furnace-gas-exit temperatures below 
ash-fusion temperatures. This often happens when the fineness is 
low and suspended particles which continue to burn smash against 
convection surfaces as they pass out of the furnace before freezing 
completely. In view of this and unavoidable temperature strati- 
fication, it is safer to predicate furnace-exit temperature on the 
fusion characteristics of ash in reducing atmospheres rather than 
in oxidizing ones. 
The convection surfaces of units designed to burn only liquid 
_ fuels also sometimes slag up. In fact, with some types of oils, 
such units may be more troublesome than units burning coal. 
The correction for this must be twofold: (1) The furnace-exit 
_ temperature should be limited as for units burning coal; (2) the 
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tubes in the convection sections should be widely spaced. These 
two effects sometimes combine to increase the size of the convec- 
tion section to impractical dimensions and to increase the cost be 
yond what had been considered reasonable in the past. 


The use of some radiant superheating surface makes it possible 


Fig. 2 shows the effect under ideal conditions of superheat co” 
trol range and gas temperature on the amount of superheater su! 
face required for the resuperheating (Ar, Br) and nonresupe™ 


Errect or Gas TEMPERATURE AND SUPERHEAT CoNnTROL RANGE 


to design such oil-fired units with slagging oils at reasonable cost, 
since the amount of widely spaced convection surface required in 
such units will be less than in practical units of the convection 
type. 
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heating (An, Bn) cycles whose characteristics are summarized in 
Fig. 1, when only convection superheaters and resuperheaters are 
used. Fig. 2 shows that as the primary-steam pressure and tem- 
perature increase, the minimum gas temperature required to pro- 
duce a prescribed final steam temperature at any load with a 
given amount of superheating surface increases substantially. 
There is a further increase if resuperheaters are added. The full 
import of this may be appreciated by examining the solid curves 
in Fig. 2 which define the minimum gas temperature necessary to 
attain full final steam temperature at every fraction of full load 
from 60 to 100 per cent with constant amounts of superheating 
surface varying from 200 to infinity sq ft per 1000 kw for each of 
the cycles Ar, Br, An, and Bn. The surface values shown are the 
smallest that are ideally possible with perfect cleanliness, perfect 
gas and temperature distribution, reasonable draft loss, and safe 
metal temperatures. 

Superheater selections for actual installations would be larger. 
Superheaters larger than about 400 sq ft per 1000 kw approach 
the impractical in size. With 400 sq ft of superheating surface per 
1000 kw ‘nder ideal conditions the full-load gas temperature to 
the super eater will be no less than 1960 F for the 1450-psig 1000- 
deg F resuperheating cycle (Br). This corresponds to a furnace- 
exit temperature of about 2030 to 2050 F. This full-load gas tem- 
perature is sufficient only if the full final steam temperature is not 
required below top load, or if the pronounced tendency of the 
furnace-exit-gas temperature to fall as the load is reduced (as re- 
vealed by the dot curves) is offset by differential firing. If full 
final temperature is required at fractional loads as low as 70 per 
cent, the full-load gas temperature at the superheater, correspond- 
ing to the minimum gas temperature of 1935 deg at the super- 
heater required at 70 per cent of full load, will be 2080 F. This 
corresponds to furnace-exit temperature of 2150 F. 

Correspondingly for the 2000-psig 1050-deg F resuperheating 
cycles, the minimum full-load temperature at the superheater 
with 400 sq ft per 1000 kw would be 2115 deg with a correspond- 
ing furnace-exit temperature of about 2185 F. For control down 
to 70 per cent of top load, where a minimum temperature of 2075 F 
is required at the superheater, the corresponding temperature at 
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the superheater at full load would be 2235 F and the furnace-exit 
temperature 2305 F, unless the surfaces are selected on the basis of 
differential firing. With the same amount of surface per kilowatt 
the corresponding nonresuperheating cycles require tempera- 
tures approximately 200 deg F less for equal control range. 

The reason for this is readily apparent from the following con- 
siderations: 

The heat available at any load for superheating and resuper- 
heating is determined by the weight of gas, its temperature enter- 
ing the superheating and resuperheating zone and the lowest tem- 
perature to which the gas may be cooled before it escapes from the 
superheater surface. This terminal difference seldom may be re- 
duced to less than about 100 deg F at the minimum superheat-con- 
trol load without making the surface impractically large. 

The weight of gas at any load is determined by the efficiency 
and excess air. Its temperature is determined by the extent and 
effectiveness of the furnace heat-absorbing surfaces, excess air, 
flame volume, shape, location, and distribution with respect to the 
furnace heat-absorbing surfaces. Some engineers overlook the 
importance of some of these factors and use only the heat libera- 
tion in the furnace per square foot of projected furnace absorbing 
surface as the basis for passing judgment on the adequacy of a 
furnace and the furnace-exit temperature to be expected. Changes 
in these factors may affect the furnace-exit temperature by 
hundreds of degrees at the same liberation rate. 

Table 1 sets forth the pertinent conditions which determine 
part-load superheater and resuperheater duty for the high-pres- 
sure resuperheating and nonresuperheating cycles under discus- 
sion, together with theoretical minimum temperatures of gas to 
the superheater, and the estimated corresponding maximum 
furnace-exit temperature already referred to in the discussion of 
Fig. 2. 

Steam-generator prices are sensitive to arrangement and _ pro- 
portions of the components. Therefore it is well to consider the 
effects of steam conditions, furnace-exit temperature, and steam- 
temperature control on surface proportioning in steam-generator 
design. 

Fig. 3 illustrates the effect of these factors and makes it possible 
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PRESSURE AT TURBINE 1450 Psi PRESSURE AT TURBINE 2000 Psi 
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to sense the complicated effects of changes in superheat-control 
range, and in the temperature of the products of combustion 
available to the superheater on the make-up of the pressure sur- 
face of steam generators. The distribution and total pressure 
surface requirements shown by the bottom curves in Fig. 3 are 
for steam generators which might be designed for several 100,000 
kw units, each working in accordance with one of the cycles desig- 
nated. To make the surface comparisons valid, the transfer rates 
and surface arrangements were selected for the duty so as to pro- 
duce with safe metal temperatures substantially the same draft 
loss and gas temperature leaving the pressure surface to enter the 
air heater at 700 F at full load. 

It should be of interest that in the nonresuperheating units for 
cycles, Bn and An, the effect of gas temperature and control range 
on the total pressure surface required is considerably less than 
the effect on the amount of superheater surface necessary. In the 
resuperheating cycles, the effects of gas temperature and control 
range on the total surface are more marked. Correspondingly, as 
may be seen from the upper part of the figure, the price per kilo- 
watt responds to changes in temperature and control range in a 
manner not to be ignored. The price data apply to steam gen- 
erators whose maximum capacity is just equal to the turbine- 
generator requirements at maximum capability and are approxi- 
mate in the absolute sense, but accurate as to the proportionate 
effects of design limitations. 

It is quite clear that arrangements of resuperheating units with 
superheaters and resuperheaters only of the convection type be- 
come prohibitive when a wide superheat-control range with a low 
furnace-exit temperature is required. Even with perfect fire con- 
trol, as may be seen from Table 1, the minimum practicable 
furnace-exit temperature with the 1450-psig resuperheating cycle 
is 1985 F, and with the 2000-psig cycle, 2155 F. These limitations 
preclude the choice of such steam generators for resuperheating- 
cycle installations in the Middle West or other regions where only 
coals with slagging ash are economically available. 


RESUPERHEATING Units WitTH RADIANT SUPERHEATERS 


There are, and always will be, plants which must be ready to 
burn fuels with ash of very low softening temperatures. In such 
plants furnace release rates are usually limited to values which, by 
experience, are known to result in slag-free operation with the 
worst available fuels. The 1450 (Br) or 2000-psig (Ar) resuper- 
heating cycles described cannot have the same fuel flexibility, 
freedom from slagging, and operating continuity as the corre- 
sponding nonresuperheating cycles, (Bn and An), unless enough 
radiant superheating surface is used to accomplish the required 
superheating duty over the required load range with lower fur- 
nace-exit temperatures than those shown to be required if only 
convection superheaters are used. 

Several of the resuperheating installations now under con- 
struction will employ superheaters and resuperheaters only of the 
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TABLE 2 DESIGN CHARACTERISTICS OF SOME RESUPERHEATING 
AND RADIANT RESUPERHEATERS 


convection type. These units, necessarily, will have to operate 
with temperatures entering the superheater several hundred de- 
grees higher than would be required or considered acceptable for 
conventional nonresuperheating units for the same primary-steam 
conditions purchased contemporaneously. It will be interesting to 
see to what extent the choice of fuels for these units will have to be 
restricted to nonslagging types after they go into service. 

Complete freedom in the selection of fuels for resuper- 
heating units may be obtained by using superheaters and _re- 
superheaters which include radiant heat-absorbing sections. A 
resuperheating unit of this type is now under construction for 
utility which has installed and operated four such units, and this 
year purchased a fifth. This utility, since about 1931, when it 
adopted resuperheating, has had extremely satisfactory experience 
with designs including radiant superheaters and radiant resuper- 
heaters. The design conditions of these units are given in Table 2. 

These units were designed to operate with furnace heat releases 
of the order of 15,000 Btu per cu ft per hr and therefore with 
furnace-exit temperatures so low as to preclude slagging of the 
convection heating surfaces with any fuel. It would have been 
impossible to design these units without the use of radiant steam- 
superheating surfaces. 

Since the use of radiant superheating and resuperheating sur- 
faces makes possible the design of steam generators which will not 
slag with any fuel, why do many purchasers still prefer resuper- 
heating units, including superheaters and resuperheaters only of 
the convection type, which are more likely to slag up except with 
very good fuels? This is perhaps so because not all engineers 
realize that there are in the United States many units operating at 
pressures of 900 to 1500 psi with steam temperatures at 925 to 
1000 F, which include radiant superheaters and resuperheaters, 
and that, in the aggregate, in these modern units difficulties 
attributable to the use of radiant superheaters are negligible. 
Since there is so much to gain in freedom from slagging and in 
operating reliability from the use of radiant surface for super- 
heating and resuperheating, engineers who contemplate the in- 
stallation of resuperheating units will find it advantageous to com- 
pare the advantages and limitations of radiant convection com- 
binations with self-compensating load-temperature characteris- 
tics, as against exclusively convection arrangements with steep 
load-temperature curves. 


COMPARATIVE PRICE OF RESUPERHEATING AND NONRESUPER- 


HEATING STEAM GENERATORS 


Here of course economics rears its ugly head and therefore it 
will be of interest to examine the effect of design and afrangement 
of resuperheating and nonresuperheating units for the same 
primary conditions on price. Fig. 3 shows how make-up and price 
of a steam generator for a turbine generator with a capability 
of 100,000 kw are affected by design limitations. It should be of 
interest that resuperheating units employing radiant superheaters 


INSTALLATIONS WITH RADIANT SUPERHEATERS 


SUPERHEATER RESUPERHEATER 
Pres- Surface | Sq. Ft. Pres- Surface Fe | 
NO. - Kilo- Flow sure Temp. | Radiant | Con- Flow sure Temp Radiant 
units | Year watts Lb/hr Psig i. Proj. vection Lb/hr Psig “F. only Proj. 
1 1931 80,000 635,000 1,340 830 1,534 8,500 590,000 375 835 1,430 | 
1 1942 80,000 635,000 1,340 830 1,534 8,500 590,000 375 835 1430 | 
1 1945 80,000 635,000 1,340 830 1,534 8,500 590,000 375 835 1,430 
1 1947 80,000 635,000 1,340 920 1,600 10,950 590,000 375 884 1,680 | 
1 1948 85,845 575,000 1,489 950 1,600 14,550 494,070 371 950 1 460 


Oe 
> 
5 
= 
i 
; 
— 


FRISCH 


| 


CONVECTION SUPERMEATER 


RADIANT ATER 


mal — 


‘7 


STEAM GENERATING EQUIPMENT FOR RESUPERHEATING CYCLES 


SUPERMEATER 
INLET HEADER 


with 
CONDENSER CONTROL 


SUPERHEATER 
INTERMEDIATE 
MEAOER 


SUPERME ATER 
OUTLET ME 


REWEATER 
OUTLET HEADER 


vi 


BE 


#0? 


sc 
- 


» 
4 Typica, Resuperneatine Steam GeNeRATOR WiTH RADIANT SUPERHEATER 


ful 


— 


4 
ul 
= 
< 
” 
a 
us 
3 
> 
> 
a. 
a 
> 
= 
= 
< 
<= 
= 
a 
a. 
”) 
<x 
Oo 
Y 
a 
oO 
a. 
a 
<q 


TRANSACTIONS OF THE ASME AUGUST, 1949 


FANS, FLUES, DUCTS, CASINGS, REFRACTORY, 
INSULATION AND STRUCTURAL STEEL. 


NOT INCLUDED: FOUNDATIONS, PLATFORMS, STAIRS, 


AUTOMATIC CONTROLS AND PRIMARY ¢ 
RESUPERHEATED STEAM PIPING. 


°F EFFICIENCY 87% 


ASH HOPPERS 4 REMOVAL EQUIPMENT, INSTRUMENTS, 


are fired at different rates by 
varying the relative proportions 


PRESSURE Psig TEMP °F of fuel delivered to each row, 


Each row is fired by a sepa- 
rate exhauster whose output 
may be adjusted as required 
The furnace-exit tempcrature 
may be changed by 100 or more 
deg by shifting the fuel propor- 
tions between upper and lower 
burners. Fig. 7 shows a single- 
unit 
with differential firing equip- 


furnace resuperheating 


H.P. TURBINE INLET 
L.P TURBINE INLET 
PRIMARY STEAM 
AT TURBINE 
RESUPRHTR STEAM 
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ENERATIVE FEEDWATE 
be piace TURBINE EXHAUS 


EASTERN U.S. 


TO APPROX. 0.7 FULL LOAD 


R HEATING 
xT | 


STEAM TEMPERATURES MAINTAINED, 


ment arranged for some fur- 
nace-exit-temperature control, 


| CONTROL CHARACTERISTICS OF 
RESUPERHEATING UNITS 


Fig. 8 shows the steam-tem- 
perature control characteristics 
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of typical resuperheating units 
of three types for the1450-psig 
Br cycle. 
the behavior of a unit such as 
Fig. 4, including 
a combination radiant-convec- 
tion superheater and a con- 
vection resuperheater. In spite 
of the naturally steep load-fur- 
nace exit temperature charac- 
teristics of furnaces, the final 
primary-steam-temperature 
curve of such a unit is very 
flat over a very wide load range 


Section (a) describes 


shown in 


50 15 
TURBO-GENERATOR CAPABILITY 1000 KW 


Fig. 5 
are cheaper when fuel conditions prescribe low furnace-exit tem- 
peratures, and when operating requirements call for superheat 
control over a wide load range. A modern design of this type is 
shown in Fig. 4. 

The cost of resuperheating steam generators per kilowatt tur- 
bine-generator capability is nearly the same as, and under some 
conditions, less than for nonresuperheating units for turbine gen- 
erators of the same capability. Fig. 5 illustrates the effect of unit 
size and cycle type on the cost of resuperheating and nonresuper- 
heating steam generators for a full-load gas temperature of 2000 F 
at the superheater, other conditions as given. The top curves in 
Fig. 3 show that for fuels requiring furnace-exit temperatures of 
less than 2000 F, resuperheating units of the convection type 
quickly tend to become impractical, prohibitive in price, and even 
impossible, whereas units with radiant sections are still eco- 
nomically feasible. 

This disadvantage of the convection type may be offset to some 
extent by providing differential firing equipment which may be 
used to increase the furnace-exit temperature as the load is re- 
duced. If this is done, the amount of superheating and resuper- 
heating surface is reduced, being determined by top or near-top- 
load requirements rather than by part-load conditions. 

Fig. 6 shows a twin-classifier twin-exhauster ball-mill arrange- 
ment. which has been used for superheat control by differential 
firing for some 10 years, in single as well as in twin-furnace units. 
Ip single-furnace units, two rows of burners at different elevations 


Errect or CycLeE AND TURBINE S1zE ON Price oF STEAM GENERATORS 


because of the mutually com- 
pensating characteristics of the 
radiant and convection sections. 
In the radiant section the steam 
temperature suffi- 
ciently to compensate for the 
steam-temperature decrease in the convection section as the load 
decreases. The net result is that little or no control is required. 
The convection resuperheater is designed for the minimum load 
at which the full turbine-load resuperheater steam temperature is 
required. As the load increases, the temperature tends to in- 
crease above the desired value and must be kept down by by- 
passing gas around the resuperheater or by desuperheating with 
a water spray. 

Section (b) shows the behavior of a unit such as shown in Fig. 7, 
with superheating and resuperheating sections only of the con- 
vection type designed for steam-temperature control down to 70 
per cent of full load with standard firing, and section (c¢) for dif- 
ferential firing. For the same control range, the unit designed for 
differential firing requires less superheating and resuperheating 
surface and less total pressure surface for the same efficiency. 
However, there is a slight penalty for this steam-temperature con- 
trol by furnace-temperature control, reflected in a loss in efficiency 
at partial loads, because the increase in furnace temperature pro- 
duced to raise the steam temperature is reflected in an increase in 
exit temperature, as compared with that attained in a unit with 
standard firing for the same control range. In twin-furnace units 
with differential firing, the increase in temperature in one furnace 
is nearly compensated for by a decrease in the other, and the effect 
on unit exit temperature and efficiency is practically nil. 

Since any change that must be effected in the temperature of 
the primary steam reacts on the temperature of the resuperheated 


increases 
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steam also, the problem of con- 
trol is the more difficult the more 
each temperature has to be con- 
trolled separately. In this re- 
spect, units with radiant super- = 


heating sections are the least 
troublesome because, as may be 
seen from section (a) Fig. 7, prac- — 
tically no control is required to 
maintain the primary-steam tem- do 


perature constant over a wide 


load range. By using resuper- — 
heaters exclusively of the radiant 
type, the control problem is fur- 
ther simplified because the re- 


superheater duty imposed by the 
cycle and the resuperheating ca- 
pacity of a radiant superheater 2 arr 
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comparisons of this paper to in- 
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OPERATING PROBLEMS 


While operating limitations 
resuperheating units imposed by a 
the slagging characteristics of 
the ash in the fuel are more 
severe, and starting and con- 
trol problems somewhat more 
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difficult, in other respects prop- 
erly designed resuperheating 
units are no more troublesome to Fic, 6 
operate with equal reliability and 

availability than nonresuperheating units for the same primary 
Steam conditions. 

The design of resuperheaters for long life and trouble-free be- 
havior requires considerable care because of the limited resuper- 
heated steam-pressure drop allowable. This, for the cycles con- 
sidered, is about 20 psi at full load. Because of this the arrange- 
ment, design, and operation of the burners require particular care 
in order that the gas flow, heat, and temperature distribution over 
the entire surface be as nearly uniform as possible. 

Since the steam-flow rates in the elements are quite well de- 
termined for each design by the allowable steam-pressure drop, 
and the metal temperatures at these steam-flow rates by heat- 
absorption rates, gas, and steam temperatures, adequate alloys 
Must be used in each section to suit the conditions. These metal 
selections and their proportions have a marked influence on the 


cost and life. 
ya 
CONCLUSIONS 


1 Steam generators for turbine generators employing resuper- 
eating cycles cost little if any more and may, for a small steam- 


Twin-ExHausTeR BaLt-MILL ARRANGEMENT FOR DIFFERENTIAL FIRING 


temperature control range, cost less than steam generators for 
nonresuperheating units for the same turbine capability and 
primary-steam conditions. 


2 Resuperheating units with superheaters and resuperheaters 
entirely of the convection type are more difficult to design for low 
furnace-exit temperatures and are more restricted as to choice of 
fuel than the nonresuperheating units. 


3 Resuperheating units with radiant superheaters and re- 
superheaters are not restricted as to choice of fuel, and while more 
expensive for small steam-temperature-control ranges and high 
furnace-exit temperatures, they become cheaper than units of the 
exclusively convection type for furnace-exit temperatures under 
about 1960 F for the 1450-psi, and about 2130 F for the 2000-psi 
cycle. 

4 While operating limitations of resuperheating units, im- 
posed by the slagging characteristics of the ash in the fuel are 
more severe, and starting and control problems require more care, 
resuperheating units require little more skill to operate than non- 
superheating units for the same primary-steam conditions. 
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Fic. 7 Typica, RESUPERHEATING STEAM GENERATOR WiTH CONVECTION SUPERHEATER AND CONVECTION RESUPERHEATER 
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5 Secondary but important effects, tending to reduce the first 

cost of resuperheating plants, is the reduction in the capacity of 

3 fuel-handling and storage facilities, feed pumps, heaters, evapora- 
tors, condensers, and condenser auxiliaries. The auxiliary power 
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for coal-handling, preparation, and pulverizing, and in pumping 
water, air, and flue gas will be less, too, per kilowatt hour gen- 
erated, and station sendout per kilowatt turbine capability will be 
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When power generating equipment is designed to oper- 


By W. H. ROWAND,! A. E. 


ate within the reheat steam cycle, the steam generating 
unit includes a reheat section in which partly expanded 
steam, returned from the turbine, is reheated before final 
expansion takes place. 


Reheat boiler units which have 


been in service for more than 20 years are described, to- 
gether with some modern high-pressure high-tempera- 
ture units. Comparison of reheat with nonreheat steam 
generating units to generate the same kilowatt capacity 
at the same boiler efficiency and draft loss is shown, to- 


gether with estimated cost increase of the reheat boilers. 


N THE design of new equipment to produce electrical energy, 
engineers are searching constantly for improved steam-cycle 
efficiency which will produce a kilowatt from fewer heat 
units to offset rising costs. The use of higher steam pressures 
and temperatures improves steam-cycle efficiency. The applica- 
the reheat also improves steam-cycle 
The purpose of this paper is to describe the applica- 


cation of steam cycle 
efficiency. 
tion of reheaters to modern high-pressure boilers. 

In the reheat steam cycle, partly expanded steam is withdrawn 
from the turbine and led to a reheater in which the steam is 
reheated, i.e., its temperature and heat content are increased. 
From the reheater, the steam is led back to the turbine or another 
turbine to complete its expansion. As can be seen from a tem- 
perature-entropy chart, a greater portion of the heat added to 
the steam in the reheat cycle is converted to useful energy than 
would be possible in a normal steam cycle without reheat 
Also, the moisture content of the steam in the low-pressure stages 
of the turbine is reduced so that destructive erosion of the turbine 
blades is minimized. 

When a high-efficiency steam generating unit is available as 
part of the equipment in a reheat steam cycle, the net heat rate 
in Btu required to produce a kilowatt of electrical energy is 
reduced. 


A major factor in operating cost is reduced. 

Boilers equipped with reheaters for heating steam, after it has 
given up some of its energy through partial expansion in a turbine, 
have been in service for more than 20 years. In the mid-twenties, 
pioneering in steam pressures progressed very rapidly from the 
450-psi level to 1200 psi. Available materials and designs, how- 
ever, limited steam temperatures to 750 F, and this temperature 
limitation, with the straight-expansion cycles then in common 
use, imprisoned much of the inherent advantage of higher steam 
pressures. Reheating offered a solution. 

Obviously, the theoretical heat conservation from reheat had 
to be very carefully guarded against the rapid inroads of costs for 
design, construction, and operation of the reheat equipment, 
but the efforts of the station designers and of the manufacturers 
finally produced a balance clearly in favor of reheat. 

With the development of alloy materials suitable for higher 
— > 
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temperatures, it became more profitable to invest in the non- 
reheat system with higher primary-steam temperatures, and to 
give up the relatively less productive savings from reheat. 
Now we are again reaching a temporary limitation in steam 
temperatures, and with the rapidly increasing cost of fuels, the 
reheat cycle is again becoming popular, but at a much higher level 
of temperature and pressure than that at which it was attractive 
in the mid-twenties. Reheater units are being built today for 
primary-steam temperature of 1050 F, reheat-steam temperature 
of 1000 F, and initial pressures up to 2500 psi. 

The use of higher steam pressures and temperatures has re- 
sulted in a steady reduction of station heat rates on new generat- 
ing equipment. There does not seem to be much probability 
of using pressures higher than 2500 psi. The possibility of 
future improvement lies more in the direction of higher tempera- 
tures, but, for the time being, 1100 F is about the top commercial 
limit to high temperatures at high pressures. Therefore utility 
engineers, in their relentless pursuit of lower costs in generating 
power are again considering the reheat cycle at temperatures of 
1000 F and even 1050 F, and are finding that, in some cases, it is 
economically justified in the light of present-day fuel costs. 

Reheaters are actually superheaters and are generally installed 
as convection surface in a boiler setting. In the mid-twenties, 
a few live-steam reheaters were used. Reheaters are subject 
to the same design factors as superheaters, requiring the correct 
amount of surface, arranged with the proper internal and ex- 
ternal flow areas to insure satisfactory tube-metal temperatures 
and a uniform distribution of steam and gas flow over the re- 
heating surfaces. Actually, reheater design is more difficult 
because of the necessity of designing for a minimum pressure 
drop in the reheater and the connecting piping. The surface 
should be installed in a zone where the temperature of the gas 
is high enough to insure economical use of the heating surface and 
low enough to insure freedom from tube slagging. 


REHEATER INSTALLATIONS 


reheaters were installed above or 
behind the boilers. The unit shown in Fig. 1 was designed and 
built about 1925. The reheater is located in the upper part of the 
boiler setting, between the boiler tubes and the horizontal cir- 
culating tubes. The boiler and superheater deliver steam at 
1050 psi and 710 F to the high-pressure turbine from which partly 
expanded steam of 365 psi and 505 F is returned to the boiler 
for reheating to 700 F, from where it is discharged into the 350- 
psi header serving the low-pressure turbine. A guillotine damper, 
movable in a vertical direction, regulates the steam temperature 
leaving the reheater by varying the amount of gas passing over 
the reheater surface. Similar but larger steam generators with 
reheaters were installed in this plant in 1929. 

The unit shown in Fig. 2 was built about 1928, and is typical 
of several other units built about that time. The reheater was 
installed above and to the rear of the boiler and was of sufficient 
size to reheat the steam supplied to the turbine by three boilers 
generating steam at 730 psi and 750 F. Partly expanded steam 
entered the lower drum of the reheater section at 190 psi and 490 
F. The temperature of the steam leaving the reheater was 
raised to 760 F. 

In each of these examples of the early application of reheaters, 
the design of the boilers was such that the reheater surface was 
traversed by flue gas having a temperature of about 1200 F, 
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Obviously, less surface would be necessary and higher steam 
temperatures possible, if the reheater surface could be installed 
in areas where the gas temperature is higher. As will be shown 
by subsequent illustrations, the design of modern high-pressure 
high-temperature high-capacity boilers to operate with high 
availability, lends itself much more readily to the application of 
reheater surface in zones where the gas temperature is much 
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Fig. 1 Hiau-Pressure BorLer WitH REHEATER—1925 


higher, resulting in a more economical use of the installed surface. 

Another favorable factor, which developed in the intervening 
years, is the more general use of the single-boiler single-turbine 
arrangement, which results in much simpler piping connections 
between the turbine, superheater, and reheater. 

A more recent application of reheaters is shown in Fig. 3, a 
pulverized-coal-fired slag-tap unit in the Twin Branch Station.‘ 
This unit is designéd to generate 550,000 Ib of steam per hr at 
2300 psi and 940 F primary steam conditions, with the partly 
expanded steam reheated at 400 psi to 900 F. The reheater 
surface of this unit is in three sections. The first section is a 
downflow convection section from header H to header J, located 
just above the screen tubes protecting the entrance to the con- 
vection section. The reheater section in this area occupies about 
1/, of the width from side wall to side wall, the remaining */, 
being occupied by a similar tube bank of the primary super- 
heater. The second section of the reheater surface forms the 
side walls of the first and second open passes, from header K to 
header L. The steam flows upward and collects at the top in a 
_ loop header M from which the reheater tubes emerge to form the 


_ 4*“Operating History of the 2500-Psi Twin Branch Plant,” by 
Philip Sporn and E. G. Bailey, Trans. ASME (Supplement Section— 
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hopper-floor tubes to an outlet header N. 

The first section is located in a convection zone, and the other 
two sections are located in areas where radiant heat absorption is 
predominant. 

This unit has been operating successfully for more than 7 
years. It operates at maximum load with yearly outages. 
Its availability has been in the order of 95 per cent. The station 
heat rate of the unit served by this reheat steam-generating unit 
is approximately 10,000 Btu per net kw. 

At these higher temperatures the control of the steam tempera- 
ture is important from the standpoint of maintaining turbine 
efficiency and avoiding excessive metal temperatures in the 
turbine, superheater, or reheater. In this unit, designed for 
550,000 Ib of steam per hr, the primary steam temperature is 
controlled by means of a spray attemperator, spraying high- 
pressure feedwater in the steam leads between the primary and 
secondary sections of the superheater. The steam temperature 
from the reheater is controlled by varying the gas flow over the 
convection section of the reheater surface by means of dampers 
at the outlet over the reheat section of the unit. 

Experience gained on this unit has permitted a simplification 
of the arrangement of surfaces in later designs. Fig. 4 shows 4 
larger unit for the same station, designed to generate 930,000 |b 
of steam per hr at 2080 psi and 1050 F, and to reheat 835,00 
Ib of steam per hr at 425 psi from 662 F to 1000 F. The steam 
generating unit is designed to operate with an efficiency of 89.3 
per cent. The combination of this higher boiler efficiency with 
the use of the reheat steam cycle with regenerative feedwater 
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heating will result in a station heat rate of about 9300 Btu per 
net kw. 

All the superheater and reheater surfaces are located in the 
convection section of the unit, the reheater being installed be- 
tween two sections of the high-pressure superheater. 

With primary steam temperatures of 1050 F and reheat steam 
temperature of 1000 F, it is necessary to have the most accurate 
control available for steam temperature and reheat temperature 

_ for reliability. Spray attemperators are being used because of 


the successful experience over a period of 7 years with the unl 
shown in Fig. 3, and many other high-temperature units. The 
spray atttemperator for controlling primary steam temperatut 
is located between two sections of the high-pressure superheate! 
The attemperator for controlling reheat steam temperature § 
located in the inlet pipe of the reheater. 

Fig. 5 shows diagrammatically, the design of spray attemper* 
tor used in these installations. Feedwater is introduced into th 
steam pipe through an efficient atomizing spray nozzle. The 
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atomized spray is mixed effectively with the steam by a Venturi- 
} shaped liner, insuring rapid evaporation and superheating of the 
spray water. The liner prevents any spray water from reaching 
the pressure piping, thus eliminating any possibility of tempera- 
ture shock and the quench cracking that has occurred in some 
unlined steam pipes. 

Fig. 6 shows the diagrammatic arrangement of the spray- 
attemperator control and piping. The pressure drop across the 
ledwater-regulator valve, economizer, and primary section of 
the superheater is utilized to force the feedwater through the 
attemperator pipe and spray nozzle. Temperature elements 
in the steam lines automatically control the amount of water 
passing through the regulator valves. To further assure in- 
slantaneous response, the control relays are locked with steam- 
fow or air-flow impulse. This arrangement assures close control 
of temperature at the desired level throughout the design load 
tahge for constant temperature. 

Fig. 7 shows the design of units being built for the Philip 
Sporn Station,’ shown in Fig. 8. The capacity and steam condi- 


*“The 2000-Psi, 1050 F, and 1000 F Reheat Cycle at the Philip 
born and Twin Branch Steam-Electric Stations,”’ by Philip Sporn, 
Trans, ASME, vol. 70, 1948, pp. 287-294. eee. ‘ 
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tions are the same as for the unit in Fig. 4 but the furnace is 
designed for dry-ash removal. The convection section will be 
very similar to the convection section of the slag-tap unit in 
Fig. 4. 

In order to increase the steam-temperature control range, these 
units are being designed to recirculate flue gas from the economizer 
outlet at partial load back into the furnace adjacent to the burn- 
This will have the effect of decreasing the radiating tem- 
perature and absorption in the furnace, thereby increasing the 
heat content of the gases to the superheater and reheater. 

Fig. 9 shows a modern radiant-type boiler designed to generate 
575,000 lb of steam per hr at 1500 psi and 1000 F, reheating 502,- 
000 Ib of steam per hr at 417 psi from 697 F to 1000 F. The outlet 
superheater tubes and the location of the outlet header are 
arranged with sufficient flexibility to accommodate the entire ex- 
pansion of the piping. The reheater is located in the intermediate 
gas-temperature zone between two sections of the superheater. 
The reheater outlet is also arranged to accommodate the expan- 
sion of the piping to the low-pressure turbine. Crossflow of the 
gases is utilized throughout the superheater and reheater to ob- 
tain optimum absorption efficiency of the heating surface. On 
this type of unit, considerable temperature adjustment can be ob- 
tained by using different combinations of burners at different 
loads. 

Fig. 10 shows a pulverized-coal-fired slag-tap unit for Oswego 
Station, designed for 655,000 lb of steam per hr at 1450 psi and 
1000 F, reheating 575,000 Ib of steam per hr at 405 psi from 701 F 
to 1000 F. Primary and reheat steam temperatures will be con- 
trolled to 70 per cent of full load with spray attemperators be- 
tween the primary and secondary superheater sections and at the 
inlet to the reheater. The same furnace-design factors were used 
on this job as were used on the similar nonreheat unit in the same 
station which has been in operation several years. 

Fig. 11 shows a cyclone-furnace-fired slag-tap unit for Wauke- 
gan, designed for 830,000 Ib of steam per hr at 1850 psi and 1010 F, 
reheating 733,000 Ib of steam per hr at 550 psi from 690 F to 1010 
F. Primary and reheat steam temperatures will be controlled by 
spray attemperation down to 65 per cent of full load. The tem- 
perature-control range is further extended to less than half load 
by recirculating gases from the economizer outlet to the furnace 
to reduce the radiating temperature, which in turn reduces the 
heat absorbed in the furnace and increases the heat content of 
gases to the superheater. 


ers. 


OPERATION 


It is essential to design the boiler, turbine, and their intercon- 
nections so that they will have sufficient flexibility and safety 
during normal starting up and shutting down and also during 
emergency trip-outs and restoration to full-load conditions. The 
inclusion of reheaters introduces additional considerations to the 
co-ordinated design. 

Fig. 12 shows diagrammatically the connections between the 
boiler and turbine for the units shown in Figs. 4 and 7. There is 
the usual automatic emergency stop valve in the high-pressure line 
between the boiler and turbine and the usual control valves on the 
high-pressure turbine. Two spring-loaded safety valves and 
power control valve are located at the superheater outlet. As re- 
quired by the Code, safety valves, having a relieving capacity of 
100 per cent of the capacity of the unit at 450 psi, are located on 
the lines between the high-pressure turbine and the reheater, and 
on the pipe between the reheater and low-pressure turbine. An 
automatic interceptor valve is located just ahead of the low-pres- 
sure turbine to prevent it from overspeeding in case the high- 
pressure stop valve trips. The customary drains are located on 
the superheater and reheater headers and steam piping. 


_ The normal starting-up schedule, as worked out for these 


f 
q 
WATER 
INLET 
“ere 
= 
~ 
+4 : 
i 


+ SUPERHEATER INLET 


SUPERHEATER 
ATTEMPERATORS 


é 


| REHEAT SUPERHEATER 


OUTLET 


} REHEATER 


— ; ATTEMPERATORS 


* HC 


OUTLET 


REHEATER ATTEMP 
| INLET CONNECTION 


— 


—— 68'0" — 


(930,000 Ib per hr 2080 psi, 1050 F, 1000 F reheat. ; _ : 


Philip Sporn Plant.) 


high-pressure units, calls for firing the boiler with pulverized coal 
and oil torches at low input, bringing the unit from cold to full 
load and temperature in about 8 hr. 

Another important consideration is the handling of the unit 
during an emergency trip-out and providing for adequate protec- 
tion of the equipment and facilities for restoring the load as 
rapidly as possible. For the units shown in Figs. 4 and 7, where 
the reheater is located in an intermediate gas-temperature zone 
between two sections of the superheater, a simple straightforward 
method of handling the unit under these conditions has been 
worked out, without having to restort to the complications of 
steam by-pass lines, reducing valves, and the like. The high- 
pressure trip valve, the throttle valve, and the interceptor valve 
are each being provided with an additional contactor, which will 
be wired through the interlock system to trip out one or more 
pulverizers automatically after a time delay of a few seconds after 
closing. 


BorLeR CoMPARISON—WITH AND WitrHoUT REHEATERS 


The number of Btu required to produce a kilowatt at various 
steam pressures and temperatures, with and without reheat, indi 
cates that the reheat cycle requires fewer Btu. The question thet 
becomes: ‘What is the relative cost of the high-pressure high 
temperature unit without reheat as compared with the reheal 
unit for the same conditions?” This question has been conside 
many times. Boiler designs have been prepared for units with and 
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without reheat to help arrive at the over-all cost of the two types 
of units. Several items of course must be considered in arriving 
at the economic answer, the cost of boiler, piping, turbines, and 

control equipment. 
To get comparable answers on boiler costs, the designer must 
_ take into account the fact that the heat input and primary-steam 
- output of the reheat unit will be less than those for the nonreheat 
- unit when both are designed to produce the steam required to 


generate the same number of kilowatts from the same primary- 


steam conditions and at the same boiler efficiency and draft 

loss. 

_ Therefore the width of the reheat unit will be smaller. The 
nonreheat unit will have more economizer surface to make up for 

4 the heat absorption of the reheat surface. Economizer surface, in 
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general, is less costly than reheater surface because some alloy 
materials are required in the reheater. 

The percentage distribution of economizer, superheater, and 
reheater heat absorption is indicated in Table 1, calculated for’ 
reheat and nonreheat unit, designed for 1500 psi and 1000 F 
primary and reheat steam temperature with 425 F feedwater tem 
perature: 


TABLE 1 HEAT-ABSORPTION DISTRIBUTION IN NONREHEA! 

AND REHEAT UNITS 

Nonreheat Reheat 

Heat absorbed in furnace and boiler, per cent....... 56.1 52 ‘| 
Heat absorbed in superheater, per cent............. 29.4 tH 
Heat absorbed in reheater, per cent................ 
Heat absorbed in economizer, per cent........... 14.5. _ 

Total, percent........... 100.0 100 4 
Heat absorbed in air heater, percent............... 9.3 
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Fic. 12. Line TurBINE ARRANGEMENT 

Design and price studies have been prepared for 60,000-kw, 80,- 
000-kw, and 125,000-kw units, some designed for liquid-ash re- 
moval, others for dry-ash removal. All of the units have overload 
capacities above these ratings. The steam requirements specified 
have not always been identical for the various sizes, but they have 
been reasonably close. Typical maximum-load steam require- 
ments, specified by various companies for these units, have been 
about as indicated in Table 2 

A typical unit designed for dry-ash removal to satisfy the steam 
requirements of the 60,000-kw turbine is shown in Fig. 9, the 
125,000-kw unit with a dry-ash-removal-type furnace is shown in 
Fig. 7, and a liquid-ash-removal-type unit is shown in Fig. 4. 

The design and price studies made to date indicate that when 
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TABLE 2 TYPICAL MAXIMUM LOAD STEAM REQUIREMENTS 


Nominal turbine rating, kw................... 

Steam flow, |b per hr 

Pressure of steam at superheater outlet, psi 

Temperature of steam at superheater outlet, deg F 

Pounds of steam to reheater, lb per ae 

Pressure of steam at reheater inlet, 

Pressure of steam at reheater outlet, psi 

Temperature of steam at reheater outlet, deg F. 
Temperature of feedwater to economizer, deg F.. 492 


the two types of units are designed to generate the same kilowatts, 
the reheat-boiler unit designed for 1500 psi and 1000 F costs 
about 5 per cent more than the nonreheat boiler. The difference 
in price between the reheat and nonreheat boiler is approxi- 
mately the same for the 60,000-kw and the 80,000-kw units 
whether designed for liquid-ash removal or dry-ash removal. 

The reheat boiler designed for 2035 psi at the superheater 
outlet, 1050 F primary-steam temperature, and 1000 F reheat- 
steam temperature costs about 7.5 per cent more than the non- 
reheat boiler designed for the same superheater-outlet pressure 
and temperature. 

In both instances the standard and reheat boilers are designed 
to produce the same number of kilowatts, with the same range of 
steam-temperature control, same boiler efficiency, and draft loss. 


CONCLUSIONS 


Reheaters have been in service for more than 20 years. Design 
and operating experience from these installations is available for 
application to modern steam-generating units for high pressure 
and temperatures. Five boilers of the Fig. 7 design, two boilers of 
the Fig. 9 design, and one boiler each of the Fig. 4, Fig. 10, and 
Fig. 11 designs are now being built. Many others are contem- 
plated and in the design stages. Whether the added cost of the 
reheat cycle is economically justified depends upon a careful 
analysis of all the pertinent factors in each individual case. It 
is our opinion that the reheat cycle is practical from the stand- 
point of design and operating reliability. 
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This paper gives a brief historical résumé of reheat 
progress followed by a discussion of the design factors 
which dictate the size, shape, and proportions of a large re- 
heat steam generator. A few typical installations are 
illustrated and discussed, and general comments on opera- 
tional procedures are included. 


PROGRESS IN REHEAT BOILERS 


N the earliest applications of the reheat cycle in power 
stations, dating back more than 20 years, reheating of the 
steam was done in separate reheaters. Steam was generated 

at 550 psi and superheated to 750 F in a conventional boiler unit, 
then expanded through a turbine to 105 psi, reheated at that 
pressure to 700 F in a separately fired reheater, and then ex- 
panded in a condensing turbine. Some of the early reheat installa- 
tions used steam-to-steam reheaters and others used a two-stage 
arrangement combining gas-to-steam and steam-to-steam. 

A few years later units were built with the reheater located 
within the confines of the steam generator, and some of these 
installations employed radiant reheat surface. Several such 
units are in satisfactory operation, and in a few cases dupli- 
cate units were installed at a later date. Obviously, extreme 
care must be exercised to protect the reheater during the start- 
up, but in spite of this, some such units have been cross-con- 
nected, with two reheat units supplying a single turbine, and 
with the necessary control equipment to proportion the return 
steam to the two reheaters in a satisfactory manner. 

Some reheat installations have been used in connection with 
‘topping’ turbines in which the primary steam is expanded 
through a new high-pressure turbine and then reheated at the 
original pressure of the station for use in the older turbines. 
Such plants usually have a tie-in line permitting steam from low- 
pressure boilers to be used for reheater protection during starting 
up. They also have a by-pass around the high-pressure turbine, 
with desuperheaters, to permit operation of the high-pressure 
boilers when the topper is out of service. This arrangement per- 
mits an emergency outage of the “topper” to occur without re- 
quiring the high-pressure boiler to be taken out of service, the 
steam from the boiler first being passed through a reducing 
valve, then desuperheated, then reheated and delivered to the 
low-pressure turbines. However, cross-connection of such units is 
expensive and introduces operating complications (1-13).? 

The high cost of fuel, material, and labor since the recent war 
quite naturally has increased the popularity of reheat boilers in 
central stations because of better station economy, and many 
such units are now in process of design or construction, selected for 
primary-steam pressure of 1400-2200 psi, primary-steam tempera- 
ture up to 1050 F, and reheated-steam temperature up to 1000 F. 
The high cost of material and labor also makes it desirable to build 
these units in large sizes, connected to a single turbine, and without 
cross-connection between the boilers. That this is being done is a 
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tribute to the designers of boilers and turbines, but past i 
formance is available to demonstrate that high availability can be 

built into both these pieces of equipment when proper attention is 
given to details of design and materials. Single-boiler reheat in- _ 
stallations are being considered up to a capacity of 1.5 billion Btu 


per hr fuel-firing rate. 


Factors 


_ When the specified primary-steam temperature is 1050 F and 
reheat temperature is 1000 F the combined superheater heat ab- 
sorption is about 40 per cent of the total heat absorption by all 
pressure parts, including furnace, boiler, and economizer. It may 
be said truly of such units that the rest of the installation is really 
built around the superheater and reheater. 

The design is further influenced by the specified load range 
over which the steam temperature must be held constant. It is 
characteristic of a convection-type superheater that the outlet 
steam temperature increases as the load increases, and this in- 
crease may amount to 75 deg F from half to full load. Therefore, 
if full steam-temperature conditions are specified at reduced load, 
a control must be furnished to keep the steam temperature from 
rising. The primary cause of increased steam temperature at in- 
creased output is increased gas temperature. 

When high primary and reheat steam temperatures are to be 
obtained by convection heat transfer, and with coal firing, the gas 
temperature leaving the furnace will be close to the fusion tem- 
perature of the ash, even at reduced load. Obviously, an increase 
in output with fixed burners will therefore produce two objec- 
tionable effects, namely, excessive furnace gas temperature and 
excessive steam temperature. Therefore it is doubly important 
to control the cause rather than the result of these increased tem- 
peratures. 

With tilting burners, which in effect give an adjustable furnace, 
this is quite readily accomplished. The furnace can be designed 
to give the required furnace gas temperature at maximum load 
with the burners horizontal, and they are tilted upward at lower 
loads to control the gas temperature to exactly that required to 
give constant steam temperature. 

To illustrate this design problem, Fig. 1 is a typical study made 
for a large unit similar to that illustrated in Fig. 5 in which all 
superheating and reheating surface is located beyond the furnace 
outlet, with the reheater located between two sections of the 
primary superheater. Curve A-B is the gas temperature entering 
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the reheater, as required to maintain a constant 1000 F 
reheat temperature from 60 to 100 per cent of design capacity, 
and curve C-D is the corresponding gas temperature leaving the 
furnace, required for 1000 F primary-steam temperature at design 
capacity. The shape or flatness of these curves is affected not 
only by the steam-temperature variation for which they are 
plotted, but also by the degree of variation in feedwater tempera- 
ture and excess air. The position of these gas-temperature 
curves with respect to the vertical scale is affected by the design 
difference between the gas temperature leaving and steam tem- 
perature entering the cold-end section of the superheater. A low- 
temperature difference results in a lower required gas temperature 
leaving the furnace but also results in greater heating surface in the 
superheater and reheater. Therefore a higher gas temperature 
leaving the furnace permits the use of a smaller and less expensive 
superheater. 

The curve of actual gas temperature leaving a furnace, fired in a 
conventional manner, is much steeper than the curve of gas tem- 
perature required to maintain constant steam temperature. 
Therefore, in Fig. 1, if the temperature indicated at E is required 
to give the specified steam temperatures at 60 per cent of capacity, 
and fixed turbulent burners are used, the gas temperature leaving 
the furnace at 100 per cent capacity will exceed the required gas 
temperature D. In the interest of cost economy of furnace and 
superheater, it is desirable to select the furnace so that point D is 
below the temperature which will cause troublesome ash de- 
posits. However, this procedure cannot be followed with fixed 
burners even of the tangential type (which have a flatter gas- 
temperature characteristic than the turbulent type), except at a 
sacrifice in steam temperature at reduced load. 

However, Fig. 1 illustrates a solution to the problem through 
the use of adjustable (tilting) burners with the furnace designed 
as previously mentioned. It will be seen that the maximum gas 
temperature leaving the furnace need not exceed the values indi- 
cated by the line E-D, because the range of control of furnace gas 
temperature will be as indicated by the dash lines XY, Y, and Z, 
which are drawn for three different positions of the tilting burners. 

A more detailed discussion of the use of tilting burners for 
furnace gas-temperature and steam-temperature control will be 
found in references (14, 15, 17, 18). Another series of papers (16), 
published by this Society, reports quantitative data on variation 
in furnace heat absorption and furnace gas temperature, based 
upon actual tests conducted on a large steam-generating unit em- 
ploying this method of firing. In these tests a maximum gas- 
temperature variation was obtained at the furnace outlet at con- 
stant boiler load by the use of the adjustable burners, which 
greatly exceeds that used in the study illustrated in Fig. 1. If that 
degree of gas-temperature control had been used, an even greater 
range of load at constant steam temperature could have been pre- 
dicted. 

Another series of tests, reported in reference (18), are illustrated 
in Fig. 2. The solid line A is the gas temperature required to hold 
constant steam temperature over a 5 to 1 load range on a nonre- 
heat unit delivering 900 F steam. The shape of the curve was 
affected by variation in excess air and feedwater temperature with 
variation in load, and the curve was plotted from data obtained 
with the supplementary steam-temperature control (by-pass 
dampers) closed. The dash lines B, C, and D, are gas-temperature 

curves with burners tilted up 25 deg, horizontal, and down 25 deg, 
respectively. Superposition of the burner-tilt curves on the re- 
quired temperature curve illustrates how a 5 to 1 operating range 
on this unit can be obtained with constant steam temperature, 
using burner tilt only for steam-temperature control. 

The heart of the steam-temperature control system of these 

modern reheat boilers is the burner illustrated in Fig. 3, one of 
which is located in each of the four furnace corners. These 
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Fic. 2 Test ResuLts oN NonREHEAT 900 F Unit Loap 
RANGE OBTAINED TILTING-BURNER SUPERHEAT CONTROL 


DAMPER 
CONTROL 


CONTROL MOTOR _ 


Fie. 3 TypicaL BuRNER FOR CORNER FIRING, ILLUSTRATING 
Pivortep Fue, anp AiR Nozzie Tips, TittinG MeEcHANISM, AND 
Atr-DAMPER OPERATING MECHANISM 


burners may be designed for firing coal, gas, or oil, separately o 
simultaneously, and all the fuel-nozzle tips and air-guide vanes 
are moved or tilted simultaneously by a motor-operated mecha 
nism actuated by impulses originating at a steam-temperature 
thermocouple. An air-flow element in the control system serves 
anticipate a steam-temperature change when a load change is &* 
perienced, thereby providing a more nearly constant steam tel 
perature than would exist if the thermocouple only were used for 
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control purposes. In addition to operating the burner tilt 
mechanism, the control system may include supplementary con- 
trol means for operating a by-pass damper or water valves for a 
spray desuperheater. 

By proportioning and locating the reheater properly, the final 
reheat and superheat temperatures are both controlled by burner 
tilt, but the tilt angle is automatically actuated by changes in re- 
heat temperature. The temperature of primary steam may 
require supplementary control by spray desuperheating. 

Fig. 4 shows typical curves of steam-temperature and desuper- 
heating-water requirements. The upper curves illustrate steam- 
temperature variation over a wide load range when burner tilt is 
actuated by the reheated-steam temperature to hold 1000 F over 
control range. It will be noted that when the primary superheater 
4 is also proportioned to give 1000 F steam temperature at design 
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capacity, the primary-steam temperature will increase gradually 
along the line A-B as load is reduced to the control point, and then 
decrease along the line B-D. Therefore, when operating in ac- 
cordance with design conditions, no supplementary control will 
be required by the reheater. However, with the controls set to 
hold the primary-steam temperature also at 1000 F, a small 
amount of desuperheating water automatically will be supplied to 
the primary-steam circuit. The amount required is indicated by 
the line A)-B,-C,-D,, and this water is introduced between the two 
sections of the superheater so that the average outlet steam tem- 
perature will not exceed the design value. A desuperheater of the 
Spray type is also provided at the reheater inlet to supplement 
burner-tilt control, if and when needed, to compensate for large 
changes in feedwater temperature or other unusual operating con- 
ditions. 

A steam-atomized water spray is more universally adaptable to 
use on the primary superheater because some plants operate with 
very low excess pressure on the boiler feed pumps, and there is 
sufficient pressure drop across the low-temperature section of the 
superheater to provide the necessary differential steam pressure 


= for steam-atomized water sprays which require much less dif- 
: lerential water pressure. Mechanical atomization is used for the 
Sprays at the reheater inlet and may also be used for the primary 
y of superheater in plants where sufficient excess water pressure is 
anes available at the feed pumps. In both desuperheaters the inlet 
char steam is sufficiently superheated so as not to be reduced to satura- 
ture tion by the small amount of water involved. 
es to Steam-pressure drop between the high-pressure turbine exhaust 
g eX and the low-pressure turbine inlet must be kept to a minimum in 
tem- order to obtain maximum efficiency with the reheat cycle. How- 
d for ‘ver, a reasonably large pressure drop of 20-25 psi must be taken 
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across the reheater proper, to insure adequate steam distribution 
and protection against overheating in individual circuits. Steam 
piping to and from the reheater therefore must be designed con- 
servatively to reduce line losses. 5 

Since the gas temperature entering the superheater may be — 
close to the fusion temperature of the ash it is customary to use— 
wide transverse tube spacing near the furnace exit and a much 
closer spacing in the gas-outlet section. Materials of course must 
be satisfactory for the temperature and stress encountered, and 
most installations have as many as four different alloy steels in 
addition to the carbon steel used at the steam-inlet end of the 
superheater and reheater. The tube diameter and circuit length — 
must be proportioned to meet the allowable pressure drop, and — 
the circuit arrangement must be chosen to insure an efficient tem- | 
perature difference between gas and superheater surface in all 
parts of the unit in order to economize on heating surface. 

The almost complete absence of convection steam-generating | 
surface will be noted in all modern reheat-boiler units. 


Typical INSTALLATIONS 


One of the largest high-pressure topping installations employing 
an integral convection reheater is that at Montaup Electric Com- 
pany where the boiler is designed for 2000 psi with primary-steam 
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Fic.6 Reneat BorLer, COAL OR Or-Firep, WaTER-CooLeD SLAG- -BotroM FURNACE 


Design pressure 2000 psi; maximum capacity 650,000 lb per hr at 1825 psi and 960 F; reheat flow 567,000 lb per hr at 370 psi and 765 F. Super 
heat controlled by use of by-pass dampers, and reheat by spray desuperheater at inlet.) jt 
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temperature of 960 F and re- 
heat of 765 F. This unit dates 


back to 1940, and much of the 
experience gained thereon has 
been applied projecting 


— ~ i 


newer designs. The unit is 


illustrated in Fig. 6 where it PaMEATeN 


will be noted the reheater is th bos 
positioned the same as on more 
recent units. Montaup has a | ae 
slagging bottom and was de- REHEATER 


signed before the advent of j 
tilting burners, but superheat | 
control is obtained with a novel 
by-pass arrangement which has NX 
been duplicated on many other 
units. Reheat-steam tempera- 
ture is controlled by a spray 
desuperheater at the reheater 
inlet. 

Fig. 5 is typical of twelve 
dry-bottom units now in proc- 
ess of design or construction by 
the author’s company for seven 
public-utility companies. They 
all employ the same division 
and general arrangement of 
superheating sections with flexi- 
ble outlet terminals on both 
superheater and reheater to 
permit a simplified design of 
high-temperature piping to the 
turbine. The position of the 


SUPERHEATE 


hie 


burners is indicated, and it will 


> BURNERS 


be noted that a large portion 
of the water-cooled walls is lo- 
cated below the burners, in 
order to take advantage of 
downward burner tilt when 
necessary to counteract the 
effects of poor coal or dirty 
furnace walls, or to compensate 
for the effect of large changes 


in feedwater temperature. 
There is a striking similarity 
to nonreheat units currently 
offered by the author’s com- 
pany, the most noticeable dif- 
ference being that more space is occupied by the superheater and 
less by the economizer. 

Fig. 7 shows the preliminary drawing for a unit now in process 
of manufacture for a large utility company in New Jersey. This 
is of the wet-bottom continuous-slag-tap design and it will be 
noted that the burners are divided into two groups, the lower to in- 
sure continuous removal of slag, and the upper to assist in steam- 
temperature control through burner tilt. Primary superheat con- 
trol is provided through spray desuperheaters at the reheater 
inlet and also between the front and rear sections of the primary 
superheater, both of which are under automatic control. The 
burner-tilt control probably will be remote manual. 

In all these units the high-temperature section of the primary 
superheater is placed nearest the furnace outlet, and this section 
has the tubes spaced on wide centers to reduce ash accumulation 
when using low-fusion-ash fuels. Behind this section is the low- 
Pressure reheater, and beyond that the low-temperature section of 
the primary superheater. These sections are placed in series with 


Fic. 7 
(Design pressure 1770 psi; maximum capacity 950,000 lb per hr at 1050 F and 1578 psi; reheat flow 830,000 lb 


per hr at 1000 F and 380 psi. 


RewHeat Borer, Coat or O1t-Fired, WATER-CooLED-SLAG-BoTTom FURNACE 


Controlled superheat and reheat with spray desuperheaters supplemented by tilting 


tangential burners.) 


respect to gas flow, and there are no longitudinal partitions or 
baffles. 

The furnaces of these typical recent designs, when selected to 
give a gas temperature that will not cause troublesome ash de- 
posits at the furnace exit, with tilting tangential burners, will have 
a maximum gross combustion rate of about 18,000 Btu per hr per 
cu ft and a net heat-release rate of about 115,000 Btu per hr per sq 
ft with complete water cooling, using bare wall tubes with tangent 


spacing. | 

The use of a single large boiler, turbine, and reheater all con- 
nected in series without cross-connection at either the high- or 
low-pressure level simplifies design and operation and reduces the 
capital investment compared to small cross-connected units. 

When the unit is installed in an existing low-pressure station, a 
steam source may be available to protect the reheater during 
starting up, but many of the recently purchased reheat units are 


OPERATION 


= 


| 


going in new stations. Means of self-protection within the unit 
may be provided as illustrated in Fig. 8. With this arrangement, 
maintenance of steam flow through the reheat section is accom- 
plished as readily as through the sections of the primary super- 
heater. At extremely reduced boiler loads or when the turbine is 
on spinning reserve, steam is always passing through the reheater 
section. To all intents and purposes these units constitute, there- 
fore, essentially a conventional standard high-capacity utility- 
type steam generator with another superheater section inter- 
posed, and the operation is no more difficult and requires no more 
personnel, 


1 Primary steam desuperheater 7 Water-control valve, primary 
2 Emergency stop valve steam desuperheater 
3 Governor-operated valves Water-control valve, reheat de- 
4 Optional reheater stop or inter- superheater 

cept valve Steam stop valve, primary 
5 Reheat desuperheater steam desuperheater 
6 Reheater intercept valve 10 Optional steam line for re- 


heater protection 
Fic. 8 Scuematic DiaGrRaM SHOWING TYPICAL INTERCONNECTIONS 
to TURBINES AND DESUPERHEATERS ON REHEAT BOILER 


Prime movers for connection to reheat boilers are furnished by 
several companies, each of which may have a different method of 
protecting the turbine during emergency periods resulting from 
sudden loss of load. Means for protection of the reheater and 
turbine, therefore, must be worked out in conjunction with 
the turbine manufacturer for each individual installation. 
Several methods of accomplishing satisfactory protection are 
discussed in considerable detail in other papers of this sym- 
posium (19), (20), (21), (22), (23), (24). 

Automatic control devices have been developed to such an ex- 
tent that routine control and protection within reasonable limits 
can be accomplished without much attention from the operator. 

Obviously, a greater capital expenditure can be justified when a 
high load factor is used, and these reheat units will normally be 
base-loaded. whenever possible, in order to realize the approxi- 
mately 5 per cent lower fuel consumption. However, it is a dis- 
tinct advantage to have a unit capable of maintaining the design 
maximum steam temperature from both primary superheater and 
reheater at reduced output, and the method of steam-temperature 
control used on these recently designed units is admirably suited 


to accomplish this result with automatic control. = 


ConcLusION bovine 


It may be stated that when all superheating and reheating can 
be accomplished with convection surface, these modern reheat 
units, as designed by the author’s company, are not much dif- 


TRANSACTIONS 


ferent in appearance from large nonreheat units, since the reheater 
is simply placed between the primary and secondary superheater., 
The secret of this simplicity lies in the ability to design a unit with 
controlled gas temperature leaving the furnace through the use of 
tilting burners. 
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A T the Annual Meeting of The American Society of Mechan- 
ical Engineers, held in New York, N. Y., November 
29-December 3, 1948, a series of seven papers on various 
aspects of the reheat cycle were presented under the auspices of 
the Power Division. The discussion which follows relates to 
one or more of these papers and so is published as a composite 
discussion of all, reference, however, being made to individual 
papers wherever necessary. 

The seven papers and their authors are listed in order of pres- 
entation; the numbers appearing in parentheses throughout the 
discussion will refer to the corresponding numbers in the list. 
Pages given refer to this issue of the Transactions, in which they 
appear in the same order. 


1 “Operating Experiences in Connection With Regenerative 
Reheat Turbine Installations,’’ by C. A. Robertson, pp. 673-683. 

2 “Developments in Resuperheating in Steam Power Plants,”’ 
by E. E. Harris and A. O. White, pp. 685-691. 

3 “Steam Turbines for Resuperheat Cycle,” by FE. 
pp. 693-700. 

4 “Reheating in Steam Turbines,” 
701-706. 

5 “Steam-Generating Equipment for Resuperheating Cycles,” 
by Martin Frisch, pp. 707-717. 

) “High-Pressure Boilers With Reheaters,”’ 
A. E. Raynor, and F. X. Gilg, pp. 719-727. 

7 “Modern Reheat Boilers,’’ by W. S. Patterson, pp. 729-734. 


E. Parker, 


by R. L. Reynolds, pp. 


by W. H. Rowand, 


The Symposium was conducted by Philip Sporn, Fellow ASME, 
and president of the American Gas and Electric Service Corpora- 
tion, New York, N. Y. At the opening of the session and later 
through the presentation of papers, Mr. Sporn addressed the 
meeting on salient points of the reheat cycle and its applications. 
His remarks appear in the following as they pertain to the sub- 
ject matter of the symposium record. 


COMMENTS BY PHILIP SPORN, SYMPOSIUM CHAIRMAN 


The interest which the reheat cycle has finally evoked after 
25 years of demonstrated initial and successful installation is re- 
flected not only by the symposium, which is reported in this issue 
of the Transactions, but by the following steam-turbine units on 
order for delivery in the 3-year period 1949, 1950, and 1951: 


No. of 
units ‘Kilowatt rating 
General Electric............. 1,920,000 
240,000 
31 2,652,000 


Certainly from the standpoint of both the number of units 
and the total kilowatt rating of these units, this is a very striking 
illustration of the coming into its own of the reheat cycle. 

I have inquired into the cause of this much-delayed, but grati- 
fying emergence of interest in a tool which was so promising from 
its very beginning, and have concluded that the following causes 
are responsible: 

Development in Cost of Fuels. Not only have costs risen sharply 
at the source of supply, but transportation costs have risen greatly 
and threaten to rise further. From this has come a realization 
that for some period ahead, cost trends are not likely to be 
reversed sharply, if at all. 

Design Developments Both in Boilers and Turbines. This is 
best illustrated by the developments of the tandem unit de- 
seribed by Mr, — (3) hoes by the boiler developments dis- 
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Frisch (5), Patterson (7), and Rowand and 

In essence all of these have shown ways to reduce 
the differential in cost between reheat and nonreheat setups. 

Operating Experience. 

explain, reheat, 


cussed by Messrs. 
associates (6). 


For reasons which are really hard to 
independently of the economic justification it 
has always had to demonstrate, has had to overcome an obstacle 
of no mean proportion in its supposed complication and possibly 
even operating hazard. The writer cannot forget that the steam 
engineers working on the original reheat Philo units 1 and 2 in 
1923, were deeply concerned over the effect on safety of the tur- 
bine in case of loss of load, owing to the greater steam inertia that 
the unit seemed to possess from loss of reheat. They asked him, 
therefore, to design a load that would be thrown automatically 
on the machine in case of such an emergency, and he did. For- 
tunately, good sense prevailed, and the combination of resistor 
and low-tension switch to accomplish this loading was never in- 
stalled. Nor has a need for it developed on this or any of the 
other ten reheat units built on the American Gas and Electric 
Company system and now operating. Incidentally, six addi- 
tional reheat units, with a total capacity of 900,000 kw, are now 
in the process of installation at three plants on the American 
Gas and Electric Company system. 

With increased use of reheat will come not only added con- 
fidence in its efficacy as an important means for improving 
efficiency of large-scale generation of electric energy, but design 
improvements that will further help the process along. 

It is particularly timely to re-examine now all the basic ther- 
modynamic, economic, design, and operating factors of the 
generation phase of the reheat cycle. 


Reheat boilers can be made very special and complex. We 
have had experience with a variety of designs, including live- 
steam reheaters, separately fired reheaters, and a number of 
types of integral reheaters. From all this there seems to be 
emerging a simplified functional integral reheater unit which is 
so well-adapted to the growing practice of single boiler-turbine 
installations. The reheat piping under such conditions is a 
relatively direct and simple system and this is a material aid in 
keeping the incremental cost of reheat under control. 

Papers (5, 6, 7) represent the very best in the way of real 
engineering data on this timely subject. The authors are all 
directly engaged in the actual development and design of reheat- 
type generating units. They have had the benefit of the availa- 
ble past experience and present the most thorough and up-to- 
date analysis of the subject. 

The artist’s portrayal of the Philip Sporn Plant, as shown in 
Fig. 9 of the paper by Messrs. Rowand, Raynor, and Gilg (6) 
is already obsolete. The two stacks representing the initial 
two units have already grown to four such units under construc- 
tion—a program which will give us 600,000 kw net capacity in 
this plant by 1951. It may be of interest to note that this plant 
is projected for six units and that when completed it is expected 
to generate at a rate of 6,000,000,000 kwhr per year for the 
dominant part of its life. 

Since the high-pressure high-temperature steam cycle is 
bound to play the most prominent part in the expansion of the 
country’s power-generating facilities during the next 10 to 15 
years, at least, the writer cannot help but feel that we must and 
should be searching for the next higher level of performance, 
which appears logically to be at higher steam temperatures— 
with or without reheat. In the writer’s judgment it will be more 
likely with reheat. 
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736  PRANSACTIONS 

Discussion 


W. E. Catpwe.u.! From the wealth of information presented 
in these excellent papers two important benefits of resuperheating 


‘stand out. 


1 Improvement in economy of power production of about 
4.4 per cent, or roughly, 400 Btu per kwhr. 

2 Reduction in exhaust moisture of about 50 per cent with 
resulting decrease in turbine maintenance. 


7 The authors have indicated the gain in efficiency is due to 
two causes: 
a 1 Increased efficiency in lower turbine stages due to moisture 
reduction. 

2 Thermodynamic gain due to increase in temperature in the 
low-pressure unit. 


The major part of the gain is due to the increased efficiency 
which accompanies moisture reduction below the dew point and 
principally in the subatmospheric stages. 

Fig. 3 of the Harris and White paper (2) indicates that about 
one half the usual exhaust moisture still remains with conven- 
tional resuperheat to present limits. The loss resulting from 
this moisture also warrants recovery if it can be realized within 
: the limits of economic justification. 

In a nonreheat turbine, the moisture increases about 1'/2 
per cent per stage in the last eight stages below the dew point, 
and with simple design modifications this water could be evapo- 
rated by incorporating a relatively small amount of heated surface 
in each wet stage. Measurements from existing turbines indi- 
cate the nozzle surface in the wet stages is sufficient to evaporate 
this moisture if the nozzle blades can be heated a moderate 
amount above the corresponding wet-stage temperature. By 
the use of hollow nozzle partitions of suitable material supplied 
with steam, in the hollow space, bled from upper stages, it is 
possible to evaporate the moisture as it is formed. By evaporating 


i Staff Engineer, Consolidated Edison Company of New York, 
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the moisture with waste heat and without pressure loss the major 
portion of the gain obtainable by external resuperheating may be 
realized. The measured nozzle surface and calculated bleed 
pressures required for the evaporative duty were contained in 
a paper.’ 

A simple means of accomplishing this evaporation within the 
turbine is shown in Fig. 1, herewith. For illustration, two hot 
stages are shown but ordinarily more would be justified by eco- 
nomic considerations. Steam bled from upstream stages enters 
the top of the diaphragm, through a cored passage, flows through 
the inside of the hollow blades into the center segment, then in- 
to the lower blades to the bottom drain. The condensate formed 
in the hollow blades would be discharged through a drain in the 
shell at a temperature approaching that of the bleed steam used 
for the heating medium. This condensate may be returned to 
the feed system by draining it into the bleed-heater condensate 
system at the proper stage. 

This subsaturation method of reheating requires no external 
apparatus other than drain connections, introduces no pressure 
loss in the steam path, and has the same self-regulating character- 
istic as regenerative feedwater heaters. For the heating medium, 
waste heat may be utilized which otherwise would pass to the 
condenser. To provide the necessary temperature difference 
for the required heat transfer, a loss of about 60 Btu (of availa- 
ble heat) per lb of heating steam must be taken. By sacrific- 
ing this 60 Btu (adiabatic heat drop), 900 Btu (enthalpy of evapo- 
ration) otherwise rejected to the condenser, is made available 
for evaporating moisture in the turbine. By this means the 
latent heat from 10 per cent of the steam may be used to evapo- 
rate the moisture in the remaining 90 per cent, thus increasing 
the efficiency and heat available to the stages below the dew point. 

The condensate from the heating nozzles may be returned to 
the feedwater system with insignificant loss due to temperature 
degradation. The gain in economy is not impaired by increase 


2“Subsaturation Reheat Cycle,’’ by W. E. Caldwell, presented at 
the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, 0 
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in number of feed-heating stages in the manner indicated in the 
Reynolds paper (4) in Fig. 5, applying to the conventional 
resuperheat cycle. 

Subsaturation reheating offers attractive possibilities for eco- 
nomic gain either with or without external resuperheating. 

By evaporating the moisture within the turbine there is a 
possibility of realizing over 60 per cent of the increased economy 
attainable with conventional resuperheating for about 10 per cent 
of the increased investment cost. 


A. G. Curistre.? The group of papers dealing with reheating 
steam turbines present much information of interest to engineers 
who have to do with power generation. 

Many are familiar with the earlier installations of reheating 
turbines. As outlined in the several papers, these early turbines 
have developed creditable operating records. Few will question 
the adaptability of such turbines to operate satisfactorily under 
certain load conditions. In general, such units are given base 
loads during the early years of operation. But more economical 
later plant additions to a system will force these older machines 
into peak-load operation. This load condition requires frequent 
starts and stops and often large load swings. The question 
“How well will reheat units operate under such load 
conditions?” 

It is pointed out in one of the papers that light-load operation 
may lead to overheating of the exhaust section unless provision 
is made for desuperheating the steam from the reheater. This 
will offset some of the thermal gains at light loads from the use 
of reheat. 


arises: 


On sudden loss of load it is necessary to stop the flow of steam 
from the reheater to the low-pressure section of the turbine to 
prevent overspeed of the unit. Two alternative methods may be 
used. The steam in the reheater may be allowed to discharge to 
the atmosphere through a relief valve. However, as this requires 
added make-up, it would not be an acceptable method in a 
modern station. The second method is to discharge this steam 
to the condenser through an unloading valve. This steam would 
be highly superheated, and the desirability of suddenly discharg- 
ing a large volume of such steam into a condenser shell and up 
around the last wheels of the turbine may be open to question. 
\ more serious difficulty would be the loss of vacuum which 
Mr. Robertson (1) says would amount to 6 or 7 in. of mercury. 
It would take an appreciable interval to recover the full vacuum 
after such an occurrence. 

The thermal gains from reheat of 4 to 6 per cent are important 
factors in favor of reheat, particularly where coal is high in 
price. Against this saving one must balance the increased cost 
of the whole reheating plant over a nonreheat plant. A further 
consideration is the increased complexity of the reheat plant in 
both design and operation. 

Reheating units will be installed where system base loads can 
be carried and fuel costs are high. Where loads are variable, the 
simpler nonreheat cycle may be selected. 


M. K. Drewry.‘ Mr. Parker (3) does a good service to the 
power industry by calling attention to the possibility of unduly 
high exhaust temperatures accompanying reheat at very low 
loads. 

Equilibrium exhaust temperature of 500 F is estimated for 
Port Washington turbine No. 3, under conditions of no 
load and normal speed after sudden full-load loss, based upon a 
rapidly rising 232 F exhaust temperature, observed when testing 

* Professor of Mechanical Engineering, Johns Hopkins University, 
Baltimore, Md. Past President and Fellow, ASME. 


,_ Assistant Chief Engineer of Power Plants, Wisconsin Electric 
Power Company, Milwaukee, Wis. Mem. ASME. 


the safety governor 10-5-48. Reheater-outlet temperature was 
only 600 F, and exhaust pressure only 0.5 in. abs, but the 232 
F would have been exceeded considerably, because it was rising 
steadily, had the speed not been reduced promptly to well below 
normal. 

Higher exhaust-blade speed, not necessarily reheat alone, has 
contributed to this high exhaust-temperature condition. Port 
Washington turbine No. 2, with 18 per cent less maximum blade- 
tip speed (929 fps, versus 1135 of PW 3) operated for 24 hr at 
about 1000 kw for initial electrical tests without superheat 
appearing in its exhaust. Its superheat and reheat temperatures 
are approximately 50 F below those of PW 3. 

Approximate estimates of exhaust temperature can be made 
by determining work done on the steam by acceleration to the 
mean blade speed of every stage after the point where blade 
velocity exceeds steam velocity. The ‘‘square-law”’ that applies 
causes superheating of exhaust steam to increase quadratically 
with blade speed. 

Low no-load losses, resulting from hydrogen generator cooling, 
less bearing friction, etc., have so acted to increase no-load ex- 
haust temperatures that they apparently can become evident 
on modern high-temperature nonreheat units upon full-load 
loss if normal speed is held too long before reloading. 

The following defenses against exceeding 250 F maximum 
allowable exhaust temperature upon full-load loss of Port Wash- 
ington turbine No. 3 are, in effect, though not totally tried by 
experience: 


1 Minimum practical steam-inlet temperatures. 
2 Maximum possible vacuum. 
3 Only one inlet valve open. 


4 No throttling of intercepting valves. 
5 No by-passing of hot steam into low-pressure blading. a) 
6 Minimum practical time at or near rated speed before syn- 


chronizing and loading adequately. 


Maximum blading efficiency obviously is necessary to obtain 
minimum heat content of exhaust steam, which suggested pre- 
cautions 3, 4, and 5. 

Heat capacity of the low-pressure blading is relied upon to 
afford enough time to resynchronize upon full-load loss without 
exceeding safe exhaust temperatures. Contrarily, heat capacity 
of the steam piping acts unfavorably by sustaining high steam- 
inlet temperatures. 

Experience with desuperheating in the crossover pipe of PW 
turbine No. 2 on an occasion of blade loss in 1945, indicates that 
this defense against high exhaust temperature requires careful 
design and careful operation. Water hammer occurred upon 
trial use of spray nozzles, and temperature reductions were 
slight. Other defense methods appear more desirable, but possi- 
bly the moderate use of all may be best. 

Lesser moisture in the turbine exhaust, higher blade speeds, 
and lesser no-load losses are conducive of higher efficiency, but 
like most other efforts for lower production costs, they make the 
power-generation technique increasingly involved. However, 
the industry probably will cope satisfactorily with them as it 
has with the many other similar past improvements. 

Mr. Frisch (5) presents a wealth of information on an involved 
subject in which the power industry has become vitally inter- 
ested. He evaluates in directly usable ‘figures the net results 
of many variables, affording valuable conclusions which many 
engineers do not have time to derive. 

Acceptance of some of his conclusions, which probably will be 
surprising to many, may be eased by the truth that at last 
superheating duty is exceeding that of evaporating duty. The 
concept that superheaters (including reheaters, of course) are 
no longer auxiliaries of the boiler, but that “tables have turned,” 
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may allow easier acceptance of the author’s conclusions 2 and 3. 
Higher pressures, with markedly higher specific heats, elevate 
superheating duty more than comparison of steam temperatures 
alone would indicate. Likewise, they reduce evaporating duty 
importantly, with the result that some stations in operation and 
in prospect use more heat for superheating than for evaporating. 

Reheat and radiant superheaters have been used concurrently 
and consistently by the writer’s company since initial starting 
of Lakeside boiler 17 in 1926. Sixteen earlier Lakeside boiler 
units have used radiant superheaters since 1925, resulting in a 
grand total of successful experience of “radiant-superheater 
years’ equaling 500. Thus: 

Radiant- 


Lakeside boiler room no. 1. . .8 boilers 1925 starting 184 
Lakeside boiler room no. 2. .. .8 boilers 1924 starting 192 
Lakeside boiler room no. 3........5 radiants 1929 avg stdg. 95 
Port Washington no. 1........... 2 radiants 1935 starting 26 
Port Washington no. 2........... 2 radiants 1943 starting 10 

Total 507 


These data, and the fact that newer Port Washington units 3, 
4, and 5, are using radiants like Lakeside’s and Port 1 and 2’s, 
is seemingly abundant support of Mr. Frisch’s statement, ‘.. in 

. modern units difficulties attributable to the use of radiant 
superheaters are negligible.”’ 

That reheat plants, considered in their entirety and compared 
with others of similar coal versatility, are essentially identical 
in cost of nonreheat plants has been the experience of the writer’s 
company, in agreement with Mr. Frisch’s conclusion 1. 

Careful study of reheat-turbine overspeed safety seems se- 
riously needed. Mr. Robertson’s paper (1) does very well to 
focus attention on this vital subject. 

While reheat possibly doubles chances of destructive overspeed, 
experience indicates that nonreheat turbines are not of desirably 
high safety. The writer’s company has experienced failure of a 
throttle trip linkage while inlet-valve leakage was steadily taking 
the unit to high overspeed. Another of its units could have 
suddenly reached destructive overspeed when its safety governor 
was tested many times by use of an improper testing device 
which suddenly opened all inlet valves wide. Another company 
reported simultaneous failure to close of throttle and inlet valves, 
and several experiences of carry-over holding both these vital 
valves open coincidentally have been learned. Destruction of a 
newly installed industrial turbine, due to entry of steam through 
a bleeder connection, represents the extra hazard of reheat. 

Reheat-system steam, normally capable of causing about 30 
per cent overspeed, is not noteworthy because of great capacity 
to cause overspeed but because of its considerable opportunity to 
cause overspeed. Whereas standard practice establishes two 
lines of defense at the main turbine inlet, it usually provide: only 
one line of defense at the reheat stage. Assuming individual 
valve reliability to be 99.9 per cent of the times the valve needs 
to act to prevent overspeed, probability of overspeed, chargeable 
to reheat, is thus 1000 times that of simultaneous failure of the 
throttle, and a single inlet-valve design. Whether two lines of 
defense at the reheat zone are desirable seems to merit careful 
attention. 

That 30 per cent overspeed is reasonably safe may be said of 
some turbines, and claims may be made that reheat valves serve 
only to meet the usual 110 per cent speed control upon rated load 
loss. If shop tests of the completed parts are run at 130 per cent 
speed, under normal operating conditions, and if there is posi- 

tively no deterioration of strength after a lifetime of service, then 
the foregoing contention has a partial basis of logic. It omits 
allowances for maximum capability loads, for minor leakage of 
the many valves which may contribute importantly toward the 
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very small flow rate required to overspeed a modern turbine, and 
for the many exigencies that have a habit of appearing eventually 
at a crucial time. 

Two reheat-to-condenser unloading valves have the important 
virtue that two adequate lines of defense are afforded. They 
cause no continual pressure drop, which readily may capitalize 
into values exceeding the total cost of intercepting valves. Each 
need not be full size, or adequate alone to limit speed to 110 per 
cent, and their cost appears not greatly more than that of the 
reheat safety valves they displace. As Mr. Robertson states, 
“dump” valves are less likely to foul from foreign objects, and 
they have the inherent vital advantage, especially needed on 
3600-rpm units because of their low inertia, that their maximum 
effectiveness occurs at the beginning of their travel; not near the 
end of travel as with intercepting valves. The steam they admit 
to the condenser exerts a powerful braking effect on the large 
exhaust wheels, the amount of which can be evaluated quite 
accurately. 

Representing much actual practice, Mr. Robertson’s paper 
(1) is commended to all engineers interested in reheat applica- 
tions. 


J. N. Ewarr.. The paper by Mr. Parker (3), describing the 
development by his company of the steam turbine for the resuper- 
heat cycle, is of considerable interest to central-station designers 
and operators. The paper not only describes the merits of this 
cycle from an economy standpoint but also points out quite 
frankly that there are certain problems which, though not 
insurmountable, must be reckoned with. 

A serious disadvantage of the application of the reheat cycle 
during the late 1920’s and early 1930's came about because of 
the complexity in both arrangement and operation of the so- 
called header system of grouping two or more boilers to a common 
header supplying one or more turbines. This practice was 
used quite generally at that time because the boiler was not 
considered to be as reliable as the turbine, and therefore one 
or more spare boilers were provided in the design. Hence it 
is not surprising that, with the jump in pressures and tempera- 
tures which took place during the middle 1930’s, many designers 
chose that avenue in their quest for better heat rates rather than 
undertake the many problems then associated with reheat 

Steam units of the Niagara Hudson System must be designed 
to firm up a substantial amount of stream-flow hydrocapacity. 
As such they must be capable of rapid load changes in the event 
of transmission-line interruptions and capable of full rated con- 
tinuous output for long periods of minimum stream flow which 
might occur during either the summer or winter months. This 
requirement demands reliability and a high degree of flexibility 
in operation. To provide for these requirements and keep capital 
investment to a minimum, for the past 10 years we have utilized 
the so-called unit system, employing the single boiler - single 
turbine arrangement with no interconnection between units. 

Successful operating experience with the unit system has made 
it possible to eliminate the serious objection which formerly was 
associated with the use of reheat. In fact, the use of reheat with 
the unit system lends itself so readily that it probably will not 
again be abandoned with still higher temperatures as was done 
during the jump in temperature of the last period. 

The author (3) states that the resuperheat turbine is as flexible 
with respect to starting time and rate of load change as the non- 
reheat turbine. In order to take full advantage of this, the boiler 
and its reheater must be capable of similar flexibility and without 
sacrifice of the simplicity inherent in the “unit” system. The 


5 Chief Mechanical Engineer, Buffalo Niagara Electric Corporation, 
Buffalo, N. Y. 
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single boiler - single turbine arrangement introduces a problem 
of protecting the reheater against overheating while lighting 
the fires and bringing pressure up on the boiler prior to taking 
flow to the turbine. It is most desirable that the reheater be 
built to take this temperature until minimum pressure can be 
obtained to start the turbine and thus create flow. There 
appears to be no basic reason why a turbine designed for 1500 
psi, for example, cannot be started at a boiler pressure as low as 
50 psi. This enables cooling steam to be established in the re- 
heater before excessive gas temperatures can occur. 

The recent improvements in equipment for this cycle, enabling 
a reduction of capital investment as stated in this paper (3), is 
most heartening at a time when costs are rising continually for 
practically everything that goes into a power plant. 


S. N. Frava.* The development of the reheat cycle has moved 
along steadily with the development of the more common non- 
reheat cycle. During this growth period, it has maintained its 
advantage with a premium in thermal efficiency of some 5 per 
cent, 

Members of the writer’s company have been pleased to note 
the renewed interest, on the part of engineers and executives 
of the power industry, in the reheat cycle. For our part, the 
use and improvement of this cycle have moved steadily onward 
since the middle 1920’s, when the first units were installed on the 
American Gas and Electric system. Through the years the use 
of reheat with its thermal advantages has played a major role 
in our building program as represented by Philo, Stanton, Twin 
Branch, and Deepwater stations. The capacities in the reheat 
eycle of these plants constitute nearly 25 per cent of the entire 
reheat capacity installed in the country; 591,500 kw out of 2,400,- 
000 kw. 

Our operating experience with reheat cycles has been char- 
acterized by the absence of inherent operational difficulties 
peculiar to the reheat cycle. Early installations involved a 
separate boiler for reheating, while, on our most recent unit, 
using the 2500-psi natural-circulation boiler at the Indiana & 
Michigan Electric Company’s Twin Branch Plant, all primary 
steam-making and all reheating were accomplished in a single 
boiler. This high-pressure unit has given such reliable operation 
that over a period of 7 years, after a preliminary shakedown, its 
availability has been 95.2 per cent with a load factor of 87 per cent, 
and a heat rate close to 10,300 Btu per net kwhr. 

From the standpoint of design, additional surface must be 
proportioned, and additional controls must be provided for the 
boiler. For economic reasons and to save space, we have found 
it desirable to include the reheat surface in the main boiler. This 
single boiler is then fired for capacity, with initial control for 
superheat temperature and secondary control for reheat tempera- 
ture. It has been found that reheat surface should be kept in 
the convection section of the boiler so that the reheater surface 
may keep cool without venting, under conditions of no flow or of 
low steam flow. This convective location also keeps the reheat 
temperature secondary to the primary superheater, which may 
have some of its surface located in the radiant zone. 

An investigation of the steam temperatures in the reheat tur- 
bine was recently made on the 2300-psi reheat unit at the Twin 
Branch Plant. This was conducted to study the problems 
involved in control of temperatures in low-pressure reheat 
turbines during start-ups when temperatures abnormally high 
for the load carried might be encountered. It is hoped that a 
paper on the findings of this test may be presented before the 
Society in the near future. 

_We have maintained a policy of engineering new units to the 

* Mechanical Engineer, American Gas and Electric Service Cor- 
poration, New York, N. Y. Mem. ASME, 
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most advanced ideas in the science of power generation. Through 
the years this has shown us the advantages which can accrue 
from the use of reheat under suitable design conditions. Rising 
fuel costs have only intensified the need for economical pro- 
duction and therefore we are continuing the development and 
use of the reheat cycle. The American Gas and Electric Com- 
pany’s building program has six reheat units in progress, each 
with a capability of 150,000 kw. This will add 900,000 kw in 
reheat capacity to the system by 1951. These new units, to 
operate at 2000 psi, 1050 F initial steam temperature, and 1000 
F reheat temperature, with a heat rate of 9300 Btu per net kwhr, 
the broad outlines of which were presented in a paper before 
this Society in 1947, will mark another milestone in the economi- 
cal generation of steam-electric power. 


R. W. Harrwe.u.’? During the present period of active 
investigation of resuperheating cycles, the information presented 
in the paper by Harris and White (2) should prove to be of con- 
siderable assistance to those interested in the economics of re- 
superheating. The authors are to be congratulated on a thorough 
analysis of the heat-rate gains inherent in the resuperheating 
cycle. 

Only in the conclusion of the paper is reference made to the 
size of machines to which the heat-rate gain percentages apply. 
Can it be assumed that the same gains would be realized on 
machines of 60 mw capability as on machines of 125 mw capabil- 
ity? 

That the increase in available energy in a reheat cycle reduces 
the steam-flow requirement for the same output is noted in the 
paper. As this reduction in throttle steam flow and flow to the 
condenser may be from 12-16 per cent for the 1250-psi 950-deg 
F cycle drawn in Fig. 3 of the paper, it seems that more emphasis 
might be placed upon this point, in view of its significant effect 
on size of steam generators and other equipment. 

In selecting the reheat pressure, there are numerous practical 
questions which must be considered in addition to the thermo- 
dynamic gains and the desire to maintain economy at partial 
loads. One of these is the very high specific volume of 150-200 
psi steam at temperatures of 950 to 1050 F, and the resultant 
need for large reheat piping from the boiler back to the turbine 
as well as the lead from the turbine to the boiler. Preliminary 
calculations indicate that the cost of the reheat piping might in- 
crease 40 to 50 per cent as the reheat pressure is reduced from 
400 to 150 psi. Space limitations and flexibility problems also 
favor the choice of higher reheat pressures. 

From an operating standpoint, the reduction in the moisture 
content of the steam as it passes through the last stages of the 
turbine represents an advantage of the reheat cycle that is 
worthy of additional comment. By reducing the moisture to 
5-8 per cent, reheat minimizes the problem of turbine-blade 
erosion and the resultant maintenance expense. Over the life 
of a turbine, it is anticipated that this saving would be sub- 
stantial. 


Epwin H. The present renaissance of ‘interest in 
power-plant economics, which has been spurred by higher 
fuel prices, quite properly has been directed toward the poten- 
tialities of the reheat cycle which offers gains equivalent to 
raising initial throttle temperatures by some 150 F. For 
equivalent heat rates, the reheat cycle is more conservative in 
many ways than the regenerative cycle, which would require 
about 150 F higher throttle temperature. 


7 System Engineering Department, The Detroit Edison Company, 
Detroit, Mich. Mem. ASME. 

§ Consulting Engineer, Stone & Webster Engineering Corpo- 
ration, Boston, Mass. Fellow ASME. 
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Reheat-cycle economics are sound. When designers wonder 
whether the incremental cost of the reheat cycle is justified, the 
question could well be rephrased: ‘How can the straight regen- 
erative cycle be justified on units of 100,000 kw and over?” 
For units of around 125,000 kw, it is possible to justify re 
heat with fuel prices of 20 cents per million Btu and higher, and 
factors of 65 per cent or higher. 

There need be no mystery about the economics of the reheat 
cycle. Mr. Frisch stated in his paper (5): “Steam generators 
for turbine generators employing resuperheating cycles cost little 
if any more and may, for a small steam-temperature control 
range, cost less than steam generators for nonresuperheating 
units for the same turbine capability and primary steam con- 
ditions.”” On many reheat studies, actual boiler prices have 
shown that reheat boilers cost only 1 to 3 per cent more than 
straight regenerative-cycle boilers for turbine generators of the 
same capability for 1300 psi. This differential may increase for 
higher pressures. 

The cost differential between reheat and nonreheat turbines 
is easily obtained from the manufacturers, and this runs around 
$1.50 to $2 per kilowatt depending upon the size of the unit. At 
this point we do not check with the argument that reheat might 
be justified for sizes of turbine generators down to 20,000 kw. 
Beginning with the 60,000-kw size and smaller, the reheat cycle 
must compete with preferred standard turbines which cost some 
12 per cent less than “old rating’’ turbines for the same name- 
plate rating without correction for “capability.”’ In addition, the 
extra $150,000 cost of a reheat 60,000 kw turbine is often just 
about enough to negate the economic advantages of reheat, and 
this is even more exaggerated for smaller turbine generators. 

Restating this, in turbine-generator sizes where preferred stand- 
ard units are available, reheating is usually difficult to justify 
because, first, a 60,000 kw 1250 psi 950 deg F nonstandard turbine 
costs about $160,000 more than a preferred standard tur- 
bine, on a name-plate (not a capability) basis. In addition to 
this 12 per cent increase, a reheat unit would cost an additional 
$150,000, making a total of approximately $310,000. In turbine- 
generator sizes 80,000 kw and over, where no preferred stand- 
ards exist, one does not have the penalty of the difference in 
cost between preferred standard and nonpreferred standard 
units; only the differential between reheat and nonreheat tur- 
bines exists. 

There is some tendency to overestimate the cost of reheat 
piping by not crediting reheat with handling some 16 per cent 
less throttle steam. Condensate pumps, boiler feed pumps, heat- 
ers, condensate and boiler-feed piping are all smaller. Pumps 
take less power. Condensers handle some 13 per cent less steam 
and about 7!/. per cent less Btu. It must be that many esti- 
mates do not take all these details into account in pricing piping, 
valves, and auxiliaries. Where cooling water is limited, 7'/2 
per cent or more capacity may be obtained from a given river 
flow. 

Then why wasn’t the reheat cycle popular prior to the present 
sizable crop? Largely because confidence in the availability of 
large boilers was not general, especially when poorer grades of 
coal were used. The reheat cycle demands a single-boiler- 
turbine combination; this means single boilers with a capacity 
of 80,000 to 150,000 kw. Until a few years ago, boilers were 
forced to the point where availability was affected. Present-day 
boilers are, on the whole, more liberally designed; this means 
much improved availability and confidence in large single 
boilers. 

Several of the papers presented share the same fault of not 
indicating clearly whether a cycle or a net plant heat gain is 
being discussed. When a gain of, say, 400 Btu is made on the 

cycle, this may increase to 490 Btu per kwhr on the net station 
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heat rate when account is taken of boiler efficiency and auxiliary 
power, and that makes a lot of difference. 

This group of papers on reheat is really excellent, reflecting 
great credit on the authors and their respective companies. 
The entire industry is in debt to them. To one who has been 
designing reheat plants off and on since 1929, these papers are 
most illuminating in presenting so many excellent curves, There 
would have been many more reheat plants today had _ these 
papers been presented a few years ago. 


I. G. McCuesney.® Mr. Parker (3) has presented an excellent 
review of the history of the resuperheating cycle. Discussion 
of recent designs is of particular interest because so many opera- 
tors lately have given them a great deal of careful study. Im- 
provement in boiler and turbine designs are as much responsible 
for the acceptance of the cycle as the factor of increasing coal 
costs. Often the cycle proves economical at coal costs considera- 
bly below present prices. 

The writer’s company is installing a 50,000-kw resuperheating 
machine at Russell Station, having steam conditions of 1450 
psig 1000 F initial temperature, and reheat to 1000 F. The 
machine will operate at 1 in. Hg back pressure and have a maxi- 
mum load net plant heat rate of 9622 Btu per kwhr. Studies of 
plant economy show this machine to be 5.3 per cent better than 
a nonreheat machine of equal size and steam conditions. 

It is interesting to note the increased interdependence of the 
boiler and turbine design for this cycle. In some of the recent 
designs, the stage at which steam is withdrawn for resuperheat- 
ing is also used as the final extraction stage for feedwater 
heating. Such a crossover pressure is usually too high for maxi- 
mum turbine economy, and the resulting final feedwater tempera- 
tures are lower than desirable for maximum over-all plant econ- 
omy. A solution for this problem is the selection of a final ex- 
traction stage of feedwater heating of somewhat higher pressure 
than the stage used for resuperheating. In this case there is no 
compromise in design, the resuperheating stage being selected 
for greatest turbine economy and the final extraction stage se 
lected for maximum over-all] plant economy. 

Fifty-six installations of various pressures totaling over 
3,000,000 kw have an average maximum feedwater temperature 
approaching the saturation temperature within 140 F. This 
approach is somewhat variable with several installations having 
an approach above 160 F and others near 100 F. Among this 
latter group are installations at Oswego, C. R. Huntley Sta- 
tion, Southwark, and Riverside. With small economizers usually 
chosen in late designs, it will be possible to obtain high economy 
using extraction conditions for feedwater heating as shown in 
the following table: 


Highest Turbine Final? 
Throttle extrattion exhaust feedwater 
pressure, pressure, to reheater, temperature, 
psig psia psia deg F 
1450 395 300 475 
2000 825 330 520 


* A 5-deg negative terminal difference is assumed at the outiet of 
the final heater. 


Maximum feedwater temperatures in the foregoing table 
approach saturation within 118 F. 


R. SuHepparp.'® Mr. Robertson’s paper (1) is a noteworthy 
contribution to the published record of operating data and exper 


9 Assistant Superintendent, Electric and Steam Generation, 
Rochester Gas and Electric Corporation, Rochester, N. Y. Mem. 
ASME. 

10 Assistant Division Engineer, Steam Turbine Engineering 
Division, General Electric Company, Schenectady, New York, N- Y. 
Mem. ASME. 
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ence on several reheat plants, and outlines the views of the 
author’s company with regard to the controls and safety features 
believed necessary and desirable for steam turbines of one manu- 
facturer. The author presents tests and performance of an 
early system consisting of a single intercept valve plus a steam- 
unloading valve. He also describes the double intercept-valve 
system and steam-unloading valve which is being provided on the 
new installations under construction. Finally, he presents for 
consideration a suggested scheme of two steam-unloading valves 
with no intercept valves at all. 

Mr. Robertson states in connection with Figs. 17 and 20, that 
the arrangement of a single intercept valve on the downstream 
side of the reheater, plus a steam-unloading valve, would satis- 
factorily enable a reheat unit to drop maximum load without 
tripping the emergency governor, while the same unit with only 
the single intercept valve in service would trip the emergency 
governor. While this situation undoubtedly was present on a 
particular design of reheat turbine, it should not be inferred that 
the single intercept-valve system, if applied to other reheat-tur- 
bine arrangements, could not perform satisfactorily. All of the 
28 reheat units in service listed by E. E. Parker (3) are designed 
with the single intercept-valve system, and satisfactory load- 
dump tests have been made on them. 

Since a large number of reheat plants are to be built in the 
next few vears, it is to the interest of the power industry that 
the turbine generators be as simple as possible to operate and 
low in cost to build with adequate consideration of course for 
overspeed safety of the turbine. The great simplicity of the 
(a) “single intercept-valve system,’ compared to the “single 
intercept valve plus steam-unloading valve,” or the (c) ‘‘double 
intercept valve plus steam-unloading valve,’ deserves review 
and examination, and might properly be presented in this dis- 
cussion. 

The diagram in Fig. 2 of this discussion is essentially the same 
as Fig. 17 in Mr. Robertson’s paper (1). The intercept valve 7, 
and the steam-unloading valve 6 undoubtedly are necessary and 
essential for a turbine of the type illustrated, which has the 
high-pressure section and the reheat section in the same turbine 
easing, with high-pressure-section exhaust pressure on one side of 
a diaphragm, and reheat inlet pressure on the other side. This 
is especially true for a turbine with drum-type rotor with the 
reheat-diaphragm-gland diameter moderately large, and having 
a relatively short length of labyrinth gland with few throttlings. 
The entrained steam, trapped in the reheater and in the lines 


(2)TURBINE THROTTLE 
(3)TURBINE INLET VALVES 
(STEAM UNLOADING VALVE 
INTERCEPT VALE 


Fig. 2 REHEAT-TURBINE ARRANGEMENT WITH SINGLE INTERCEPT 


SYMPOSIUM ON THE REHEAT CYCLE—DISCUSSION 


741 


to the intercept valve 7, in general, contains energy of sufficient 
amount to produce 30 to 35 per cent overspeed. If no steam- 
unloading valve 6 were used, a substantial portion of this potential 
overspeed may be developed from backflow from the reheater to 
the high-pressure-section exhaust, and thence through the dia- 
phragm gland, and then through the remaining stages. 

For example, on a typical design of reheat turbine, pressure 
P; may be on the order of 450 psig. The flow Q, through the 
reheat diaphragm gland with 450 psig on one side and vacuum 
on the opposite side may approach or exceed the no-load flow 
required to drive the set. Thus upon sudden loss of maximum 
load, even though the main inlet valve 3, and intercept valve 7 
were to close infinitely fast, this backflow may cause speed to 
continue to rise through the tripping range of the emergency 
governor. Normally, diaphragm-pressure drop (P;-P2) at full 
load may be only 50 psig or 10 to 12 per cent of the high-pressure- 
turbine exhaust pressure, and hence this packing leakage Q,; 
normally is relatively small. However, on sudden loss of genera- 
tor load (P,-P2) may jump instantly to 450 psig. 

In addition to the foregoing leakage through the reheat dia- 
phragm developing energy to drive the rotor after all valves are 
closed, the author points out that an additional source of leakage, 
tending to increase speed, is the high-pressure-unit balance- 
piston leakage Q;. While this quantity of steam Q;, is quite 
large, the energy it may develop tending to increase speed of the 
unit depends somewhat upon whether this leak-off steam is 
reintroduced into the lower stages of the turbine, or condensed in 
one of the feedwater heaters. 

The steam-unloading valve 6 on this turbine arrangement also 
serves to blow down the stored steam entrapped between inter- 
cept valve 7 and the reheat-section nozzles. The large-size 
steam-unloading valve is a major additional capital expense. 
It is a valve which must be kept tight, and its stable and har- 
monious operation with the intercept valve requires a mechanism 
whose accuracy and setting adjustments must be maintained. 

The single-intercept-valve scheme, Fig. 3 of this discussion, has 
been carefully analyzed as to its ability to drop maximum load 
from an 80,000-kw 3600-rpm tandem-compound unit without 
tripping the 110 per cent emergency governor, and a description 
of its features is included primarily to illustrate its simplicity 
and practicability when applied to the arrangement of reheat 
turbine being built by the manufacturer represented by the 
writer. 

The basic essentials of the controls for this type reheat turbine, 
which enable it instantly to drop maximum load without the 
speed overshooting enough to trip the emergency governor, are 
as follows: 


1 Rapid and early closing of the intercept valve; !/, sec or less. 

(6) INTERCEPT VALVE 
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2 Rapid closing of high-pressure-turbine inlet valves; 0.4 to 
0.5 sec. 

3 Tight-seating intercept valve. 

4 Proper design of leakage gland at the reheat diaphragm and 
correct disposition of the bottled-up steam in the high-pressure 
section, so no leakages re-enter the turbine below the reheat point. 

5 Location of the intercept valve on the reheat outlet just as 
close to the turbine as is physically possible; extraction nonreturn 
valves close to the turbine, to minimize entrained steam storage 
below the reheat points. 


The impulse-type reheat-turbine arrangement (Fig. 3 here- 
with), with relatively small shaft-packing diameters and a large 
number of labyrinth throttlings at the gland of the reheat dia- 
phragm, lends itself admirably and effectively to the simplicity 
of the single-intercept-valve system. 

The advantages of the high-pressure inlet steam being intro- 
duced midway in the high-pressure shell on one side of the reheat 
diaphragm, and the reheated steam on the opposite side of this dia- 
phragm have been discussed by E. E. Parker (3) in so far as 
uniformity of temperature, etc., is concerned. This design is 
also favorable to the speed-control problem, and can best be 
illustrated with a few typical pressures. Pressure P; at maxi- 
mum load on a typical 1450-psi installation may be 1100 psig, 
and P; is 400 psig, which equals a 700-psi pressure drop across 
the reheat diaphragm with a subsequent large number of laby- 
rinth throttlings required to minimize the leakage effectively. 

The instant following the opening of the generator circuit 
breaker with subsequent closing of intercept valve 6, and control 
valve 3, and opening of small intermediate gland leak-off valve 7, 
the pressure P, will have dropped to 450 psig (safety-valve set- 
ting), and P- is less than atmospheric pressure. It is clear that 
with this turbine arrangement the pressure drop across the 
gland, originally 700 psig, has decreased instantly to approxi- 
mately 450 psi with proportionally reduced leakage, which is 
almost totally diverted to the condenser, thus preventing the 
leakage flow Q, from producing any power. 

The foregoing arrangement effectively bottles up the reheater 
stored steam, and totally diverts the most “critical” leakage 
Q,, which could produce driving power were it allowed to expand 
through the reheat and low-pressure sections of the turbine. 
Leakage flow Q. from the intermediate leak-off of the exhaust 
of the high-pressure section may be prevented from back flowing 
in at the extraction stage by connecting to the heater side of 
the nonreturn valve. However, the connection can well be 
made in the conventional manner on the turbine side of the non- 
return valve, since the power, which can be generated by Q:, even 
under emergency conditions of greatly enlarged labyrinth clear- 
ances, is still less than the 3600 rpm running losses of a hydrogen- 
cooled generator with field current off. 

On several piping arrangements studied by the writer, with 
the intercept valve 6 placed physically as close to the turbine 
as possible, the stored energy in the pipes between the intercept 
valve and the reheat stage will produce overspeed on the order 
of 1 to 2 per cent. This energy is in no sense a dangerous 
quantity, yet it does approach the permissible limit which can 
be tolerated even with the most rapid types of governing mecha- 
nisms. If the turbine manufacturer is to meet the usual con- 
tract requirement that the unit must not trip the 110 per cent 
emergency-governor setting on loss of maximum generator load, 
it is essential that foundation designs permit the intercept- 
valve location to be given primary consideration. The impor- 

tance of locating the extraction-line nonreturn valves close to 
the turbine has been emphasized by J. W. Barnett,"' in connection 

11 “Speed Governing Design Consideration of Condensing Tur- 


bines,”’” by J. W. Barnett, presented at the October, 1948, meeting 
of the Power Division, ATEE, Technical Paper 48-280. 
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with peak speeds of nonreheat units when dumping maximum 
load. In the case of reheat units, this factor is equally impor- 
tant. 

The author states that on new reheat stations a second inter- 
cept valve 4 on the exhaust of the high-pressure section is being 
provided in addition to the steam-unloading valve. The purpose 
of this second large intercept valve is not clear. Such a valve 
4 will not bottle up the steam in the reheater and prevent its flow 
through the lower stages in case valve 5 should stick open. 
Although valve 4 would prevent backflow of the bulk of the 
stored steam in the reheater, no benefit results from preventing 
this backflow through the reheat-diaphragm-gland labyrinth, 
because presumably it would be short-circuited to the condenser 
anyway through valve 8. 

This second intercept valve adds major capital cost to the 
plant, introduces another */, to 1 per cent pressure drop in the 
reheat line, and complicates the speed-governing mechanism. 

The rather novel scheme of omitting the intercept valves en- 
tirely may have merit if applied to slowly accelerating 1800- 
rpm units if the steam-unloading valves were made very large. 
Rough calculations indicate that an 80,000-kw tandem-compound 
3600-rpm unit, accelerating at 12 per cent per sec, would require 
one steam-unloading valve at least 27 in. in diam, and a short 
pipe to the condenser of equal size, in order to limit successfully 
the peak speed to 110 per cent upon sudden loss of maximum load. 
Such a large 400-psi valve would have to be single-seated to insure 
tightness, and certainly presents some mechanical problems in 
order to open this valve in a small fraction of a second. The 
author also mentions the uncertain hazards involved in exploding 
the stored 1200 to 1500 cu ft of 400-psi steam into the condenser. 

Two additional disadvantages of omitting the intercept valve 
are: (a) the elimination of the braking power or high rotation 
losses in the high-pressure element instantly after the generator 
load is disconnected; and (b) the use of a tight-seating intercept 
valve provides a convenient means for hydrostatic testing the 
reheat section of the boiler. 

Such a scheme appears to be a backhanded or indirect method 
of shutting off the steam to the low-pressure elements, when a 
much smaller 18-in-diam intercept valve, placed in the reheat 
line at the expense of less than 1 per cent of 400-psi pressure drop. 
will do the same job directly. 

The writer wishes to endorse heartily the author’s warning 
that plant designers must be on the alert to see that no steam 
drains or by-pass lines are introduced which will put steam 
inadvertently into the low-pressure stages of the turbine. Rela- 
tively small quantities of steam are critical and may render the 
speed of the set uncontrollable. 


H. A. WaGner"™ anv H. E. Macomper.'* Those interested 
in the design of reheat boilers, and the economics of application of 
reheat to utility steam power-plant cycles will welcome the de- 
tailed treatment of the subject as presented in Mr. Frisch's 
paper (5). His Fig. 3, showing the steam-generator surface make- 
up and price for both resuperheating and nonresuperheating 
boilers, and Fig. 5 on approximate price per kilowatt for various 
pressure-temperature conditions were particularly interesting. 
The wealth of data submitted merits more careful study than the 
writers were able to devote to the paper owing to the limited time 
before presentation. However, a further explanation of a few 
items would be appreciated. 

The boiler designer doubtless will find Figs. 2 and 3 of para- 
mount importance, but the user is still vitally interested in what 


12 System Engineering, The Detroit Edison Company, Detroit, 
Mich. Mem. ASME. 

18 Production Department, The Detroit Edison Company. Mem. 
ASME. 
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it costs to do the job. The cost comparison in Fig. 5, it is as- 
sumed, is based on a superheater having a combination of radiant 
and convection surface, and a convection-type resuperheater as 
represented by the solid lines, since no steam-generator costs are 
indicated in Fig. 3 for the resuperheating cycle A, with full con- 
vection-type surface at a gas temperature of 2000 F. For a steam 
generator for 100,000-kw capability, the cost per kilowatt in Fig. 
3 is about the same for the 2000 psi-1050 F cycles A, and A,, but 
for the 1450 psi-1000 F cycle, the cost per kilowatt is less for the 
resuperheating cycle B, than for the nonresuperheating cycle B,,. 
In Fig. 5, however, the reverse is true with respect to cycles B, 
and B,. Does this result from inclusion in Fig. 5 of delivery and 
erection or other costs not covered in Fig. 3, which reverses the 
trend of Fig. 3, or has it been assumed for the 1450 psi-1000 F 
cycle that the full-convection type of superheater was selected? 

Also, if a superheater and reheater of the convection type only 
were considered for a furnace-exit temperature of 2000 F, it 
would appear from Fig. 3 that there would be considerable ad- 
vantage economically to the nonresuperheating cycle B,, as 
compared to cycle B,, where the superheat control range to 0.7 
full load is maintained. For the 2000-psi cycle, no comparison is 
possible for the full-convection superheater and reheater because 
the author indicates it is impractical to build a resuperheating 
steam generator with a full-convection superheater and reheater 
for a furnace-exit temperature of 2000 F. It would appear, there- 
fore, that considerable care should be exercised in selecting the 
basis of comparison between boilers for reheat and nonreheat 
cycles. 

In Fig. 3, again, it is noted that for a furnace-exit temperature 
of 2000 F, the amount of boiler surface B for the 1450 psi-1000 F 
resuperheating cycle, B, is about 10,000 sq ft, as compared to 
about 23,000 for the nonresuperheating cycle B,,, or less than 50 
per cent. Since the reduction in steam flow for A reheating versus 
a nonreheating 100-mw turbine is only of the order of 15 to 20 
per cent, are these two steam generators strictly comparable? 

This brings to mind the question of reliability and maintenance. 
Corresponding to the reduction in boiler heat-absorbing surface 
in the resuperheating steam generator mentioned in the fore- 
going paragraph, there is an addition of over 20,000 sq ft of re- 
heater surface. Not only is this more expensive surface, but the 
incidence of trouble and maintenance is likely to be greater for 
superheat surface. In addition, higher furnace-exit-gas tempera- 
tures apparently are required in reheat-boiler design with possible 
increased materials troubles. Have sufficient operating data 
been accumulated with resuperheating steam generators of 
modern design and under various operating conditions to indicate 
that reliability and maintenance of resuperheating steam gen- 
erators are on a par with the nonresuperheating boiler? 

The writers again wish to express their indebtedness to Mr. 
Frisch for his detailed exposition on the design of reheat boilers, 
and the indication of the many variables involved in boiler design 
for resuperheating service. 


CLosuRE OF Paper BY C. A. RoBEerTson (1) 


Before commenting upon the several excellent papers and dis- 
cussions of this Symposium, this author wishes to incorporate for 
the record, his opening remarks on the history of reheating.’ 
These remarks were given preceding the author’s main paper (1) 
and were requested by G. B. Warren as a suitable prelude to the 
Papers and discussions. 


Brier Review or REHEATING 
The thermodynamic advantages of reheating steam were recog- 


” These remarks in elaborated form appear in Mechanical Engi- 
roe vol. 71, June, 1949, pp. 504-506 and are taken from Allis- 
almers Electrical Review, first quarter, 1949. 
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nized and applied since the early days of the steam engine. The 
first known patent describing a method of steam-jacketing cylin- 
der walls to prevent condensation on inner cylinder walls was 
obtained by James Watt in 1769. Perhaps the first to use re- 
heating by means of live-steam coils in the receivers of compound 
engines was John Bourne, who tells us he employed it in 1859. 

By the turn of the century, many compound engines, prin- 
cipally pumping engines, were equipped with reheaters. Pub- 
lished tests even describe the performance of an air compressor 
with four steam cylinders having three stages of reheating as well 
as four stages of regenerative feedwater treating. It appears that 
reheating up to this time was done by live steam. 

In 1891 Parsons devised and patented a process of interstage 
live-steam reheating in steam turbines by means of cored spaces 
in the diaphragms of a radial-flow turbine. By 1900, a 1000-kw 
Parsons tandem-compound turbine was tested experimentally 
with externally fired reheat between cylinders. A 3000-kw Par- 
sons cross-compound geared turbine-generator unit employing 
both reheating and regenerative feedwater heating was built in 
1916 with reheating achieved by a waste-heat boiler... Occa- 
sional development and application of reheating was conducted | 


‘by European engineers up to the early 1920’s; however, only a 


small amount of performance information was published. 

The year 1924 saw installation of 40,000-kw and 60,000-kw 
regenerative-reheating units for steam at 600 psig and 725 deg F. 
These turbines were, respectively, single cylinder with reheat be- 
tween stages and cross-compound with reheat between cylinders. 
Both installations employed separate reheat boilers. 

High-pressure reheat installations of the 1300-psig type were 
first put into service in 1925 and 1926. Exhaust steam in these 
installations was resuperheated in the reheater, an integral part of 
the high-pressure boiler, for further expansion in low-pressure 
units. 

About 1930 both cross and tandem-compound turbines of both 
600 and 1300-psig classes, were in operation or being installed with 
boiler reheat, steam reheat, and combinations of both. In some 
tandem units, the reheating was between stages of the high-pres- 
sure turbine. The first of several installations with the unit ar- 
rangement of boiler and turbine in the 1300-psig class went into 
operation in 1935. 

The advancement of metallurgical knowledge and experience in 
the 1930’s, permitted increases to 1300 psig without exceeding 
recognized limits of moisture at the exhaust. This accomplished 
one of the factors that led to reheating, and resulted in the in- 
stallation of a large number of nonreheat plants. 

Opinion was divided between the use of a simple plant without 
reheat, or the continuation of reheat with its higher thermal effi- 
ciency and cost. However, with the advancing cost of fuel and 
the advent of still higher pressures and temperatures, the reheat 
cycle is again gaining favor. 

It is noteworthy that reheat turbines, incidentally, have been 
used successfully for ship-propulsion service as well as for central- 
station service.’ 


CLOSURE 


In the introduction to his paper (1) the author mentioned that 
operating experience indicates an equal flexibility in performance 


1“*The Development of the Parsons Steam Turbine,”’ by R. H. 
Parsons, Constable and Company, Ltd., London, England, 1936, 
pp. 19, 55, 139 and 149; also The Engineer, London, England, 


issues from January 5, 1934, to June 22, 1934. 


16 “Marine Steam Turbine Design for High Pressure High Tempera- 
ture Service,”” by R. C. Allen, presented at a meeting of the Metro- 
politan Section, The Society of Naval Architects and Marine Engi- 
neers, New York, N. Y., April 28, 1944; also ‘Propulsion Steam Tur- 
bines for Great Lakes Vessels,” by R. C. Allen, Great Lakes Section 
of The Society of Naval Architects and Marine Engineers, Mil- 
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of the reheat units as compared to nonreheat turbines. He 
stated, “Operating records of these regenerative-reheat steam 
turbines have included base load and varying load operation, with 
frequent start-up and shutdown performance.” 

In reference to Dr. Christie’s question as to how well reheat 
units will operate under frequent starts and stops and often large 
load swings, when modern base-load reheat units are used for 
varying load service, it may be of interest to discuss the experi- 
ence just mentioned on reheat turbines built by the author’s com- 
pany. This also applies to Dr. Christie’s comment relating to 
overheating of the exhaust at light loads. 

The experience referred to in the paper has been on reheat tur- 
bines in two stations; one using separate reheat boilers to operate 
two turbines of 65,000 kw and 115,000 kw, respectively, installed 
in 1930 and 1931; the other, in which two 80,000-kw units in- 
stalled in 1935 and 1943, respectively, are served by unit boilers 
with integral reheaters. These units are of one general type, 
namely, tandem-compound, with the high-pressure and reheat 
elements contained in the high-pressure turbine cylinder, the re- 
heating taking place between stages in the center of this cylinder. 
The steam flow is unidirectional for both high-pressure and re- 
heat elements. The exhaust from the reheat element passes to 
the double-flow low-pressure cylinder. 

In the older station, both units were used for both base-load 
and varying load service, also involving long and short shutdowns 
and frequent start-ups. This was accomplished using separate 
reheat boilers, with the same degree of flexibility as for nonreheat 
units in the same station. Initial steam conditions, however, 
were 650 psig, 750 F, and the exhaust pressure was | in. Hg abso- 
lute. Predicted high exhaust temperatures did not occur because 
of the factor of relatively large heat absorption in the metal parts 
of the exhaust area. 

In the newer station with 80,000-kw reheat units of the one- 
boiler-per-turbine type, with steam conditions of the order of 1250 
psig, 850 F at the throttle, 850 to 900 deg F reheat, and '/2 in. 
exhaust pressure, the operating records show performances which 
include base-load operation, varying load from full load to '/, full 
load, and also, periods in which frequent shutdowns and start-ups 


were necessary due to load conditions. This station operates in a 
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system where, over week ends, its 80,000-kw reheat units not 
only must carry the base load, but also the regulation and the 
swings. 

The subject of everheating the exhaust end of the turbine dur- 
ing starting, shutting down and light-load operation, based upon 
equilibrium exhaust temperatures, becomes more important with 
increases in levels of initial and reheat steam temperatures. 

This subject was brought up in Mr. Parker’s paper (3) and was 
followed by comments in the discussions by Professor Christie, 
Mr. Drewry, and Mr. Fiala. 

Actually this subject is not so troublesome as it may appear 
when the one-boiler-per-turbine arrangement is used in connec- 
tion with reheat cycle because of the flexibility in firing, a neces- 
sary characteristic for reheat-turbine operation. The initial 
and especially the reheat steam temperature can be reduced, to- 
gether with the pressure, as is desired during the shutting down 
and starting-up periods, and also during very light-load opera- 
tion, especially below first wide-open-valve load. 

Operating details of this problem of controlling exhaust-steam 
temperatures are given by Mr. Drewry in his discussion. 

During shutdowns of the 80,000-kw reheat units, operating with 
850 F and 900 F full-load reheat steam temperature, the data ob- 
tained showed exhaust-steam temperatures corresponding to satu- 
ration-steam temperatures and were less than 80 deg F. This 
was accomplished by firing the reheat boiler to reduce the reheat 
steam temperature to about 700 F. This affords an easy means 
of meeting the desired exhaust-steam temperatures. 

Emergency shutdowns, with short shutdown periods, have not 
been troublesome in keeping the exhaust-steam temperature 
within safe limits. Plants designed for high vacuum make it 
easier to maintain low exhaust-steam temperatures. 

In connection with the arrangement of two steam-unloading 
valves, instead of intercepting valve or valves, for discharging 
steam to the condenser following sudden load trip, the author 
stated that the probable drop in vacuum may amount to as much 
as 6 or 7 in. of mereury. Professor Christie commented that this 
would introduce an appreciable interval to recover the full vac- 
uum after such an occurrence. 

The author agrees that ordinarily where 6 or 7 in. of vacuum 
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would be lost, an appreciable time would be required to recover 
this loss in vacuum. The ordinary case, however, occurs because 
of air getting into the condenser, and reducing the rate of heat 
transfer, in which case considerable time may be required for the 
air pumps to remove this air. 

In case of vacuum drop due to reheat steam-unloading valve 
operation, the conditions are different because the loss in vacuum 
is not due to air but rather due to a large terminal difference re- 
sulting from high rates of steam flow to the condenser, amount- 
ing to 200 and 300 per cent full-load steam flow. As soon as the 
tate falls to normal, the vacuum increases to normal without 
appreciable lag. 

Actual unloading tests, where the instantaneous rate of steam 
flow to the condenser through the steam-unloading valve ap- 
proached 75 per cent of full-load steam flow, the vacuum gages 
showed no appreciable change. The time interval or duration 
Was less than '/, sec, and the actual quantity of steam was not 
more than 260 Ib. 

In the case of the 80,000-kw reheat-turbine installation, the 
actual quantity of stored steam in the reheater and connected 
Piping is about 750 Ib of superheated steam. 

The author appreciates particularily Mr. Sheppard’s discussion 
of the merits of single-valve reheat protection, as compared to 


the two-valve protection provided by the author’s company. 

In other words, whether one, or two lines of defense are needed 
against overspeeding from reheat steam is basically the cause of 
the conflict in thinking. 

Mr. Sheppard advocates a single intercepting valve, yet near 
the end of his discussion he admits that intercepting valves can 
stick open. He apparently fails to understand that some of the 
plans described in the author’s paper provide two lines of defense. 

This subject of one versus two lines of overspeed defense is 
covered in Mr. Drewry’s discussion. 

Putting balance-piston or packing leakage into an extraction 
heater past the check valve, as recommended by Mr. Sheppard, 
apparently has poor reliability and economy aspects. 

On the subject of substitution of steam-unloading valves for 
intercepting valves, Mr. Sheppard notes two disadvantages of 
omitting the intercepting valve. The latter disadvantage states, 
“the use of a tight-seating intercept valve provides a convenient 
means for hydrostatic testing of the reheat section of the boiler.” 
For an intercepting valve to be used for hydrostatic testing of the 
reheater, requires another valve in the reheater inlet line, for 
which credit could have been given in discussing the two inter- 
cepting-valve plan. Gate valves are but a minor fraction of the 
cost of intercepting valves. 
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Fic. 6 Impu.se-Reaction TuRBINE TO PrRovipE ApMISssION STEAM AND REHEATED STEAM AT ADJACENT Points IN CENTER OF CYLINDER 


The author agrees with Mr. Sheppard’s statement as to the ad- 
visability of placing the intercepting valve as physically close to 
the turbine as possible, although this may require expensive 
changes in turbine foundation. In this connection, minimizing 
volume of the reheat system could well have been urged, thus re- 
ducing the quantity of steam in the reheat lines and boiler. 

The advantages of using a steam-unloading valve, by-passing 
steam to the condenser, should give an answer to the foregoing 
problem. 

Using Mr. Sheppard’s value of */, to 1 per cent pressure drop for 
one intercepting valve, and calculating its economy aspect for an 
80,000-kw unit, in eqnnection with the suggested scheme of two 
steam-unloading valves with no intercepting valves at all, the 
savings by the latter scheme would be approximately $2500 per 
year, based upon 75 per cent load factor and $0.33 per million 
Btu of steam supplied. This amount capitalized would represent 
an appreciable saving. 

In connection with the two parallel steam-unloading valves sug- 
gested in the author’s paper (1), and using certain values given 
by Mr. Sheppard, together with calculations by the author, the 
following answers can be determined: 


Following load trip-out, the steam in the reheat boiler would 
divide in two ways, namely, about 80 per cent would by-pass the 
reheat section of the turbine directly to the condenser through two 
parallel steam-unloading valves, and the other 20 per cent would 

flow through t 


> 


over. Two valves are used instead of one so as to provide two 
lines of defense. 

Using the values given by Mr. Sheppard in his discussion, 
namely, an 80,000-kw, 3600-rpm reheat unit with low mechanical 
inertia and an accelerating rate of 12 per cent speed rise per sec 
with full-load torque, the total rise in overspeed would be approxi- 
mately 10.8 per cent with the two steam-unloading-valve arrange- 
ment. 

Using a simple method of analysis, let us assume that 
elapses before steam-unloading valves become effective in bv- 
passing steam to the condenser. Therefore the speed rise will 
have reached about 6 per cent overspeed. Assume that the unit 
will reach 30 per cent. overspeed if unprotected by reheat-unload- 
ing valve or intercepting valves. On the basis that 80 per cent of 
the steam is by-passed, the following calculation indicates the 
speed rise to be expected after the unloading valves have fune- 


tioned 


Total rise would be 6 + 4.8 = 10.8 per cent overspeed rise. This 
is somewhat in agreement with a more detailed analysis. 
The author is including several figures to complete this closure. 
Fig. 4 shows a section through a 3600-rpm tandem-compound 
reheat turbine designed along the conventional lines, being used 


sec 


(30 — 6) X (100 — 80) = 4.8 per cent 
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by the author’s company. This turbine has the reheat diaphragm 
3 ate _— located in the center of the high-pressure cylinder in which the 


Wo 


steam flow is unidirectional, and the reheating takes place between 
stages in the center of the cylinder. 

The temperature difference at the reheat diaphragm and adja- 
cent cylinder structure, during the starting cycle, is less in this 
unidirectional-flow design than in the opposed-flow design of the 
turbine described by Mr. Sheppard. This is due to the inherent 
characteristics of reheat boilers. As the reheat boiler is being 
brought up, the temperature rise through the reheating element is 
low. 

During normal operation, the difference in steam temperature 
between the two sides of the reheat diaphragm is the highest and 
ranges between 250 and 300 deg F. The temperature gradient, 
however, is broken up between two gas films adjacent to the metal, 
and the metal of the diaphragm itself. The temperature gradient 
through the films is relatively high leaving a considerably smaller 
gradient through the metal. Units that are in operation at the 
850 deg F level operate with a temperature difference at the reheat 
up to 260 deg F, as compared to 320 deg F for a 2000-psig, 1050 
or 1000 deg F reheat installation. 

Another way to reason that this temperature gradient is not of a 
serious nature is to compare it with the temperature gradients ex- 
perienced in existing nonreheat units operating throughout the 
country. 

Consider the temperature gradient of a nonreheat turbine rotor 
at the high-pressure end where a water-seal gland runner sur- 
rounds the shaft, and where the oil-cooled No. 1 bearing and jour- 
nal are located. In a relatively short distance there is a very 
large temperature gradient from 900 to 1000 deg F to around 200 
deg F, yet. not very much concern has been made of this fact. 

In the high-pressure end of a standard steam turbine there 
exists usually a large temperature gradient between initial steam 
temperature and a relatively cool temperature of the metal at the 
extreme end of the turbine cylinder. 

Fig. 5 shows a sectional view of the reheat diaphragm for the 
turbine shown in Fig. 4. It will be noted that the diaphragm is 
of ring construction, bolted together at the horizontal parting 
joint. This type of construction provides freedom for radial ex- 
pansion within the turbine cylinder. This freedom for radial 
expansion is similar to that provided in the 80,000-kw reheat 
units referred to in the author’s paper (1). These diaphragms 
have a small radial depth. 

The particular diaphragm shown in Fig. 5 was designed for 
high-temperature service in that a special shield is provided on the 
low-pressure side. The leakage steam from the cooler and higher 
pressure side of the diaphragm, after passing a series of labyrinth 
seals, enters the space between the shield and diaphragm and flows 
radially to the circumference where it mixes with the reheated 
steam. By this means the two sides of the diaphragm are kept at 
substantially the same temperature which minimizes any tend- 
ency to warp. The larger temperature differences occur over 
the relatively thin shield which has provision for radial expan- 
sion. 

This view in Fig. 5 also shows the large number of throttlings 
Which are provided for in what is termed a relatively short dia- 
phragm by Mr. Sheppard, and which was also a characteristic of 
the diaphragms for the 80,000-kw reheat turbines mentioned in 
the author’s paper (1). 

Fig. 6 is introduced to show how an impulse-reaction turbine 
would have to be built in order to have the admission steam and 
reheated steam at adjacent points in the center of the cylinder. 
In order to take care of all operating conditions, such as, start- 
ing, normal-load operation, and the condition following unloading 
where the intercepting valve is closed, our study indicates that, in 
order to balance the steam thrust axially, a separate balance 
piston is required for each element. 
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This type of turbine also requires much more elaborate shaft- 
seal packing at the high-pressure end where the shaft passes 
through the cylinder and at the reheat diaphragm. 

There is a rather large temperature difference at the center of 
the turbine during the starting period where low reheat tempera- 
ture exists. This design does nothing toward simplicity, neither 
in design nor for operation, and the resulting differential expan- 
sions, both radial and axial under all operating conditions, are not 
less than that for the unidirectional-flow design used by the au- 
thor’s company. 


CLosuRE OF Paper BY E. E. Harris ANnp A. O. WHITE (2) 


Calculations have been made to check Mr. Caldwell’s state- 
ments, and we are unable to determine that it will be possible to 
realize ‘60 per cent of the increased economy attainable with 
conventional resuperheating.”’ 

When light-load operation is mentioned along with the heating 
of the exhaust, as in Mr. A. C. Christie’s discussion, reference is 
made to about 5 per cent of the turbine rating. Certainly, 5 per 
cent of rating is not usually considered as ordinary operating 
conditions for most installations. 

Mr. Sheppard pointed out a method incorporating use of a 
single intercept valve, not mentioned by Mr. Christie. This 
method has been used by the authors’ company since the first 
two Philo units were installed, as mentioned by Mr. Sporn. 

In a future paper, we hope to present data on gains due to 
reheat at various loads from which economic studies may be made 
at lower loads. 

Referring to Mr. M. K. Drewry’s comments, the question of 
exhaust temperatures at light loads needs no further explanation. 
Tests run in conjunction with the American Gas and Electric 
Service Corporation, as mentioned by Mr. S. N. Fiala on the 
2300-lb reheat unit at Twin Branch, showed no evidence of over- 
heating. However, calculations on 3600-rpm units with the 
higher tip speeds indicate that cooling will be required on these 
units. Mr. Drewry is correct in stating that the exhaust can get 
too high in temperature even on nonreheat units at very light 
loads. The exhaust temperature on starting and for light-load 
operation may be controlled readily by means of water sprays 
automatically controlled. His comments on possible troubles 
with desuperheating are interesting. 

Mr. J. N. Ewart in his discussion appears to be fully acquainted 
with all the problems associated with reheat for modern steam 
stations and feels that the reheat station has come into its own 
for the present and for some time to come. 

Mr. 8S. N. Fiala has been interested in the design, construction, 
and operation of reheat stations for many years. His frank 
opinions should be reassuring to those who have more recently 
taken on reheat installations. 

In reply to Mr. R. W. Hartwell, it was pointed out in the paper 
(2) that the gain due to reheat was predicated upon the assump- 
tion that the nonreheat unit would have a kilowatt exhaust loss 
of 4.5 per cent and, by using the same last-stage annulus area 
with reheat, the reduced condenser flow would give a reduction 
in exhaust loss. Usually the smaller-rated units are not so 
crowded in the exhaust end, consequently do not benefit as much 
from reduction in exhaust loss for the reheat unit over the non- 
reheat unit. 

The efficiency of a unit depends considerably upon the high- 
pressure end volume flow. The smaller-rated capacity units have 
a lower efficiency owing to lesser volume flow, so that any reduc- 
tion in volume flow in the order of 16 per cent for the reheat units 
will cause a further reduction in high-pressure section efficiency. 
Hence, it becomes more difficult to maintain similarity of design. 
We feel that the paper (2) as presented will cover units rated 


50,000 kw and larger, and, for units smaller than the 50,000-kw 
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rating, the gain obtained will be approximately 1 per cent less 
than the paper describes. 

We concur with Mr. Hartwell’s other remarks and feel par- 
ticularly favorable toward more economic studies being made to 
obtain a better idea as to the relation of the proper reheat pres- 
sure. In order to be of assistance in such a study, we are con- 
tinuing our calculations to cover the lower-load operation. 

The gain due to reheating Figs. 9, 10, 11, and 12, in the paper 
(2), is the gain at maximum capacity plotted against reheat pres- 
sure for which the unit is designed at maximum capacity. After 
the reheat pressure has been selected for the maximum capacity, 
the reheater pressure will vary almost directly with the throttle 
flow. However, the gain at any reheater pressure for partial 
loads is different than that shown on the curves in the paper (2), 
Figs. 9, 10, 11, and 12. At partial loads a curve of gain due to 
reheat for a unit designed for a given reheat pressure will intersect 
a gain curve at the reheat pressure for maximum capacity and 
will be similar in shape, without discontinuity, at the lower re- 
heat pressures or partial flows, and will be lower than the locus 
curve of the reheat pressure at maximum load. 

Mr. E. H. Krieg’s remarks on costs and economics of reheat 
versus nonreheat plants are interesting and timely. We sincerely 
hope that more economic studies will be made available as time 
goes on to help clarify the situation. 

The gains due to reheating as presented in the authors’ paper 
(2) represent the gain in the turbine room, thus including changes 
in turbine performance, heater performance, reduced flow to the 
condenser, along with change in boiler-feed-pump power. No 
account was taken for the reduction in circulating-water-pump 
power or other station auxiliaries or boiler efficiency. If the 
other station auxiliaries and the boiler efficiency remain the same, 
then the gains may be interpreted as per cent gains on the whole 
station heat rate. 

Mr. I. G. McChesney’s suggestion that the top extraction 
point and the reheat point be separate and each at its best pres- 
sure level has been followed in several installations now in prog- 
ress. Here again some economic studies would be valuable, and 
his table of suggested pressures is very interesting. It is the 
authors’ intention to continue their studies in an endeavor to be of 
assistance in deriving such economic data. - iad ip 


CLOSURE OF Paper BY E., E. PARKER (3) 


The material presented by the various discussers constitutes a 
valuable addition to this symposium on the reheat cycle. This is 
particularly true as the discussions in large part are based on 
over-all station operating experience with existing reheat installa- 
tions and the experience to date on the design of new reheat in- 
stallations. It is reassuring to note throughout the discussions 
that this experience has been favorable and no serious drawbacks 
encountered. 

A few points raised in the discussions deserve brief comments. 
The proposal of Mr. Galdwell for resuperheating the steam within 
the turbine by extraction of steam from a higher stage has been 
studied and the result of this study presented in a discussion at 
the Annual Meeting in 1947. Briefly, we are unable to agree 
with the gain in efficiency claimed by Mr. Caldwell even assum- 
ing adequate heat-transfer area within the turbine to allow the de- 
sired amount of resuperheating. According to our study, the 
gain is insufficient to justify the consideration of this scheme. 
Actually when the physical conditions necessary to provide ade- 
quate heat-transfer area are taken into consideration, the gains 
become even less. 

Considerable divergence of opinion exists as to the proper way 
of protecting the turbine against overspeed due to the steam 
stored in the reheater. This is an important problem and de- 
serves full consideration. As pointed out in the author’s paper 
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and also by Mr, Sheppard in his discussion, this has been success- 
fully met on the large number of reheat turbines supplied by the 
author’s company through the use of a single intercept valve 
Such an arrangement gives adequate protection consistent with 
that provided on a nonreheat installation and provides the 
greatest simplicity of control. Simplicity of control is important 
in reducing the operational objections to the reheat cycle. It is 
perhaps not fully appreciated that most nonreheat installations 
include possibilities for re-entry of sufficient steam into the tur- 
bine from the extraction system to cause overspeed of the same 
magnitude as the steam from the reheater. Nonreheat installa- 
tions are carefully reviewed to provide adequate protection 
against the re-entry of steam in the form of free-swinging or posi- 
tive-closed check valves. The single intercept valve meets thi 
same standard of protection as used in the design of such check 
valves. The use of the single intercept valve has none of the ob- 
jections raised by Professor Christie against the methods which he 
describes to accomplish this function. 

Professor Christie points out the operation of a nonreheat in- 
stallation is simpler and for this reason may be chosen in prefer- 
ence to a reheat installation where loads are variable. For con- 
ditions involving frequent starting and stopping this is un- 
doubtedly true, but it should not be overlooked that for the varia- 
tions in loads usually considered on central-station systems reheat 
installations have proved satisfactory. For information on the 
satisfactory performance of a reheat installation on very rapid 
variations in loading, attention is called to a paper by V. F. Est- 
court entitled “Design and Operating Problems With Gas and 
Oil-Fired Boilers for Stand-By Steam Electric Stations,’” ASME 
Transactions 1937, vol. 59, paper No. FSP-59-1. 

Mr. Krieg has compared Preferred Standard turbine generator 
units with nonpreferred units on the basis of nameplate rating 
rather than on the basis of capability. The author dose not feel 
that this represents a true comparison. 

Preferred Standard turbines have been purposely designed with 
capability of 10 per cent greater than the nameplate rating 
whereas the nonpreferred standard turbines have 25 per cent. 
When both the turbine capability and generator capability are 
taken into consideration the cost differentials between preferred 
standard and nonpreferred standard units would be reduced to 
approximately one fourth the values stated by Mr. Krieg. 
When compared on this basis many purchasers have found it 
economical to select reheating for units within the Preferred 
Standard range of sizes. 


CLOSURE OF PAPER BY MARTIN Friscu (5) 


In closing, the author of paper (5) wishes to express his appre- 
ciation and thanks to those who have taken the great trouble to 
prepare written discussions and to those others who have raised 
questions from the floor about his paper. These discussions 
and questions are, perhaps, more interesting and useful than the 
paper itself because they reveal the character of the reflective 
thinking applied to the estimation of the debits as well as credits 
of resuperheating. 

It has probably escaped few who have listened to these papers 0D 
resuperheating that the difficulties and debits, real as they are, do 
not seem as serious to those who have installed and operated re- 
superheating units as to those who have just been thinking about 
them, 

The problems of quick starting and emergency-load loss are not 
belittled in any of the papers or discussions. But, as brought out 
in discussions by Mr. Sporn, Mr. Ewart, Mr. Fiala, and Dr. 
Christie, the safety of the turbine seems to be of no less concern 
than the safety of the steam-generating unit in emergencies. 
In this author’s opinion a resuperheating steam generator, 
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whether employing convection superheaters and resuperheaters 
or radiant superheaters and resuperheaters can be made as safe 
during emergencies as units of the nonresuperheating types with 
little if any added complication. 

Mr. Drewry’s data summarizing experience with radiant 
superheaters and resuperheaters totaling over ‘500 superheater 
years” with negligible difficulties should give heart to those who 
will wish to avail themselves of the advantages of resuperheating 
with slagging fuels without accepting the higher furnace-exit 
temperatures necessary for any considerable control range with 
exclusively convection arrangements. The ability to handle all 
locally available low-cost fuels without the need to be selective is 
important if the economies of resuperheating installations are to 
be realized over their entire life, even when base-loading them 
ceases to be desirable. Reasonably low-priced units, employing 
radiant superheating surfaces, can be designed for slag-free opera- 
tion with the poorest fuels. 

Messrs. Wagner and Macomber in their discussion raise ques- 
tions about a seeming inconsistency between prices as read from 
Figs. 5and 3. The prices in Fig. 5 and Fig. 3, except for the small 
effects resulting from drawing smooth curves through the points, 
are consistent, as may be seen from Table A of this closure. 


TABLE A STEAM-GENERATOR PRICE 


(Dollars per kilowatt for 100,000-kw capabilitv unit, 2000 F. was to super- 
heater 70 per cent control range) 
Cycle Ar An Br Bn 
From Fig. 3: 
Combination radiant and 
convection superheater....... 
Convection superheater, 
Differential firing.............. 


19.507 19.40 18.20 18.70 


Impossible 19.40% 18.00¢ 17 
Impossible 18.90 17.00 17.05 


® Fig. 5 based on figures marked with ¢. 


In Fig. 5, cycle A,, prices are based on units including radiant 
superheaters since the required primary steam temperature of 
1050 F could be maintained down to 70 per cent of full load, with 
no other arrangement with a gas temperature of 2000 F to the 
superheater. Prices for other cycles in Fig. 5, are for units having 
exclusively convection superheaters and resuperheaters which, 
with the gas temperature of 2000 F at the superheater and with 
standard firing, can maintain the required steam temperature 
down to 70 per cent of full load. For these cycles, somewhat 
lower prices would be possible with differential firing as may be 
seen from Table A. Perhaps, it might have been better if the 
prices plotted in Fig. 5, had been the lowest from Fig. 3, for each 
of the cycles. If this had been done, prices of resuperheating 
units for cycle B, would have been just a shade lower than for the 
corresponding units for the nonresuperheating cycle B,,. 

Fig. 3 shows that, for the same operating conditions and fuel 
specifications, it is not advisable, as suggested by Messrs. Wagner 
and Macomber, to compare prices only of units with exclusively 
convection superheaters and resuperheaters or, alternatively, of 
units including radiant surfaces. What is wanted is the lowest- 
priced unit, irrespective of the arrangement, which will meet the 
conditions and specifications. 

The difference in the boiler surface B from Fig. 3, with 2000 
F gas temperature for cycles B, (10,000 sq ft), and B, (23,000 sq 
ft) comes about from the fact that both units with radiant super- 
heating were designed for the same unit exit-gas temperature. 
Therefore, 13,000 sq ft additional boiler surface had to be used in 
the unit for cycle B,, to compensate for the effect of the resuper- 
heater and the smaller gas quantity on exit-gas temperature of 
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the B,-cycle unit. For the same reason, in the corresponding all- 
convection superheater and reheater units with 2000 F gas tem- 
perature, no boiler surface at all was necessary for either the B,, or 
B, cycle. But it was necessary to use much more economizer 
surface with cycle B, than with cycle B,. In all cases the surfaces 
are based on actual steam flows required for the 100,000-kw 
turbine capability as shown in Fig. 1. 

It is true, as Messrs. Wagner and Macomber point out, that, in 
resuperheating units, more metal works at high average metal 
temperatures than in nonresuperheating units. This, naturally, 
has an effect on life, reliability, and availability, but, with proper 
design, resuperheaters can be designed to equal superheaters in 
these requirements. 

It was gratifying that Mr. Krieg and Mr. Rowand were both 
able to confirm the conclusion that resuperheating steam gen- 
erators cost little if any more per kilowatt than nonresuperheating 
units for the same primary-steam and fuel specifications. 

Mr. Gaffert’s question as to whether resuperheating units 
could be considered economical for conditions existing in the 
Middle West, where many units would necessarily have to be 
smaller than 50,000 kw, cannot be answered from the studies on 
which this paper is based. This paper shows the effect of size on 
steam-generator price only down to 50,000 kw, and complete 
plant studies for the actual conditions would have to be made to 
determine whether resuperheating would pay. 

Mr. Donworth’s question as to whether the gains in efficiency 
from resuperheating could not be more easily matched by more 
regenerative feed-heating cannot be answered by this study which 
considered only the effects of design conditions on steam-gen- 
erator prices. Mr. Donworth also questions the propriety of 
drawing smooth price curves for each of the cycles from capa- 
bilities of 50,000 to 150,000. He is, of course, correct in raising 
this question, and the curves should have steps or discontinuities. 
It was found that these could be smoothed out without affecting 
the conclusions, and this was done for convenience. 


CLosuRE oF Paper BY W. H. Rowanp, A. E. RaAYNor, AND 
F. X. Gilg (6) 

The authors of this paper (6) are glad to have had an oppor- 
tunity of contributing information from their reheat-boiler ex- 
perience to this symposium on the reheat cycle. 

Regarding the possibility of using radiant superheaters and 
reheaters, we would like to point out that radiant superheaters 
and reheaters have been built and are operating successfully. 
However, our observation has been that to avoid the additional 
operating considerations necessary to provide high operating 
reliability with radiant superheaters. many users prefer the more 
flexible convection superheaters and reheaters for the present 
level of temperatures. However, when still higher steam-tem- 
perature levels become practical, radiant superheaters may be 
used more generally. 

Disregarding any theoretical considerations of the temperature 
of gases entering the convection section required to prevent 
slagging difficulties, there are dozens of boilers operating success- 
fully without slagging trouble, using the worst midwestern coals, 
with actual gas temperatures entering the convection section of 
2100 F to 2300 F. Of course, these jobs have widely spaced 
tubes, shallow tube banks, and modern mass-action soot blowers. 
The reheat units described by Mr. Gilg (6) are designed to the 
same furnace factors successfully proved in operation by these 
many installations. 
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This is a preliminary report of a Subcommittee on 
Eccentric and Segmental Orifices of the Special Research 
Committee on Fluid Meters on the Calibration of Eccen- 
tric and Segmental Orifices. It describes the method used 
in calibrating orifices in 4 and 6-in. pipe lines and gives 
the results of the calibration which are available at this 
time. This program is only in its early stage and as a 
result, about 50 per cent of the work has been done. 


HE standard primary devices used for flow measurement 

in pipe lines are Venturi tubes, flow nozzles, and sharp- 

edged concentric orifices. These devices have all been 
described adequately, and a great deal of research work has been 
carried out to determine their flow characteristics and co- 
efficients of discharge. The results of these researches have been 
published by the Society and other interested groups, and the 
analysis of the results of the researches have been made into 
suggested standards for computing flow measurement, using 
the devices mentioned. 


In many cases where the fluids to be measured are nonhomo- 
geneous, the standard measuring devices have certain drawbacks 
which make other metering elements more desirable. Two of 
these elements are sharp-edged orifices. One is the form in which 
a round orifice is made in a plate in such a way that one edge of 
the orifice is practically tangent to the wall of the pipe line, so 
that there is no obstruction to flow on one side of the pipe line. 


This can be used then for a vapor or gas carrying some liquid, 
or a liquid carrying some solids, if the edge of the orifice is flush 
with the bottom of the pipe line. The extraneous material 
will then pass through the orifice without building up in front 
of the orifice plate. If the extraneous material is a gas in a liquid, 
the tangential side is put at the top of the pipe, and the gas will 
pass through without altering materially the flow condition. 

A second device is an orifice plate with an orifice in the shape 
of a segment of the pipe into which it is to be inserted. This 
type is ordinarily used only when the impurities in the flowing 
stream are heavier than the main material being measured, so 
that the opening is at the bottom of the pipe. This orifice is 
made with a segment circle diameter—approximately 97 or 98 
per cent of the diameter of the pipe—and the area varied by 
altering the height of the segmental opening. 

It has been thought probable that these devices can be designed 
and manufactured so that their coefficients of discharge can be 
predicted and that they will be almost as satisfactory for accurate 
flow measurement as are the concentric orifices. With this idea 
in mind, the Fluid Meters Committee has set up a calibration 
program to determine the values of the coefficients of discharge 
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for these primary elements over a wide range of pipe sizes, area 
ratios, and rates of flow, so as to be able to publish tables of co- 
efficients for these primary elements similar to those available for 
nozzles and concentric orifices. The program was started early 
in 1948, and the work is almost completed on orifices in a 4-in. 
pipe line. 

In addition to the foregoing, the Bailey Meter Company, in 
1945 and 1946, supported a research program covering the same 
sort of investigation on similar orifices in 6-in. pipes, and the 
results of this investigation have been made available to the 
committee and are presented as a part of this paper. 

It should be emphasized at this point that the results pre- 
sented in this paper are not the final results, and that they are 
presented at this time in order to make the preliminary results of 
this investigation available to meter users as rapidly as they are se- 
cured. Itis probable that when the results of calibration of similar 
orifices in larger pipe lines are available, the curves presented 
for 4 and 6-in. lines will be modified in order that a consistent 
set of curves covering all pipe sizes can be plotted. Experience 
in analyzing the results on concentric orifices and flow nozzles 
has shown that within the limits of ordinary measurement ac- 
curacy, it is possible to determine the variation of coefficients of 
discharge with pipe size, area ratio, and Reynolds number, so 
that a series of curves or an empirical formula can be set up 
which will represent the results of the researches. It is planned 
that this will be done as soon as the data taken cover a wide 
enough range to make it possible. No attempt has been made to 
correlate the effect of pipe sizes in the curves given in this paper, 
since only two pipe sizes are available, and they do not cover 
a very wide range of pipe diameters. 

At the time of presentation of this paper, the 4-in. work was 
nearing completion, and it was planned to make a start on cali- 
brating the orifices in a 10-in. pipe line. In order to complete 
the program, it is also planned to do work with a 14-in. pipe 
line. It is thought that if the range of from 4-in. to 14-in. sizes 
is covered completely, it will be possible to extrapolate the data 
for larger-sized lines, and at present it is not believed that these 
orifices will be very satisfactory for lines under 4 in. diam. 

Arrangements have been made with the Research Foundation 
and the Engineering Experiment Station at The Ohio State Uni- 
versity to carry out this research at a cost to the committee for 
the labor only, the university furnishing all space and power 
requirements, so that a considerable saving has been effected in 
this operation. 


MetuHop oF TESTING 


The piping and the manometers which had been constructed 
at the university for calibration of concentric orifices and nozzles 
were already available and were used for this test work. The 
orifice plates which have been used to date are made of 1/j.-in. 
monel metal and in all cases the orifices are bored with a sharp 
edge upstream and the downstream edge beveled to 1/39 in. 
edge thickness. Pins in the upstream face of the orifice, about 
1/1, in. diam., are riveted to the orifice in such a way that they 
locate the orifice exactly in the upstream pipe section. The 
orifice is mounted between flanges which are doweled so that the 
inlet and outlet pipes are lined up as accurately as possible. 
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This means that when the orifice is clamped between flanges, it is 
then correctly located with respect to both upstream and down- 
stream pipe sections. 

The testing sections are made of standard pipe which is cleaned 
at regular intervals to keep the pipe surface as nearly constant 
as possible. These pipes were chosen from standard 4 and 6-in. 
pipe sections which were commercially round and smooth. The 
pipe lines were erected in such a way that there were at least 40 
diameters of straight pipe ahead of the meter flange, and straighten- 
ing vanes were mounted ahead of the 40-diam meter run so as to 
: provide smooth straight flow to the orifices. It is probable that 
a the velocity profile ahead of the orifice is very close to that which 

is considered normal for turbulent pipe flow. Pressure taps were 
made at 1 pipe diam and 1 in. upstream from the orifice plate, 

7 > and at tenths of diameters downstream from the orifice plate, 

with a tap 1 in. downstream and one approximately 8 pipe diam 

downstream—the latter to measure the head loss in the orifice. 

- An additional tap was placed well upstream in the 4-in. line 

in an attempt to measure the pipe friction factor, f, to see if it is 

possible to correlate the coefficient of discharge with this friction 
factor. 


‘The manometers used which cover a range of from 1 in. of 
eee water to about 45 in. of mercury have been described.? The 
method of making the tests is also covered in the same bulletin, 
and, since it is standard hydraulic testing procedure, it will not be 
repeated here. 

In general, the results of the testing have been relatively con- 
sistent for each orifice, and the computations which have all been 
checked, indicate that the results to date are as satisfactory as can 
be expected for the limited range of data. 


LocATION op VENA CONTRACTA 


In all cases enough readings were taken along the downstream 
pipe section to determine experimentally the location of the 
vena contracta. It can be noted that the location of the vena 
_ contracta differs from that for concentric orifices. In all cases 
the vena contracta for eccentric and segmental orifices is farther 
= : es for the higher diameter ratios. For diameter ratios 

of less than 0.5, it is probable that the vena contracta is somewhat 
_ farther downstream than indicated in Fig. 1. However, the pres- 


3 “The Flow of Water Through Orifices,”’ by S. R. Beitler, The Ohio 
State University Engineering Experiment Station Bulletin no. 89, 
May, 1935. 
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sure curves below the orifices were so flat that it was difficult to 
determine exactly where they had their lowest value. 


METHOD oF ANALYSIS 


Fig. 2 shows the method of analysis used in plotting Figs. 3 
to 8, inclusive. After the test runs were completed the results 
were calculated. A curve showing the variation of coefficient of 
discharge with 1/(Reynolds number)'/? was then plotted for each 
eccentric orifice. A sample curve is shown in the lower part 
of Fig. 2. A straight line was then drawn through the series of 
points with the slope indicated by the arrangement of the test 
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(November 13, 1948.) 
square root of the Reynolds number) of 0.002 for each orifice was 
then plotted against diameter ratio, and a smooth curve drawn | 
through these points. The slope of the straight line was also | 
plotted against diameter ratio, and another smooth curve drawn . 
through the slope points. A second line was then drawn on the . 
original curve going through the point indicated on the smooth ad 
curve and with the slope indicated from the slope curve. rm 
This curve was then replotted as shown at the top of Fig. 2. In rs) 


most cases the curves determined by the cross-plotting process 
fitted the points as closely as did the ones put in by eye. 

For the segmental orifices the test points were plotted as shown Fic 
at the top of Fig. 2, and a curve drawn in, attempting to fit 
the points as closely as possible. These were then cross-plotted 
for several different values of Reynolds numbers and a smooth 
ing process carried out. 

The curves in Figs. 3 to 14, inclusive, are the final results of 
these cross-plotting methods. 

RESULTS 

_ Figs. 13 and 14 are the summary curves for all of the orifices 
tested to date and include curves of concentric orifices (taket 
from Part 1 of the “Fluid Meters Report’’) for comparative pur 
poses. Fig. 13 is for orifices with vena-contracta taps and Fig. 
14 for orifices with flange taps. Both of these curves have beet 
plotted for a fixed value of the Reynolds number at the orifice of 
2.5 X 105. This value of Reynolds number was chosen because 
practically all of the orifices used had actual data at this Rey mnolds 
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number, and it was not necessary to make any extrapolations. It 
will be noted that for diameter ratios of less than 70 per cent, the 
curves for the concentric orifices in Fig. 13 have the lowest values 
of the coefficients of discharge. 


There is also a relatively small 
change in coefficients with pipe size for the larger-diameter- 
ratio concentric orifices, 

In calibrating the eccentric orifices, the 4-in-line tests have 
been made with the high side of the orifice in line with the taps 
and with the taps at 90 deg from the high side; while those in 
the 6-in. line were made with the taps on the high side only. 

It will be noted that for diameter ratios of below 50 per cent 
there is practically no difference (i.e., less than 1 per cent) between 
the eccentric orifices in both pipe sizes and both tap locations, and 
that the coefficients appear to be about 3 per cent higher 
than that of a similar-diameter-ratio concentric orifice. For the 
larger diameter ratios, however, there is considerable difference be- 
tween the 4-in. and the 6-in. eccentric-orifice curves; the coefficient 
values for the 4-in. orifices with vena-contracta taps on the high 
side continue to rise with diameter ratio, while the 6-in. eccentric- 
orifice coefficients fall slightly as the ratio increases. The co- 
efficients of 4-in. eccentric orifices with taps at 90 deg fall between 
the other eccentric-orifice curves. It is probable that the high 
coefficients for the eccentric orifices is caused by the pipe wall 
being close to the side of the orifice, so that on one side of the 
orifice there is less reduction in area of the high-velocity stream at 
the vena contracta. 


The se.mental orifices show a somewhat different trend, the 
coefficient being about 8 per cent higher than that of the concentric 
orifice for the 4-in. line below 50 per cent diameter ratio, and 
apparently falling off very rapidly for the higher diameter ratios. 
The data for the 4-in. segmental orifices are not complete for the 
high diameter ratios. 

The 6-inch segmental orifices were not tested Delow 0.5 diam- 
eter ratio and, as a result, no curve has been drawn below this 
point. It would appear from the data that it would fall parallel 
to the 4-in. curve, but about 5 per cent below it. 

The curves for the flange taps, Fig. 14, have the same general 
arrangement as do the curves in Fig. 13. However, it will be 
noted that for these taps, the effect of rotating the location of the 
pressure tap on the eccentric orifices is practically negligible over 
the whole range of diameter ratios. This would seem to indicate 
that the difference in coefficients between the eccentric and con- 
centric orifices is due entirely to the change in flow shape when 
the pressure taps are the same distance down the pipe. The 
eccentric and segmental curves differ by about the same per- 
centage in both Figs. 13 and 14. However, the 6-in. eccentric 
orifices with flange taps show a greater drop in coefficient with 
diameter ratio than did the ones with vena-contracta taps. It 
would appear that possibly the 4-in. segmental curve will come 
tangent to the 6-in. segmental curve for the high diameter ratios. 
However, this cannot be predicted exactly, since this is an extra- 
polation, and the shape of the curve may be changed considerably 
by additional data. 

Figs. 3 to 12, inclusive, are the individual plots of the various 
types and sizes of orifices in which the coefficient of discharge has 
been plotted against the diameter ratio for various values of the 
Reynolds number. It will be noted that in Fig. 3 the curves have 
about the same arrangement as for those for the concentric 
orifices, the coefficient decreasing as the Reynolds number in- 
creases for all diameter ratios. The same is true for Figs. 4, 5, 
6, and 7. For Fig. 8 the 6-in. eccentric orifices with flange 
taps for diameter ratios of less than 70 per cent, the dependence 
of the coefficients on Reynolds numbers is very small, and for 
Reynolds-number values over 2 X 10° the coefficients appear to be 
Practically constant. In Fig. 7 it will be noted that the same 
thing is true for the vena-contracta taps with the 6-in. orifices, and 
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it will also be noted that the curve for Reynolds number of 2 X 
10° is drawn with two values for all diameter ratios above 60 per 
cent. This particular series of orifices indicated a spread of 
about 1 per cent total at 85 per cent diameter ratio and high 
Reynolds numbers. The dotted curve which is the average of 
the other curves probably represents the predicted coefficient 
within the limits of accuracy of prediction for this high a diameter 
ratio. 

Figs. 9 and 10, for the segmental orifices in the 4-in. line, indi- 
cate the normally expected trend for this type of orifice. It will 
be noticed that for diameter ratios of less than 50 per cent, the 
coefficient varies inversely as the Reynolds number for a given 
diameter ratio, while for over 50 per cent the slope in the curves 
is reversed and they vary directly as the Reynolds number. This 
tendency has been noticed in many cases with segmental orifice 
shapes and is probably due to the fact that as the area ratio 
increases, the shape of the stream leaving the orifice becomes more 
and more similar to the shape of a stream from a nozzle, so that 
the coefficient would tend to increase with an increase of Rey- 
nolds number rather than decrease as an ordinary orifice does. 
Since these curves are a relatively small part of the ordinary range 
of use, it is difficult to predict how they will behave for the higher 
diameter ratios. 

Figs. 11 and 12, for the 6-in. segmental orifices, are plotted only 
for diameter ratios greater than 50 per cent, and so in all cases 
indicate that the coefficient increases as the Reynolds number 
increases. It is possible that a reanalysis of the data on the 
6-in. size based upon the complete results of the 4-in. will change 
the shape of these curves considerably. 


CoNcCLUSION 


In conclusion, it should be reiterated that these curves are 
probably different in shape and absolute value from the curves 
which ultimately will be given for this particular type of orifice. 
However, it is believed that coefficients taken from these curves 
will be within the range of commercial reproducibility of orifices 
in these pipe sizes, diameter ratios, and Reynolds-number ranges, 
providing no attempt is made to extrapolate the data to other 
sizes. This material is of sufficient importance to justify its 
preliminary dissemination at this time, so that some data on these 
types of orifices may be available. Se 
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A.P.Co.LBurn.‘ Because of the convenience of using eccentric 
or segmental orifices where liquids may carry entrained air or 
where gases may carry entrained liquid, these new data are very 


welcome. It may be of interest to compare these results with 
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Fic. 16 Typr or Frow Occurrinc THROUGH AN Eccentric ORIFICE 
(Conditions: Slurry of aluminum powder and water flowing in a channel 1 in. deep covered by a glass plate and photographed by reflected light.) 


0.71 
some obtained at the University of Delaware.6 These results 
may be summarized as follows: 


1 Data were obtained for flow of water in a 2-in. steel pipe 
with eccentric orifices of 1.0 and 0.6 in. diam, over a range of 
Reynolds numbers (based on orifice diameter) from 4000 to 
80,000. Above 20,000, the values of orifice coefficients (corrected 
for velocity of approach) averaged 0.65, compared with the usual 
value of around 0.62 for concentric orifices of the same orifice- 
to-pipe diameter ratios. Data at these and other Reynolds 
numbers are shown in Fig. 15, herewith. The orifices used were 
made of '/s-in. sheet steel, beveled 60 deg to a depth of */s2 in. on 
the downstream side, and were located just tangent to the inside 


B 


° 


wall of the pipe. 

2 No difference in reading was observed within a range of 
O _I-inch eccentric orifice downstream manometer tap locations of from 0.7 to 1.5 pipe diam. 
The upstream tap was about 1 pipe diam from the upstream 

face of the orifice. The taps were located in the bottom of the 
| rts pipe, thus being opposite from the eccentric-orifice location. 
| Litt 3 Visual studies in a special two-dimensional rig supported 
10,000 30,000 = = 100,000 these results qualitatively by indicating less contraction than for 
Reynolds Bunber concentric orifices and a wider range of nearly constant contrac 
tion, as can be seen from the view in Fig. 16 of this discussion. 


Coefficient of Discharge 


O06 -inch eccentric orifice 


"1G. 15 oF DiscHARGE Versus REYNOLDS NUMBER 
FOR SHARP-EDGED EccEentTRIC ORIFICES STUDIED 5 “Fundamental Studies of Eccentric Orifices,”” by E. B. 7 
(Diameter of pipe = 2-in. standard.) B.Ch.E. thesis, University of Delware, 1942. 
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Critical Flow Through Sharp-Edged Orifices 
By J. A. PERRY, JR.,? CHICAGO, ILL. 


An investigation was made to discover the flow rates of 
air through sharp-edged orifices in which the pressure 
drop was below the critical; the relationship of pressure, 
temperature, and orifice area; and a comparison between 
the nozzle and the orifice. Equations are derived for ex- 
pressing orifice flow in both the critical and subcritical 


regions. 
NOMENCLATURE = 
A = orifice area, sq in. 


a = orifice area, sq ft 
= discharge coefficient (as applied to equation given by 
Bean, Buckingham, and Murphy) apn 
d = orifice diameter, in. oa 
g = acceleration of gravity; 32.17 ft per sec per sec 
n = ratio of specific heats; 1.4 for air 
K = coefficient of discharge 
K, = coefficient of discharge 
P, = pressure, upstream to test orifice, psia 
P, = pressure, downstream to test orifice, psia 
p = pressure, psf 
Q = volumetric flow, cfm 
R = gas constant; 53. 3 for air 
R. = Reynolds number 
r = pressure ratio, P2/P; 
T = temperature ahead of test ca deg R 
V = velocity, fps 


The following nomenclature is used in the paper: 


Y = expansion factor 
8 = ratio of orifice diameter to pipe diameter 
p = density, lb per cu ft _ be 
w T 1/ 
Q = , (T) /*/sec 
AP, 

y 

A secin, > 


INTRODUCTION 


Critical flow is defined as the flow of a compressible fluid 
through a distance during which the pressure drops below the 
critical pressure. The critical pressure of a compressible fluid 
may be defined as the minimum pressure which can be obtained 
in a fluid stream at the smallest cross section of the passage 
(throat) through which the fluid is flowing for any given up- 
stream pressure. The ratio of this minithum pressure in the 
throat to the upstream pressure is practically constant for any 
given fluid. It has been found to be 0.49 for monotomic gases, 
0.53 for diatomic gases, and slightly higher for gases of greater 


' This research was the subject of a thesis submitted by the author 
in Partial fulfillment of the requirements for the degree of Master of 
ience in Mechanical Engineering in the Graduate School of Illinois 
itute of Technology. 
* Graduate Student, Illinois Institute of Technology. Jun. 
ASME. 
Contributed by the Research Committee on Fluid Meters and pre- 
sented at the Annual Meeting, New York, N. Y., November 28- 
mber 3, 1948. of Tue American Society or MECHANICAL 
NGINEERS, 
Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—A-146. 


atomic complexity. When the cond tions of critical flow have 
been reached, it can be shown that the velocity at the throat is 
equal to the velocity of sound at the temperature in the throat. 
Hence for air, which was the only gas with which the author ex- 
perimented, critical flow is flow during which the pressure ratio r, 
or the ratio of the downstream pressure to the upstream pressure, 
varies between r = 0.53 andr = 0. Subcritical flow is flow dur- 
ing which the pressure ratio varies between r = 1.0 andr = 0.53. 

Because of the fact that for a given upstream pressure, the 
throat pressure cannot change at pressure ratios less than the ~ 
critical, it is found that for the case of an ideal nozzle, the mass 
flow reaches a maximum after which no decrease in pressure be- 
yond the throat can alter the flow. Actual nozzles have been in- 
vestigated which follow ideal flow within 1 per cent. 

It has long been known that the flow of a gas through a sharp- 
edged orifice (also known as square-edged, thin-plate, etc.) does 
not follow the ideal flow law as does flow through a nozzle. Per- 
haps the most remarkable difference is found in the critical-flow 
range where investigations of the author have shown that the 
flow not only is not constant at pressure ratios below the critical 
but actually increases to a maximum of about 13.7 per cent. 
This phenomenon is due to the fact that, unlike a nozzle, the 
efflux is unconfined. Thus, while the velocities are those ob- 
tained by an adiabatic expansion, the area of the jet is free 
to change. Stanton (1)* showed that as the pressure sur- 
rounding the free jet decreases, the cross-sectional area of the 
jet increases. In a liquid the area of the jet is essentially a 
constant. 

The purpose of this paper is not only to supply information 
about the critical-flow range, but also to supplement existing data 
which have been published about flow in the subcritical-flow 
range. The ASME Research Committee on Fluid Meters has 
published detailed reports concerning subcritical flow (2). Prob- 
ably because of the limited demand, all coefficients and expansion 
factors relate to diameter ratios 8, of 0.1 and above. The author 
investigated orifices of diameter ratios as low as 0.0757. 

Test METHODS 

oa The apparatus was set up with two orifices in series as shown in 
Fig. 1. The first orifice was used for measuring the flow rate, and 
the second orifice was the test orifice. As was previously stated, 
the subcritical range of flow has been investigated thoroughly; 
and by following the instructions laid down by the ASME (2), 
it is possible to construct a measuring orifice whose accuracy is 
within the limits desired for this test. 

As it was desired to carry out all tests with a negligible velocity 
of approach, the first step was to select the diameter of the cham- 
ber preceding the test orifice. It was decided that a '/,-in. orifice 
was the largest size that would accomodate the capacity of the 
compressor available and still maintain a head pressure on the 
test orifice of over 100 psia. By using 2-in. pipe (actual internal 
diameter equal to 2.067 in.), the diameter ratio 8, would be 
0.1209 and the velocity of approach factor 


would be about 1.0001, or, for purposes of the experiment, negli- 


3’ Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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gible. Therefore 2-in. pipe was thought to be entirely satis- 
factory. 

The next step was to select the position of the pressure taps. 
Pipe taps‘ were chosen because they give the permanent pressure 
loss. This way it might be possible to apply the results to a very 
large chamber separated by a plate containing a small orifice, or 
perhaps even to a theoretical analysis where it might be desirable 
to assume an upstream and downstream chamber of infinite 
diameter. Actually, the question of taps becomes of minor im- 
portance when working with small diameter ratios. The flow- 
meter handbook (3) indicates that for 8 = 0.1 the difference in 
flow for two setups, one with pipe taps and the other with flange 
taps or vena-contracta taps, all reading the same d fferential 
pressure, would be about !/2 per cent. 

The orifice plates were made from stainless steel. The holes 
were drilled and reamed. The excess material on the downstream 
side of the hole was removed with a large drill. The right angle 
on the upstream face was obtained by hand polishing with a very 
fine stone. The finished plates were measured with plug gages. 
A drawing showing the method of construction of the orifice 

* = SECTION THROUGH 
plates appears in Fig. 2. rey i ORIFICE 

Table 1 gives the orifices which were used for the tests. 


‘1G. 2 Mertruop or ConstructTiInG ORIFICE PLATES 


TABLE 1 ORIFICES USED IN TESTS 


Identification Diameter, Diameter | 
letter in. ratio 


0.2500 0.1209 
0.2186 


0.1877 0.0008 obtain steady pressures for long periods of time. All air was used 

0. ag 0.0757 4 at the temperature of the compressor discharge which varied be- 
tween 80and 100 F. No arrangements were made to vary the aif 

temperature. No correction was made for humidity. 

The tests were run as follows: The orifices were placed in 
series as shown in Fig. 1. By means of regulating the valves, the 
desired pressures above and below the test orifice, P; and P2, were 
obtained. These were recorded and immediately afterward the 
pressure and temperature above the measuring orifice, the differ- 
ential pressure across the measuring orifice, and the temperature 
ahead of the test orifice, were recorded. By using the methods 


A reciprocating-steam-engine-driven air compressor with 4 
- eapacity of 50 cfm supplied the high-pressure air. This dis- 
0.1058 charged directly into a large storage tank, and it was possible to 


All gages used were quality test gages. These gages were 
checked on dead-weight gage testers at least once a day during 
the tests. 

Two mercury thermometers were used to measure the tem- 
peratures ahead of each orifice (see Fig. 1). 

A 60-in. cistern-type mercury manometer was used to measure 
the differential pressure across the measuring orifice. 


4 Pipe taps are positioned so that one tap is 2!/2 pipe diam from the 
upstream face and the other 8 diam from the downstream face. 


outlined by the ASME (2), the flow rate through the measuring 
orifice was determined and applied to the test orifice. 
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To begin a description of the tests, it will be necessary to ex- 
plain the two flow factors that are used by the author, = and «. Q = = rl/n (1a] 
Flow through an orifice is found to be a function of the flow area, —_ 
the Reynolds number, the diameter ratio, the pipe diameter, the All tests were run holding a constant head pressure and varying 
specific-heat ratio, the head pressure, the back pressure, and the the back pressure. Values of = were calculated for each run. 
absolute temperature; thus A plot of = versus P: appears in Fig. 3. 


w = f(A, Re, 8, D,, n, Pi, Ps, T) 4s —-F- 
The effect of the Reynolds number tends to become constant 
above Re = 100,000, and all tests were run abovethis number; 40 s a eh 
it will be shown that at very. small diameter ratios the effect of * ae 
the diameter ratio and the size of pipe tend to become negligible. P0996 4 
In almost every theoretical and empirical equation of gas flow, -_ P 4 34-77 


the flow is found to vary inversely as the square root of the abso- 


89.6 
lute temperature. That assumption is made here. That the Xx YY 
596 


flow varies directly with the area will be shown later. So if the 


foregoing is true 30 
25 
Then, grouping w, A, and T gives 


w /T 
This factor will be called =. So = = wVT/A, and = is seen to 
be a function of the absolute pressures, 


Now suppose Z is divided by P;. Then 7 2 
= w VT 


P, 


(1) */sec -in® 


3 


FLOW FACTOR- 


This factor will be called and = (w*/T)/(P,A). Qis 
to be a function of the pressure ratio alone. 

The significance of 2 will be seen more clearly by considering 
the equation representing an adiabatic expansion through an ° 
ideal nozzle 100 90 80 70 6O S50 40 30 20 © 0 
BACK PRESSURE - P,- 
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Of themselves these curves are of little value. However, the 
next step was to divide each of these curves by the parameter, P,. 
The interesting result is that all of these curves now seem to lie on 
the same line as is seen in Fig. 4. This is a plot of 2 versus r. 
The values of 2 were obtained from the ‘‘smoothed”’ data taken 
from Fig. 3. As in the nozzle flow equation, 2 appears to be a 
function of r only. 

As will be noted from Fig. 4, it would be rather difficult to 
draw an accurate line through the lower-pressure-ratio section be- 
cause of the flatness of the curve. To study the characteristics 
of orifice flow more closely 2 versus r was plotted on elliptical co- 
ordinates, i.e., all values of @ and r were squared. 

The orifice characteristic is shown on elliptical co-ordinates in 
Fig. 5. Some interesting conclusions can be drawn from this plot. 
First it is seen that there is a fundamental difference in the nature 
of the flow in the subcritical region and in the critical region. In 
the subcritical region the points are found to lie on a straight line; 
and this of course represents an ellipse. In the critical region, 
the flow characteristic falls away from an ellipse and appears to be 
an entirely different function. It is interesting to note that 
although the lowest pressure ratio obtained by test was 0.146, on 
elliptical co-ordinates this point falls so close to the zero axis that 
the delicate question of extrapolating into the region of very low 
pressure ratios is solved with a minimum of doubt. 

It is now a simple matter to express the flow relationship in the 
subcritical region by an equation of an ellipse 


Or in terms of mass flow 


w = 0.405 — 


Because the characteristic in the critical region is obviously not 
elliptical, it was necessary to use another approach in this region. 
Subsequent discussion will explain the development of a formula 
for orifice flow in the critical region and also present a correlation 
between this work and that of the Society. 

The fundamental equation which expresses velocity of an in- 
compressible fluid in terms of its equivalent pressure is a . 
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so substituting gives the relationship of mass flow through an 
opening of area, a, caused by a pressure differential 


pa 


=a V Ap 


Ap 


or, finally, changing pressure to pounds per square inch and area 
to square inches 


= 0.6684 pAP 


2 
w 


w 
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The ASME (2) makes three corrections to this formula. The 
first, the coefficient of discharge AK, combines the coefficient of 
contraction, the coefficient of velocity, and the velocity of ap- 
proach factor. The correction E£, is a correction for expansion of 
the orifice due to high operating temperatures. Since no extreme 
temperature was used for the tests, this factor may be omitted. 
The third correction is the expansion factor, Y. This factor per- 
mits the formula for incompressible fluids to be used with com- 
pressible fluids. Y is the ratio between the flow of two fluids, 
everything being equal, except that one is compressible and the 
other is incompressible. So the final form is 


w = 0.668 AKLY VpAP............... [8] 
Omitting 
w = 0.668 AKY VW 


Noting that for air p = 2.70P/T and that AP = P,(1 —r) this 
may be rewritten 


— 
w = 1,006 —= KY V/1—-r........... [10] 
VT 
Gup , 4 
And expressing this in terms of 
Rearranging terms 
Rearranging 
Q 
1.096 


Now, by inserting values of 2 as determined by the tests, the rela- 
tion between AY and the pressure ratio may be investigated. 
This relation is shown graphically in Fig. 6. It is interesting to 
note the decisive change in slope occurring in the region of the 
critical ratio. 

Now KY may also be expressed by means of equations. For 
the subcritical region, substituting Q = 0.465 V1 — r? in Equa- 
tion [12] gives 


KY @ 0.426 13] 


It is seen that the line has a very slight curvature. 
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In the critical region the K Y-function appears to be a straight 
line, and by graphical methods it was found that it could be ex- 
pressed 

KY = 0.410 + (14) 


By using this last expression for KY, it will now be shown how 
an expression for critical flow may be developed. Substituting 
Equation [14] into the ASME flow equation, Equation [9], results 


in 
0.6684 (0.410 + 0.2207) 
-- 
w= (0.449 + 0.2417) VY1—r........ (16] 


V1 


or in terms of 2 


Q = (0.449 + 0.2417) V/1 —r.......... 


So now two equations, Equations [3] and [16], have been de- 
veloped which mathematically describe the behavior of air flowing 
through a sharp-edged orifice. The limitations to these expres-_ 
sions should be emphasized. They apply only to air. They > 
apply only to orifices with a negligible velocity of approach. 
They apply only to the pressure and temperature conditions 
heretofore prescribed. 

Now, returning to the function KY, an interesting speculation 
may be made. The fact that in the critical region the values of 
KY plot on a straight l:ne has an important significance. At high 
rates of flow the coefficient of discharge K tends to become con- 
stant. Therefore, if K were a constant, Y would be a linear func- 
tion of the pressure ratio. In the subcritical region the ASME 
(4) gives the expansion factor as 


= 1— (0.330 + + 0.785 + 128] ——.. 
n 


So then, for any given value of 8, Y is a linear function of the 
pressure ratio. This equation holds up to the critical-pressure 
ratio. So, considering the fact that the expansion factor appears 
to be a linear function in both the subcritical and critical regions, 


A- KY= O.425/itr_ 
B- KY= 0.410+0.220r 


y, 
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it would seem that the difference might lie only in the slopes. aie da 
So it appears that if the original tests of Bean, Buckingham, and , we are Pu = 


Murphy (5) had been carried down into the critical region, it 
might be possible to calculate flows at any pressure ratio simply 


Toss TRANSACTIONS OF THE ASME 


2.701 P, + 


So, substituting this value of py, and letting 8 — 0 results in 


by supplying an additional set of expansion factors. aw 

Referring back to Fig. 4, curve A is seen to represent ideal Cy 0.776 A [22] 
nozzle flow (as expressed by Equation [la]). The ratio of the | vs : V/T 
vertical height of the orifice curve to the vertical height of the 
nozzle curve at any pressure ratio represents the flow coefficient Now, if Cy is equal to 0.60, which it very nearly is from r = 0.9 to 
K,, or the fraction of flow through an orifice compared to that + = 0.7, Equation [22] becomes vy 
through an ideal nozzle under the same conditions of temperature aud, 7 
and: pressure, and both having the same area. The flow co- w = 0.465 A BA. 


efficient throughout the entire range is shown in Fig. 7. This 
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curve also has another significance. If the velocity of the air at 
the vena contracta may be taken to be the velocity developed in 
an adiabatic expansion, then the velocities in the orifice and in the 
nozzle will be identical for any pressure ratio, and ratios of the 
mass flows will vary according to the curve in Fig. 7. So then, 
if the velocities and densities are the same, the curve in Fig. 7 
will also represent the ratio of the area of the vena contracta to 
the area of the orifice.® 

By applying K, to the theoretical flow formula, Equation [1], 
it would seem reasonable to assume that flow of any gas through 
an orifice could be calculated. In the critical region, Equation 
{1] reaches a maximum value which remains constant at pressure 
ratios below the critical 


/2, 


And for air at moderate temperatures 


CoMPARISON WITH OTHER INVESTIGATIONS 


Bean, Buckingham, and Murphy (7) found that the use of a 
mean density py, or the density of the air at the upstream tem- 
perature and at the average of the upstream and downstream 
pressures in the simple hydraulic equation, resulted in a coefficient 
of discharge which varied only a few per cent from the coefficient 
for water over the whole range from r = 1 to r = 0.5. The 
coefficient was defined by 

0.525 d? 


v= 
1 — 


and for air 


> An investigation by Stanton (6) indicates that the vena contracta 
occurs at the position in the jet where the velocity reaches the adi- 
abatic velocity in a subcritical expansion and where the velocity 
reaches the sonic velocity in a critical expansion. 


Vr 
which is identical to Equation [3]. So for this range of flow the 
author’s work agrees almost perfectly with that of Bean, Buck- 
ingham, and Murphy. However, Cy, falls off in the lower pres- 
sure ratios incurring a maximum variation of 1!/2 per cent at r = 
0.5. 

Fig. 8 represents a comparison of the author’s results to an in- 
vestigation made by Cox and Germano (8) of the work of Stanton 
(9), and Schiller (10). 
of flow of a gas through an orifice over the flow at the critical- 
pressure ratio. 


This figure shows the percentage increase 
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One of the few people to attempt to describe orifice flow 
throughout the entire range of pressure ratios was H. B. Reynolds 
(11). Reynolds expresses orifice flow by 


A 
Q = 405 (P:? — cfm at 32 F....... [24] 
> 


‘This also may be expressed 


(P,? — Ib per sec ...... (25] 


0.546P,°-(1 — [268] 


It would not be possible to compare his results with 
those of the author except at a specific pressure. This was 
done in Table 2 for a head pressure of 100 psia. It is seen that at 
low and high pressure ratios Reynolds equation gives higher 
values than those of the author, while at intermediate values the 
author’s values are higher. It might be well to mention that 
Reynolds used 2-in. pipe, but he placed one tap 6 in. ahead of the 
orifice and one directly behind it. 

Since the test apparatus was constructed according to ASME 
Specifications, it is possible to compare the author’s results with 


those of the ASME in the subcritical region for 8 = 0.1. Values 
of 2 were calculated by Equation [11] at 6 = 0.1. The co 


efficient of discharge is nearly constant, and was taken at the 
values given in Table 3. A direct comparison can be made for 
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2 ean ax OF RESULTS TO THOSE OF 


TABLE 
B. REYNOLDS 
(P; = 100 psia) 


ratio Reynolds Author 


two-inch pipe, as the author’s data were taken entirely on two-inch 
pipe; however, a comparison is also shown for 6 in. and 12 in. pipe 


for 8 = 0.1. 


3LE 3 COMPARISON OF RESULTS TO 
OBTAINED BY MEANS OF THE 
CALCULATION 


Values of 2 — 

—Pipe size 
2 in. 6 in. 

Author K = 0.607 K = 0.601 
203 205 0.203 
279 282 . 0.280 
332 3375 0.334 
373 .378 0.374 
403 412 0.408 


FLOW RATES 
ASME METHOD OF 


12 in. 
K = 0.600 
0.2025 


Strangely enough, the author’s results agree more closely with 
the larger sizes of pipe. Actually, the value at r = 0.5 is not a 
valid comparison because this value is not guaranteed by the 
ASME. 


1 Flow of air through a sharp-edged orifice with a negligible 

velocity of approach may be expressed in the subcritical region by 


CONCLUSIONS 


w = 0.465 


and in the critical region by 


> 


{ 
(0.449 + 0.2417) V1 —r 


2 Air flowing through an orifice experiences a definite transition 
point at or near the critical-pressure ratio. This can be seen froma 
graph of flow versus pressure ratio when plotted on elliptical co- 
ordinates. Here it can be seen that the rate of increase in flow for 
a decrease in back pressure drops off considerably in the critical 
region (see Fig. 5). This transition is also demonstrated by the 
characteristic of the flow coefficient, K,. At or near the critical pres- 
sure ratio the function of AK, versus pressure ratio is seen to have a 
point of inflection (see Fig. 7). Finally, it is brought out by the 
characteristic of the expansion factor. The expansion factor is 
obviously an entirely different function in the critical region from 
what it is in the subcritical region (see Fig. 6). 

3 The orifice flow characteristic for a zero approach velocity is 
an ellipse in the subcritical region. 

4 The results of the author agree within 2 per cent of those of 
H. B. Reynolds; however, the shapes of the respective orifice 
characteristics vary. Reynolds expresses the entire character- 
istic with one equation. Stanton and Schiller indicate lesser flow 
rates in the critical region; however, the agreement is seen to be 
Within 1!/, per cent. There is almost an exact agreement with 
the results of Bean, Buckingham, and Murphy for a range of r = 
0.9 to r = 0.7, and a maximum variation of 1'/2 per cent at 
r=0.5. The subcritical flow equation agrees within 2 per cent of 
thedata supplied by the ASME for 2-in. pipe at 6 = 0.1, and with- 
in | per cent for larger sizes of pipe. 
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TABLE 4 FLOW FACTORS AND FLOW COEFFICIENTS 


SHARP-EDGED ORIFICES 


Flow factor 
for air, 2 

.000 

0934 

. 

1594 


FOR 


Pressure Flow 
i coefficient, K- 
0.6024 
0.6064 
0.6104 
.6144 
0.6174 


op @ 


@ These are not experimental values and are shown for theoretical purposes 
only. 


0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0.5 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
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by H. B 


Discussion 


Sranrorp Neau.® A need exists for more informiation con- 
cerning the performance of square-edged thin-plate orifices in the 
compressible and supersonic regions. The author presents data 
which confirm the general level of flow coefficient for orifices of 
low diameter ratio as given in the ASME Fluid Meters Report 
(1937). 

As a by-product of another investigation by the writer’s com- 
pany, flow coefficients of several orifices were determined over a 
pressure-ratio range of 1.07 to 2.25 and are shown in the Fig. 9 
herewith. Since the range of diameter ratios was from 0.20 to 
0.90, the velocity of approach was an important factor as was not 
the case in the author’s investigation. The flow coefficients 
agree reasonably well with the ASME recommended values for a 
diameter ratio of 0.20, but display increasingly large discrepancies 
as the ratio increases at low values of pressure ratio. 

The highest value of diameter ratio given in the ASME report 
was 0.825, but the measured discrepancies are much larger than 

® Steam Research Section, Steam Turbine Engineering Division, 
General Electric Company, Schenectady, N. Y. Mem. ASME. 
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would be supposed from an error in extrapolation, and also exist 


for ratios of 0.65 and 0.80. The recommended values were calcu- 
lated using the formula for Y up to pressure ratios of 2.25. The 
ASME report does not indicate the range over which the formula 
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The flow coefficien.s were determined with vena-contracta taps 
which were placed in the recommended position. The length of 
downstream pipe was only 2 diam but it was observed that the 
stream filled the pipe discharge, except when the 0.20 orifice was 


used, 
The tests were made carefully and it is believed that the 
accuracy is of the order of +0.25 per cent. The data are shown 


holds, but the agreement is better at pressure ratios of 2.00 than 
at 1.10. 


oa View here with the hope that they will be useful and may stimulate 
y further investigation in this field. 
oe Y s _ An excellent subject for further graduate study would be the E 
of the author’s work, are ates 
— now available for the study of the compressible subsonic and also a 
the supersonic regions. It should be possible to flux-plot the pre: 
subsonic and supersonic streams at different pressure ratios for wall 
c 7 je both the two- and three-dimensional case. The change of vena- oe t 
a ol sat cy contracta size could be determined in the subsonic case, and the af 
shock patterns could be determined in the supersonic case. 
= Sy It is possible that the flow coefficient should approach 1.00 for app 
2 SLA Yi ited 4 an orifice of infinitesimal thickness at pressure ratios approaching ric | 
o7 V4 4 7 Xa infinity, as compared to the author’s value of 0.84. It should be The 
rs / wy ZA, Z| possible to determine the effect of plate thickness on flow co- plic 
x efficient by the same methods. 
=7 he a A further extension of the theoretical method should take into tati 
2 { Sy, account the boundary layer and its effect on flow coefficient. If ele 
Ly Y 7 this problem is attacked from both the theoretical and practical vale 
6 44 YZ a aspects, the two methods should greatly extend our present desi 
225 > The next step to take in the study of critical flow would seem 
® "DOWNSTREAM STATIC PRESSURE to be flow with velocity of approach. Mr. Neal’s research shows 
” coefficients down to pressure ratios as low as 0.444. These data 
— should prove very valuable in this regard. Undoubtedly the 
(Tests were made with air discharged to atmosphere. Flow coefficient is problem would result 
measured flow divided by the theoretical flow calculated from the total up- __ variables as tap position, roughness of pipe, concentricity of the H 
stream and static downstream pressures. Solid lines from test data. Dash 
lines calculated from ASME Fluid Meters Report.) orifice, Reynolds number, etc., having a decided effect. 
Dp 
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Experimental data for air flow through square-edged 
circular orifices and their correlation with the pressure dif- 
ference, the orifice diameter, and the air temperature are 
presented in nomographic form. The correlation holds 
well for small orifices with diameters ranging from '/j. 
to */;5 in., for pressure differences from 0.015 to 0.500 in. 
of water, and negligible velocity of approach. The air- 
temperature range within which the correlation can be 
applied is from 70 to 300 F, and corrections for baromet- 
ric pressures from 27 to 32 in. of mercury can be made. 
The main use of this correlation will be found in its ap- 
plication to oil-burner design. By inclusion of the car- 
bon-hydrogen-ratio criterion, the nomographic represen- 
tation may be integrated with the system of combustion 
calculations, based upon the carbon-hydrogen ratio de- 
veloped by the authors (1). The nomograph enables the 
designer to calculate the theoretical fuel rate at which 
any hydrocarbon fuel can be burned per square inch of 
air-orifice area at a given pressure difference across orifices 
of known diameter and at specified air temperature, air 
pressure, and air humidity. 


NOMENCLATURE 


The following nomenclature is used in the paper: ae 


H = absolute humidity of air at orifice, lb of water vapor per 
lb of dry air 

absolute pressure at orifice, in. of mercury (in. of water 
for experimental data) 


p’ = absolute pressure in wet-gas meter, in. of water 
= absolute viscosity, centipoises 
F, = actual fuel rate, lb per hr Ah ys. 
C = atmospheric correction factor 
= air density at orifice, pef 
= air-flew correction factor = p’V/pV’ =Q/Q’ 
t = air temperature at orifice, deg F won 
t' = air temperature in wet-gas meter, deg F sathir® © 
R = carbon-hydrogen ratio of fuel i om 
D = channel-of-approach diameter, in. 
K = constant j 
Q = flow rate through orifice, cu ft per hr =1) - 
Q’ = flow rate through wet-gas meter, cu ft per hr 2 7 
X = fraction excess air ee 
V = humid volume at atmospheric pressure, cu ft per lb of 


dry air 

‘This investigation is based upon work conducted at the Poly- 
technic Institute of Brooklyn, Brooklyn, N. Y. 

* Supervisor, Oil Research Laboratory, Institute of Gas Technology, 
Technology Center, Chicago, IIl. 

* Professor of Chemical Engineering, and Head of Department, 
Polytechnic Institute of Brooklyn, Brooklyn, N. Y. Mem. ASME. 

‘Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Research Committee on Fluid Meters, and pre- 
sented at the Annual Meeting, New York, N. Y., November 28- 
December 3, 1948, of Taz AMERICAN Society or MecHanicat 
NEERS, 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—A-93. 


Air Flow Through Small Orifices in 


the Viscous Region 


By H. R. LINDEN? anp D. F. 


A = orificearea,sqin, 
C, = orifice coefficient 
d = orifice diameter, in. 
AH = pressure difference across orifice (net draft), in. of water 
M, = rate of air flow, mols of air per sq in. orifice area per hr 
r = ratio of plate thickness to orifice diameter 
R. = Reynolds number 
” = theoretical fuel rate, lb per hr per sq in. orifice area 
Py» = water density at micromanometer temperature, pcf 


INTRODUCTION 


This investigation of air flow through small orifices in the vis- 
cous region was initiated by design work on vaporizing spoty - 


oil burners (2). In such burners, fuel oil is vaporized in a pot by 
the heat of the flame above it while air is introduced into the pot 


through small orifices in its walls. The driving force for the flow _ 


of air is provided by either natural draft or a combination of natu- 
ral draft and forced draft. The latter is usually produced by 


feeding air from a blower into a jacket around the pot. It was 
observed that the carbon-dioxide analyses of the flue gas were 


consistently lower than those calculated from the data of Tuve 
and Sprenkle (3), extrapolated to ratios of orifice diameter to 
channel of approach diameter d/D, below 0.2, although leakage 


of air had been eliminated and precise draft, orifice size, fuel rate, © 


and fuel-composition data had been obtained. The effect of pre- 
heating as the air approaches the orifices was neglected and would 
have resulted in even higher calculated carbon-dioxide analyses 
if it had been taken into consideration. 

An experimental investigation of air flow in the conventional 
flanged orifice-tube apparatus, fitted with radius taps, was under- 
taken for conditions approximating those encountered in vaporiz- 
ing pot-type burner design, namely, air flow at practically at- 
mospheric pressure through circular square-edged orifices from 
1/1, to 1/, in. diam, and pressure differences across the orifice, 
ranging from 0.01 to 0.50 in. of water at negligible velocities of 
approach. The results of this investigation, however, seemed of 
sufficient general interest to be presented as a study of viscous air 
flow in addition to a presentation suitable only for burner de- 
sign. It was also realized that application to design calcu- 
lations for natural- and liquefied-petroleum gas burners and me- 
chanical-atomizing burners, introducing secondary air under 
similar flow conditions, may be possible. 

A literature survey indicated that no reliable and consistent 
data were available for this region of fluid flow which is character- 
ized by Reynolds numbers Re, from 100 to 3000, and a ratio of 
orifice to channel of approach diameter d/D, below 0.2. The 
most generally accepted data for the viscous region of fluid flow 
are those by Tuve and Sprenkle (3). They are represented as a 
family of curves with the orifice coefficient plotted against R., 
at constant d/D. The orifice coefficients C,, decrease at decreas- 
ing rate with decreasing values of d/D, and approach an appar- 
ent minimum near d/D = 0.2. From more recent work by 
Hira Lal Roy and N. K. Sen-Gupta (4) on free discharge from 
small orifices, it appeared that important changes in the char- 
acteristics of the semilog plot of orifice coefficient versus Reynolds 
number occur for very small orifices as the velocity of approach 
approaches zero. Although all previous investigators were able 
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to correlate C, with Re by using d/D as a parameter, the orifice 
diameter d itself was used in this work. This approach seems 
justified by the data presented here which indicate the possibility 
that for small orifices (below !/, in. diam), the parameter d/D 
may not hold generally. For instance, C, increases as d/D ap- 
proaches zero in contrast to existing data (3, 5, 6, 7, 8), but in- 
sufficient work has been done to determine if this is due to a 
reversal of trend below d/D = 0.2 or merely the effect of small 
orifice diameters. 

Although the irregularities for these flow conditions would not 
be. encountered frequently in industrial use of orifices for flow 
measurement, the effect on burner design may be considerable. 
Since the combustion of hydrocarbon fuels is very sensitive to a 
careful adjustment of excess air and air distribution, air-flow 
calculations on which design of such units is based should be 
quite precise. Design conditions usually specify fuel rate, chem- 
ical composition of fuel, maximum allowable excess air, and mini- 
mum available pressure differences across air-supply orifices. 
An empirical correlation based on the new experimental data of 
air flow through circular square-edged orifices, with orifice 
diameter, available pressure difference, and temperature, is de- 
veloped here and combined with the C/H ratio for application to 
burner design. The final correlation is presented in nomographic 
form for direct use. Furthermore, the experimental data are also 
presented in the conventional plot of C, versus Re, for application 


to other gases in this range of Reynolds number. | 
EXPERIMENTAL WorK 


The air-flow data were obtained with a 2-in-ID flanged orifice 
tube, provided with radius taps and with four orifice plates. The 
equipment was constructed from accurately machined stainless 
steel; and the orifices were measured with a microscope equipped 
with various calibrated eyepiece micrometers. The orifices ap- 
peared to be perfect under considerable magnification, and their 


dimensions are given in Table 1. 


DIMENSIONS OF ORIFICES wa Gh 
Thickness of plate, 


TABLE 1 


Nominal size, 


Orifice in. Diam. in. in. d/D 
3/16 0.1888 + 0.0004 0.037 0.094 
1/s 0.1242 +0.0004 0.037 0.062 
1/16 0.0636 +0.0008 0.032 
1/16 0.0630 + 0.0004 0.024 0.032 


2 Orifice D is not used in the correlation. 


Flow rates were measured with a wet-gas meter; and constant 
air flow at all desired rates was obtained by reducing the pulsat- 
ing suction from a small laboratory vacuum pump through a 
series of large vessels, orifices, needle valves, and bleed valves. 
The pressure difference across the radius taps was measured with 
a specially constructed, inclined glass-tube micromanometer 
employing a micrometer screw and sliding block of a 1-in. range 
and calibrated to 0.0005 in. In the low range, all readings were 
checked with a Bristol recording draft gage (oil-float type), 
which is calibrated to 0.002 and readable to 0.0005 in. of water. 
In addition, a simple inclined draft gage was used to make ap- 
proximate adjustments before taking data. The micromanom- 
eter was especially designed and built for this investigation and 
used water as gage liquid. A schematic diagram of the experi- 
mental equipment and a drawing of the micromanometer are 
shown in Figs. 1 and 2. 

The experimental data were taken to permit the calculation of 
the rate of air flow at the temperature, pressure, and humidity 
of the air entering the orifice, from the rate of flow, measured by 
the wet-gas meter at its temperature, its slightly lower pressure, 
and at complete saturation with water vapor. The data are 
summarized in Tables 2 to 5, inclusive. The orifice coefficients 
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were calculated by the method used for incompressible fluids at 
negligible velocity of approach. Such a procedure was permis- 
sible, since, for this application, the ratio of pressure drop across 
the orifice to total pressure does not exceed 0.0015, and the ratio 
of orifice diameter to channel-of-approach diameter can be as 
high as 0.2 without affecting the assumption of negligible ve- 
locity of approach. From the flow rate through the orifice Q in 
cu ft per hr, the pressure difference across the orifice AH, in in. 
of water at a water density of p,, (in lb per cu ft), the air density 
Pq, at the orifice in lb per cu ft, and the diameter d, of the orifice in 
in., the orifice coefficient C, can be derived as 


Reynolds number can be expressed as 


_ 0.0220 Q 


where yu is the air viscosity at orifice conditions in centipoises. 
An average curve drawn through the best available viscosity- 
temperature data for air at atmospheric pressure was used. The 
maximum predicted error of C, (as calculated from the maximum 
accidental errors of the various basic measurements) ranges from 
4 per cent ford = '/,,and AH = 0.01, to 0.8 per cent ford = '/« 
and AH = he maximum deviation of the composite 
plot of C, versus te, Fig. 3, from the most probable values # 
estimated to be within 2 per cent. When comparing these ne¥ 
data with the results obtained by previous investigators (3) 
the factors on page 769 should be noted: yor 


TABLE2 EXPERIMENTAL AND CALCULATED DATA FOR ORIFICE A 
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50 100 +200 500 1000 2000 5000 
3 REYNOLDS NUMBER (Re) 
. 
Zac Fic. 3 Composite PLor or Ortrice CoEFFICIENT VERSUS REYNOLDS 


NUMBER 

~ 

2 A 2 2 1 Due to a negligible velocity of approach (d/D below 0.1) 
oy *15 565 66 5 & & & & & & & _ identical data would have been obtained with corner or vena- 
2 : So contracta taps and possibly even with pipe taps. 


2 The ratios of thickness of orifice plate to orifice diameter 


Corr.Flow Air Density ity at Ori- 


a & r, are larger than used or recommended by any previous investi- 
B = Pa gator (3, 9, 10, 11), and it was found that the shift to the right of 
the C, versus R. plots with decreasing diameters, i.e., increasing 
2 f r, may be due to these large values of r, especially for orifice C. 
° 8 A plot of C, versus R. for an orifice D, of approximately equal 
a 2 diameter as C, but in a thinner plate, indicated a shift of the 
oi 0 29 2 29 2 22222 2 2 _ optimum (C, = 0.744) from Re = 700 to Re = 400 for a corre- 
5 WN N gnonding decrease of r from 0.59 to 0.39. 
a Po The equation correlating the experimental data for the aver- 
8 B. age conditions of 80 F and a humidity of 0.007 lb of water vapor 
& & 8 eeerrerReereeee er lb of dry air at 410 in. of water absolute pressure is 
~ <O 
3 (Q) 80 F = 609 — 
4 The maximum deviation of this equation from the average ex- 
< 33 a + perimental data is +4 per cent. The development of the ex- 
pressions used as the basis for the nomograph, Fig. 4, and the basis 
E Ae rt for the humidity and barometric pressure correction are given in 
as the Appendix. 
a — The air-flow correlation probably is most useful in the design 
a of vaporizing pot-type burners. For this type of oil burner, the 
ie 323 eeoe0ecfS098Hn92882 combustion air is introduced into the oil-vaporizing and combus- © 
5 9 af tion zone (the pot) through small orifices by the driving force of _ 
8 BALSA either natural draft or forced draft; the latter supplied by a fan 
& g through a jacket around the pot. Large numbers of such units 4 
a Fy 8 are produced for space heaters and central heating systems _ 
(12), and considerable activity in this field has been apparent 
see because of changes in the distillate fuel-oil supply (13). The 
7 nomograph, Fig. 4, should be of considerable help since all such 
design problems can be simplified by its use. In order to cal- 
us ee ee ee ae culate the maximum fuel rate for a forced-draft unit, the air 
“a pressure in the jacket is added to the draft over the fire (main- 
tained relatively constant by a draft regulator) and set on the 
BS ‘aan &. + AH scale. The average air temperature is then estimated from 
BS previous experimental data, and the proper d scale selected. 
Ebabs 9222229 a If more than one-size orifice is used, the various diameters 
25 84 a a) 8 8 8 8 8 8 9 $$ SS 8 should be averaged by weighting each diameter with the fraction 
<a ae 7 Ci os of the total orifice area contributed by the orifices of the corre- 
sponding size. If elliptical orifices are used, the square root of 
2 brtcanat us the product of the two axes should be substituted for the diame- 
ter. By drawing a straight line from AH through d, the inter- 
RRR RK AHR EY LC section with the M, scale gives the mols of air per hr per sq in. 
a8 a of orifice area. A straight line from M, through the C/H ratio 


of the fuel (1, 13, 14), set on the R scale gives the corresponding a ; 
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theoretical fuel rate. Divided by 1 plus the fraction excess air 
considered the minimum for trouble-free combustion and cor- 
recting for local atmospheric conditions (elevation, etc.) gives 
the maximum fuel rate per squre inch of orifice area. The 
maximum fuel rate per hour for the given unit is then obtained 
by multiplying by the total orifice area. 

In this manner any of the variables can be evaluated, and such 
a burner designed specifically for a given fuel and fuel rate, if the 
limits of available pressure drop (net draft) and excess-air re- 
quirements are known. 

Design problems are simplified further by the use of a nomo- 
graphic system of combustion calculations previously presented 
(1), and based upon the carbon-hydrogen ratio of the fuel. The 
C/H ratio can be obtained empirically from the Diesel Index, 
and the 50 per cent ASTM boiling point for most liquid-petro- 
leum fuels (1, 13, 14). 

For the design of natural-draft units, correlations between 
stack temperature, stack diameter, and stack draft should also 
be considered (15). The relationship of stack draft and draft 
over the fire depends upon the design of the combustion chamber 
and the heat exchanger, but usually can be estimated from the 
performance of existing units. A schematic drawing of a vapor- 
izing pot-type burner is shown in Fig. 5. 
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For the calculation of fan-discharge-pressure requirements 
the nomograph can be used in reverse. The theoretical fuel 
tate to be set on scale F in Fig. 4 can be calculated from the total 
orifice area A, the atmospheric correction factor from Table 6, 
C, the fraction excess air X, and the actual fuel rate F,, ex- 
pressed in lb per hr 


For application of the orifice-coefficient data to other gases, the 
composite plot of C, versus Re, Fig. 3, should be used in con- 
junction with Equations [1] and [2]. It should be noted that 
the parameter d/D may not hold for the orifices investigated 
here and that application should be restricted to orifices be- 
tween '/1, and 3/;, in. diam and d/D below 0.2, in the range of 
Reynolds number shown in solid lines in Fig. 3. 
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Appendix 


The high-temperature data were calculated from the experi- 
mental room-temperature data by using the perfect-gas laws, the 
plot of variation of air viscosity with temperature based on most 
available recent data, and Equation [3]. The empirical rela- 
tionship of the four variables was determined by standard graphi- 
cal methods (16), and patterned after the theoretical equation, 
i.e., the equation neglecting the effects of viscosity 


Q = K (460 + t)'”? [5] 


A vail log-log plot of Q versus AH at 80, 200, and 300 F 
for the orifices was used as the basis for developing the required 
equations. The actual equation applicable to the flow of air 
through square-edged, circular orifices at pressure differences 
= 0.01 to 0.50 in. of water, orifice diameters from 0.06 to 0. ” 

n., and temperatures from 70 to 300 F, is 


0.00036 19-88 
Q = 30.43 (320 + — [6] 


The maximum deviation of Equation [6] from the average aa ie 
mental data is approximately 4 per cent. For general use, the — . 
most practical form of Equation [6] expresses the air flowin mols _ 
of air per hr per sq in. of orifice area (M,) ony = 


3 
Ste 
= 
= 
4 
‘a 
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53.6 + AH #85 9.000634 p(1—0.612H) 

M, = + 460) = (t + 460) a? [7] Correction factor for M, = . [10] 
Equation [7] is presented in nomographic form in Fig. 4. A V pl —0 — 0.612 H) 
family of equations at various constant temperatures is shown in Correction factor (C) for F = - ou) 


5.415 (1 + 1.61 H) 


the form 
(M,), = fild) f(AH) + 


Also included in the nomograph is a function expressing the 


(3] Correction factors for the nomograph in Fig. 4 for variations 
of air humidity and atmospheric pressure are given in Table 6. 


theoretical fuel rate F, of hydrocarbon fuels in terms of the air TABLE 6 CORRECTION FACTORS FOR VARIATION OF AIR A 
flow per square inch of orifice area M,, and the C/H ratio of the HUMIDITY AND AIR PRESSURE mest 
7 fuel R p H, lb of water vapor per Ib of dry air 
12 (R + 1) in. Hg 0 0.005 0.010 0.015 0.020 Use 
= (0.989) (0.209 M,) —— 0.948 0.946 0.945 0.943 noz 
R+3 F 0.950 0.941 0.932 0.924 of a 
The factor 0.989 corrects for the humidity of the air. Equations Me (0.966 0.965 0.963 0.962 0.960 F) oth 
[6] to [9] are based upon an atmospheric pressure p, of 410 in. of F ‘10.97 0.967 0.958 0.949 0.941 valu 
water (30.15 in. of mercury), and a humidity H, of 0.007 lb of re i agen 0.982 0.980 0.979 0.977 — fron 
water per lb of dry air. This corresponds to the average atmos- F | ~~ | 0.993 0.984 0.975 0.966 0.958 | exhe 
- pheric conditions for the experimental data. For other atmos- | ™ { 1.000 0.999 0.997 0.996 0.994 fF sum 
pheric conditions, corrections can be made on the assumption F }- ny 1.010 1.001 0.992 0.983 0.974 | exce 
that normal atmospheric variations of air density at constant 1.016 1.014 1.013 1.011 
air temperature will not affect the orifice coefficient. The air- Ff {| (1.027 1.018 1.009 1.000 0.991 | the: 
flow and fuel-rate corrections may then be expressed by the fol- Me} om ( 1.033 1.032 1.030 1.029 1.027 F) of ar 
lowing equations 1.034 1.026 1.016 1.007 be fi 
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1} Supersonic 

R A machine for testing turbine nozzles by the reaction 

method, which was described in a previous paper,? was 
»9 | used to test a series of convergent-divergent turbine 
43 | nozzles. The results of these tests, along with the test 
o4 | of a convergent turbine nozzle, are compared with each 
60 | other and with analytical values. Two kinds of analytical 
41 |, values are employed, namely, the usual values obtained 
77 from an assumed isentropic expansion from inlet state to 
5g | exhaust pressure, and the values obtained from the as- 
194 | sumption that the processes in the nozzle are isentropic 
»74 |. except for a normal shock which takes up a position in the 
p11 | nozzle such as to cause the stream to fill the exit area at 
991 |. the exhaust pressure whenever possible. This latter kind 
027 § of analytical value involves no shock when the exit area can 
oo? | be filled at the exhaust pressure by means of isentropic 


processes only, or when the exhaust pressure is lowered 
so far that the shock has passed out of the passage. The 
agreement of the test results with the calculated results 
of this latter. kind is good, and the disagreement which 
exists can be attributed largely to separation at the shock 
and to transmission of exhaust-pressure effects upstream 
through the boundary layer. 


INTRODUCTION 


N the year 1920 the Steam Turbine Department of the 

General Electric Company in Schenectady, N. Y., con- 

structed a machine for testing turbine nozzles with steam 
by the reaction method. Over a period of several years of test- 
ing the machine was modified to eliminate inherent errors, and 
the resulting device was described and sample test results were 
given in a previous paper,? before this Society. 

Although publication of further test results from this machine 
has been delayed many years by a deflection of the interests of 
those who developed the machine to other activities, it appears 
that no subsequently published material has made these data 
obsolete. Indeed, the evolution of the gas turbine in its various 
» applications has made much of this material of more general value 
today than it was 20 years ago. 


DESCRIPTION OF APPARATUS 


The testing machine and its operation were described in detail 
in the previous publication? from which Figs. 1 and 2 are repro- 
duced. Fig. 1 shows a side elevation of the machine in a plane 
parallel to the direction of flow from the nozzle. The nozzle 
group to be tested is bolted to the bottom flange of a vertical pipe 
in such a way as to cause the nozzles to discharge horizontally. 
This vertical pipe is ‘hung from a hollow horizontal shaft with 


1 Professor of Mechanical Engineering, Massachusetts Institute 
of Technology. Mem. ASME. 

“A Machine for_Testing Steam-Turbine Nozzles by the Reaction 
aie = by G. B. Warren and J. H. Keenan, Trans. ASME, vol. 
48, 1926, pp. 33-64. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., November 28—December 3, 1948, of THE 
American oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
aanmood as individual expressions of their authors and not those 
ofthe Society. Paper No.48—A-6h 
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Reaction Tests Turbine Nozzles for 
Velocities 


By J. H. KEENAN,! CAMBRIDGE, MASS. 


which it forms a vertical T. The shaft is supported at each end 
on ball bearings. The moment about the bearing axis of the 
reaction force at the nozzle is transmitted through a horizontal 
arm on the shaft to sensitive platform scales. 

The exhaust-chamber shell extends up to and envelops the 
shaft. Steam is admitted at one end of the enveloping cylinder 
and immediately enters the shaft through radial holes. It flows 
down through the vertical pipe, through the nozzle, into the ex- 
haust chamber, thence to a surface condenser. From the con- 
denser the condensate line leads through a pump to weighing 
tanks. 

Fig. 2 shows a model of the exhaust chamber, including a 
screen pad, the prototype of which was used in the full-scale 
machine to prevent dynamic action of exhaust steam on the nozzle 
arm. The pad consists of a series of coarse screen disks, with 
small central holes, set parallel to each other in that part of the 
chamber between the nozzle and the exhaust pipe. An annulus 
of fine screen is secured to each disk, concentric with it, and 
fitted closely to the chamber wall. 


Va.Lipity oF Test REsuLtTs 


In the previous paper,” the sources of error in measurement of 
reaction were discussed at some length. The principal problem 
was to attain a quiescent condition in the exhaust chamber so that 
extraneous forces would not be applied to the nozzle arm of the 
machine. Extensive evidence presented there indicates that 
this problem was solved adequately by means of the screen pad. 

In the authors’ closure to the discussion of that paper the prin- 
cipal sources of error in flow measurement were discussed at 
some length. The precautions taken included various tests for 
leakage into or out of the machine, and these indicated that the 
precautions were adequate. 

The applicability of these test results to nozzles in a turbine 
assembly is a question entirely separate from that of the precision 
of measurement of the quantities involved in the test. The 
measurements yield the mass flow and the momentum flux from | 
the nozzle group or cascade for certain essentially uniform inlet | 
stagnation conditions and for exhaust into a space of uniform 
pressure. The velocity deduced from these two quantities is a 
hypothetical one. It is the velocity of a uniform stream having 
the mass flow and momentum flux of the actual stream. The 
kinetic energy of such a stream would be somewhat less than 
that of the actual stream because the actual stream is nonuni- 
form in velocity. Whether the velocity to be employed in the 
velocity diagram of a turbine stage should be selected to accord 
with the momentum of the actual stream or with the kinetic 
energy is a question that need not be answered here. Suffice it 
to say that as a rule the nozzle which produces greater momentum 
per unit mass of fluid will give greater energy per unit mass as 
well. 

The second consideration is that the nozzle group tested is 
arranged in an arc of infinite radius and of finitelength The ex- 
tent to which turbine nozzles depart from these conditions varies 
from turbine to turbine and from stage to stage within the same 
turbine. The number of nozzles in a test group varied from 
three to sixteen and was commonly four or five. Those with 
the larger numbers should give results more nearly approximat- 
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ENAN—REACTION TESTS OF TURBINE NOZZLES FOR SUPERSONIC VELOCITIES 


ing the endless are, although for supersonic exit conditions the 
approximation would probably be good in any event. 

Although the importance of conditions adjacent to the nozzle- 
exit openings was not as fully understood at the time of these 
tests as now, a reasonable effort was made to minimize the effect 
of these conditions. Downstream from the exit openings, flat 
surfaces were generally avoided. Alongside the opening the sur- 
faces were generally commensurate with those found in steam 
turbines, 

Where the radial height of the nozzle was small it was some- 
times necessary to have two parallel rows of nozzles in order to 
make the flow and reaction magnitudes large enough for precise 
The distance between rows was made 4 to 7 
times the radial height, and the intervening surface was recessed 
to permit entrainment of fluid as freely as possible. (An excep- 
tion to this rule is the reamed nozzle with a divergence ratio of 
7.9 in which the two rows were immediately adjacent to each 
other as in the turbine for which the nozzle was designed.) It is 
possible, nevertheless, that some small difference would be found 
between test results for a single row and for a double row, be- 
cause of the restriction of entrainment between rows, although 
such a comparison was never actually made. A comparison of 
characteristics of test results obtained for single rows and double 
rows reveals no consistent difference which could be attributed 
to the difference in number of rows. 

Inlet turbulence and velocity distribution were not as carefully 
controlled as they would have been had our present knowledge of 
the effects of these things existed at the time of the tests. Rea- 
sonable precautions were taken, nevertheless. The cross-sectional 
area of the approach pipe was more than 10 times as great as 
the area of the largest nozzle and was more than 50 times as great 
as the areas of some of the nozzles. 


measurement. 


In order to test whether a more carefully controlled inlet con- 
dition would modify the test results, a nozzle of large area was 
tested with and without a controlled inlet-velocity distribution 
and turbulence. 
tical approach pipe several groups of orifices in series, followed by 
baffles and screens which redistributed the flow over the entire 
pipe cross section, This device was tested with air for uniformity 
Tests 
made under the controlled conditions gave velocity coefficients 
less than 0.25 per cent greater than those with the uncontrolled 
condition, a difference representing about the normal degree of 
reproducibility of the test results. 

This smallness of the difference resulting from controlling the 
inlet-velocity distribution can doubtless be attributed to a rela- 
tively high degree of turbulence in the inlet pipe. The value of 
the Reynolds number, based on pipe diameter, covered a range 
from 0.9 X 10° to 6 X 10° in the vertical inlet pipe. 

For certain nozzles, reproducibility of results was of a dis- 
tinctly lower order than for the general run of nozzles. This 
characteristic may be attributable to an instability in the flow. 
Although the incidence of this apparent instability was irregular, 
it seemed to be confined to the mechanically weaker nozzle 
structures, that is, it never occurred in nozzles having sturdy par- 
titions between passages, such as those in convergent-divergent 
nozzles. It seems probable that flexibility of the nozzle par- 
titions may have permitted more than one partially stable flow 
pattern, 

The nozzle was oriented in the machine so that the most proba- 
ble direction of the issuing stream would be perpendicular to 
the axis of the vertical approach pipe. For converged nozzles 
With a flat surface on the nozzle partition downstream from the 
nozzle throat, this flat surface was placed perpendicular to the 
approach-pipe axis. 

If the center of the issuing stream had always been vertically 


Control was applied by inserting into the ver- 


of distribution before it was inserted in the machine. 


775 


below the bearings, then the measured reaction would have been 
the horizontal component of the resultant reaction. Because of 
the turning of the stream in the nozzle, however, the center of the 
issuing stream was always slightly off the vertical line through 
the bearings in the direction of the issuing velocity. This re- 
sulted in a measured reaction slightly greater than the horizontal 
component for upward deflection and-slightly less for downward 
deflection of the jet. For upward deflection, as for a convergent 
nozzle at subsonic velocities, this effect caused the measured re- 
action to approximate the resultant reaction within 0.1 per cent _ 
in virtually all cases. For downward deflection, as for a con- © 
vergent nozzle at supersonic velocities, this effect caused the 
measured reaction to be less than the horizontal component by 
perhaps 1 per cent at a Mach number of 1.5. It may be said, 
therefore, that the measured reaction is very nearly the resultant 
reaction for convergent nozzles at Mach numbers less than about 
1.25 and for convergent-divergent nozzles for Mach numbers — 
less than a value slightly in excess of the design value. 


EXPERIMENTAL RESULTS 


The test results shown here cover nozzles having nominal ratios 
of divergence ranging from 1 to 7.9. The nominal ratio of di- 
vergence is the ratio of a nominal exit area to the throat area 
of the nozzle. The nominal exit area is obtained by projecting 
the nozzle passage to a plane normal to the passage axis at the 
intersection of the axis with the exit plane of the nozzle group. 
This method is shown quite clearly in Fig. 4 where the nominal 
exit area of a single passage is 0.224 < 0.604 sq in., and the throat 
area is 0.162 X 0.604sqin. The nominal divergence ratio, being 
purely arbitrary, is used only for purposes of identification of 
nozzles. 

The measured values of nozzle performance are shown in Figs. 
3 to 7, inclusive, in terms of velocity coefficient and flow coeffi- 
cient. The velocity coefficient is the ratio of the measured ve- _ 
locity, deduced as just explained, to the velocity for isentropic ex- — 
pansion from the stagnation state at inlet to the exhaust-chamber _ 
pressure. The flow coefficient is the ratio of the measured flow 
to the flow for isentropic expansion from the stagnation state 
at inlet to the exhaust pressure in the nozzle throat, or to the ve- 
locity of sound in the nozzle throat. The exhaust pressure is 
assumed to exist in the nozzle throat for the calculation of isen- = 
tropic flow whenever this assumption yields a velocity less than 
the velocity of sound; otherwise the velocity of sound is assumed 
to exist in the nozzle throat. Another assumption which will be 
discussed is employed for some of the curves in Fig. 12. 

Isentropic values were obtained from the Steam Tables of 
Keenan and Keyes.‘ The initial state for all tests shown here 
corresponded to a pressure of 200 psia and a superheat of 200 F. 
The isentrope through this state crosses the saturation line at a 
pressure of 16.5 psia, a pressure ratio of 0.22, and an isentropic 
velocity of 2586 fps. For isentropic velocities in excess of 2586 
fps, therefore, some two-phase effect must be present in the meas- 
ured values of velocity coefficient (but not in the measured values _ 
of flow coefficient). 7 

Over a considerable range it is probable that expansion pro- 
ceeds in the nozzle in the supersaturated state corresponding in _ 
all respects to a single-phase fluid. Nevertheless, the isentropic _ 
velocity as calculated is that for two-phase equilibrium and 
therefore is greater than that for the single phase. If the isen- 
tropic values had been computed for completely supersaturated, 
or single-phase expansion, the maximum velocity coefficients in 
Figs. 3 and 4 would have been unaffected, that in Fig. 5 would © 
have been raised from 0.962 to 0.967, that in Fig. 6 from 0.961 | 


3 Footnote 2, Fig. 10. 
‘ ‘Thermodynamic Properties of Steam,’’ by J. H. Keenan and F, 
G. Keyes, John Wiley & Sons, Inc., New York, N. Y., 1936. | 
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Fic. 4 Merastrep CoEFFICIENTS FOR A TURBINE NozzLE WITH A 
NoMINAL DIVERGENCE Ratio oF 1.38 
(Two rows of seven nozzle openings each.) 


Fic. 6 Measurep CoeEFFICIENTS FOR A TURBINE NozzLe WITH A 
NoMINAL DIVERGENCE Ratio OF 3.19 
to 0.969, and that in Fig. 7 from 0.965 to unity. Thelast value = = ——§ (Two rows of four nozzle openings each.) 


indicates that the velocity issuing from the nozzle in Fig. 7is 


augmented by condensation, but to what extent is not known. art. grees , 100 

The characteristics of the curve of velocity coefficient in Fig. Wary 096 
3 are similar to those for a convergent nozzle shown in the pree 92 
vious paper.?. They were discussed at some length in that earlier 7 


paper. 


The curve of flow coefficient in Fig. 3 shows values of about Pid 
1.01 in the subsonic range, changing to values of unity or slightly - pa y 
less in the supersonic range. The area of the nozzle is measured 7 7 RA 
to a precision generally better than 1 per cent. During test i 00 5 
the area may be larger than the measured area by virtue of de- 
flection of the partitions under the pressure loading. 


ISENTROPIC VELOCITY - FT/SEC 


The high values of flow coefficient in the subsonic range ~ae 

doubtless attributable to diffusion of the stream into the spaces | 

downstream from the partition edges. This diffusion process — 

causes the pressure in the throat to be lower than that in the ex- 

haust chamber, and the actual mass velocity in the throat to 

exceed that assumed in the isentropic-flow calculation. ' 
The isentropic mass velocity, corresponding to the velocity of ey 

sound in the throat, is greater than any value of mass velocity 

realized in practice. Therefore the flow coefficient should not = kee —1647°—H-025 

exceed unity when this maximum value of the isentropic flow is 

used, that is, for pressure ratios less than 0.54. In Fig. 3 the 7 Measurep Corrricrents ror A Tursine Nozzie 4 

corresponding value of the flow coefficient is 0.994 upon entering Nomrnat DiverGeNnce Ratio oF 7.9 

the supersonic range. The increase of about 1/5 per cent as (Two rows of three nozzle openings each.) 

the exhaust pressure is further reduced is probably due to de- 

flection of the nozzle partitions, and the corresponding increase _ similar effect. may be observed in Fig. 4, and to a lesser degree it 

in throat area under the increasing pressure differential. A Fig. 5 where the nozzle structure is more rigid. 
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KEENAN REACTION TESTS OF TURBINE 


The curves in Figs. 4, 5, and 6, for convergent-divergent nozzles 
have certain characteristics in common. These will be discussed 
in some detail in connection with subsequent figures. 

From the nozzle cross sections accompanying these figures 
it will be seen that the nozzle in Fig. 4 is rectangular in cross sec- 
tion and has convergence and divergence in a single plane, the 
nozzles in Figs. 5 and 6 are rectangular in cross section and have 
convergence and divergence in two planes, and the nozzle in Fig. 
7 is circular in cross section and is axially symmetrical up to the 
point where it intersects the exit plane. It follows, therefore, 
that the differences in performance shown by these nozzles are 
not solely attributable to differences in divergence ratio. 

In Fig. 8 the curves of velocity coefficient for the five nozzles 
are compared. The curve for the largest divergence ratio is 
based on more experimental points in the low-velocity range 
than are shown in Fig. 7. The record of these additional data has 
been lost—only the mean curve has survived. 

From Fig. 8 it may be seen that with increase in divergence 
ratio, a high velocity coefficient may be retained at higher and 
higher velocities (that is, Mach numbers). On the other hand, 
an increase in divergence ratio causes a decrease in velocity co- 
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efficient for any velocity less than that for maximum velocity 
coefficient. In the subsonic range this decrease results in ex- 
tremely low values of the coefficient for high divergence ratios. 
For the largest divergence ratio in Fig. 8 the minimum velocity 
coefficient is about 0.2, which corresponds to a kinetic energy of 
only 4 per cent of the isentropic kinetic energy. 

These characteristics may be largely accounted for through cer- 
tain simple assumptions as to the processes in the convergent- 
divergent nozzle. Explorations of static pressure along the axis 
of a convergent-divergent nozzle’ show that for high exhaust 
Pressures the stream first expands in the nozzle to pressures be- 
low the exhaust pressure. If the exhaust pressure is high enough, 
the velocity in the nozzle throat will be subsonic, and the stream 
tan compress to the exhaust pressure by simple diffusion in the 


* “Pressure Distribution in a Convergent-Divergent Steam Nozzle,” 


by A. M. Binnie and M. W. Woods, Proceedings of The Institution of 
Mechanical Engineers, vol. 138, 1938, pp. 229-266. 
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NOZZLES FOR SUPERSONIC VELOCITIES | 
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divergent passage. Below a certain value of the exhaust pres- | 

sure the stream expands to supersonic velocities beyond the _ 
throat and then compresses first through a shock and then = 
subsonic diffusion in the divergent passage. 

As the exhaust pressure is lowered, the shock moves down- 
stream. When it reaches the exit section the entire process within 7 
the nozzle is an expansion, provided that the exit section is normal 
to the nozzle axis and that the shock is thin. No further reduc- 
tion in exhaust pressure, in the absence of boundary layer, will 
affect the pressure distribution in the nozzle. The change in 
reaction with exhaust pressure is then simply the product of the 
change in exhaust pressure and the exit area of the nozzle. Thus o* 


the reaction and the velocity (since the flow is unaltered by : 
change in exhaust pressure) become linear functions of the ex- 
haust pressure. 7 


In Fig. 9 the uppermost curve shows the velocity for a 
expansion plotted against the over-all pressure ratio. The broken 
curve A BC D E gives the velocity issuing from a frictionless 
nozzle in which the processes are as described above. From 
A to B the velocity in the throat is subsonic and the expansion 
and recompression are reversible. From B to C a shock occurs 


in the divergent passage, being vanishingly small in the throat 
at B, and being at its greatest in the exit section at C. Along © 
C D E, the conditions in the nozzle follow the isentrope and re- — 
At D the exhaust pressure is identical with 


Between D and C a 


main unchanged. 
the lowest pressure in the nozzle passage. 
the exhaust pressure is greater than this lowest pressure, and 

between D and E it is less. - 

The assumed divergence ratio for the curve A BC D E in Fie 
9 was selected to give coincidence with the isentrope at D at the 
pressure ratio corresponding to the maximum measured velocity 
coefficient. In other words, the assumed divergence ratio is 
determined by the pressure ratio of best performance. This 
procedure was followed in all subsequent calculations based 
upon a divergence ratio. The assumed divergence ratios are 
indicated on the figures. - 

The measured curve, which is shown in Fig. 9 for comparison, “~ 
parallels the curve C D E at the lower exhaust pressures and the 
curve A B at the higher. In between it shows some resemblance 
to the curve BC D. Aa: 

In Fig. 10 the two upper curves show the velocity coefficients 
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corresponding to the curves in Fig. 9. The two lower curves 
show a similar comparison for a nominal divergence ratio of 
7.9. Here the accord between measured and calculated is more 
striking. It appears that in this axially symmetrical nozzle 
the performance of the stream corresponds closely to the hypoth- 
esis, whereas in the nozzle of rectangular cross section separa- 
tion occurs at the shock in the nozzle, the diffusion process is less 
effective, the Mach number at the shock is lower, and the loss 
of efficiency is correspondingly less. 

In calculating the flow coefficients in Figs. 3 to 7, inclusive, 
. the isentropic flow was based on the assumption that the exhaust 
pressure exists in the nozzle throat for exhaust pressures equal 
to or greater than that corresponding to an isentropic Mach num- 
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ber of unity, and that a Mach number of unity exists in the 
throat for lower exhaust pressures. The corresponding calculated 
curve is indicated in Fig. 11. As previously explained, this as- 
sumption does not even approximate reality for large divergence 
ratios. The calculated flow, corresponding to the assumptions 
of curve A BC D E in Fig. 9, is shown by the uppermost curve 
in Fig. 11, the sharp corner corresponding to point B. (Since 
Figs. 9 and 11 are for different divergence ratios, corresponding 
points do not lie on the same value of the The meas- 
ured curve in Fig. 11 lies between the two calculated curves. 


abscissa. ) 


Fig. 12 compares the flow coefficients for all five nozzles, the 
solid curves being based upon exhaust pressure in the throat, 
the dash curves on exhaust pressure in the exit section as for curve 
A B C in Fig. 9. The dash curves show an approximate con- 
stancy of coefficient over a greater range than do the solid curves. 
For the largest divergence ratio the second assumption fits the 
flow performance very well, just as it fitted the velocity per- 
formance. 

For the two largest divergence ratios the point B in Fig. 9 
occurs at exhaust pressures greater than the greatest reached in 
the tests. For the divergence ratio 2.34, the measurements just 
attained point B. For the divergence ratio 1.38, an appreciable 
part of the range A-B was covered by tests which gave a sub- 
stantially constant flow coefficient. 

The decrease in the flow, as the exhaust pressure is increased 
toward that of point B, indicates an effect of changing exhaust 
pressure on conditions in the nozzle throat. In view of the 
supersonic velocities downstream from the throat, this can be ex- 
plained only in terms of transmission of the effect of exhaust pres- 
sure upstream through the boundary layer. ; 
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CONCLUSIONS 


coefficient of a convergent-divergent turbine 


The velocity 
nozzle passes through a maximum at an isentropic velocity cor 
responding to a divergence ratio somewhat less than the nominal 


divergence ratio of the nozzle. It passes through a minimum 4 
an isentropic Mach number which is less than 1, and which de 
creases with increase in divergence ratio. 

The variation of velocity issuing from a convergent-diverget! 
nozzle with pressure ratio has characteristics resembling more 0 
less closely the calculated variation based on the assumption that 
isentropic conditions persist in the nozzle, except for a norm 
shock, and that the pressure in the exit plane is identical with 
the exhaust pressure whenever that is possible, and that, othe 
wise, the process in the nozzle passage is completely isentropi¢ 
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ia Perey KEENAN—REACTION TESTS OF TURBINE NOZZLES FOR SUPERSONIC VELOCITIES — 


Ditferences between the results of this calculation and tests can 
be accounted for primarily by separation at the shock, and sec- 
ondarily by wall friction. 

The variation of flow through a convergent-divergent nozzle is 
reasonably consistent with the hypothesis of the preceding para- 
graph. Differences between calculation and test can be ac- 
counted for by separation at the shock, transmission of exhaust- 
pressure effect upstream through the boundary layer, and fric- 
tion, in that order of importance. 
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Discussion 


D. J. Buoomperc.® This particular nozzle-reaction-test ap- 
paratus was developed and used to obtain comparative perform- 
ance data on different types of nozzle designs and constructions, 
including both nonexpanding and expanding nozzles. The 
main objective of the test was to obtain performance data over 
the efficient operating range of pre sure ratios. 

This nozzle-reaction-test apparatus has proved to be a very 
reliable tool for obtaining basic flow-path data, which even up 
to the present time are constantly being drawn upon for design 
information or to assist in analyzing results on nozzle and bucket 
flow-path test combinations. 

In elastic-fluid flow-path design work, there is a decided ad- 
vantage in obtaining basic data on the separate elements com- 
prising the entire flow path. From these data a calculation sys- 
tem can be worked up which can be used to predict the per- 
formance of a flow path built up of various combinations of the 
separate elements. The performance tests on the combination 
of the separate elements should serve merely as a check on the 
calculation system and not as a source of basic data. 

The author has analyzed the test data on the expanding nozzles 
in the low-pressure-drop region, which is usually neglected by 
the practical turbine designer who is mainly interested in the 
good-performance region. His demonstration of a calculation 
system which agrees even approximately with the performance 
data in the low-efficiency off-design region indicates knowledge 
of the flow action under those conditions and should be useful 
either in explaining performance results or in avoiding poor flow- 
path conditions in flow-path design. 

The author makes reference to the application of the test 
data, obtained approximately 20 years ago, to present-day prob- 
lems involved in gas-turbine design. At the time the test 
data were obtained, using steam with about 200 F superheat as 
the elastic fluid, their application to flow paths using other elastic 
fluids, such as hot gases or even higher-temperature steam, was 
hot considered. The method of presenting the data in terms of 
velocity corresponding to isentropic-energy drop was at that time 
Satisfactory. 

The method of presenting the test performance of a flow-path 
element in terms of velocity coefficient, or in terms of efficiency 

‘Aircraft Gas Turbine, Engineering Division, General Electric 
Company, Schenectady, N. Y. 
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based on isentropic velocities or energies, as used in this paper, 
and also in general use in the turbine field, may be satisfactory if - 
the data are used for flow path operating with the same elastic 
fluid (steam) as used in the tests and with approximately thesame __ 
conditions of supersaturation, Mach number, and Reynolds 
number. 
If the test data obtained with steam, for example, are to be used 
accurately for the same flow path operating with hot gases or 
any other elastic fluid, then the data should be presented in the 
form of efficiency of the actual energy available in the test flow 
rather than that of the theoretical isentropic energy. 7 
A separate energy correction factor or factors should be used to _ 
correct the isentropic energies for such availability factors _ 
supersaturation, moisture, Reynolds number, and any other fac- 
tor which will affect the availability of the conversion of energy 
to velocity. The use of the pressure ratio instead of velocity as 
abscissa wil’ permit a more general use of the data. 
The importance of this discussion stems from the difficulty of 
obtaining precise basic data of flow-path performance when hot | 
gases are the flow medium. Steam is readily obtainable and its — 
thermodynamics properties are probably better known than those © 
of any other flow medium. With proper interpretation, the | 
performance data obtained with steam can be applicable to the 
use of any other elastic fluid. 


D. L. The author’s results are a beautiful illustra-_ 
tion of the statement that a given convergent divergent nozzle is © 
efficient only at the particular outlet Mach number corresponding _ 
to the ratio of the throat area to the discharge area. 

Referring to Fig. 1 of the paper, it is observed that the velocity 
coefficient remains high up to an isentropic velocity of approxi- | 
mately 2200 fps. The writer would like to inquire whether any | 
check of the static pressure actually existing at the vane throat 
was made. Since the reaction is measured, there is no means of 
determining whether the velocity calculated was produced in the 
nozzle, as a result of a contraction prior to the geometrical throat, 
or whether it was produced by continued expansion in the ex-— 
haust chamber. The increase in flow coefficient just past unity 
Mach number favors this second possibility. 

If purely convergent nozzles are employed in an annulus, the © 
flow area downstream of the blades may be greater than the 
throat area if the gas deflects toward the axial direction, so that _ 
supersonic velocities may be produced by a type of Prandtl- 
Meyer expansion around the trailing edge of the blades—the type 
of flow which Stodola calls expansion in the wedge. The writer’s | 
experience appears to indicate that in actual machines, expansion — 
to Mach numbers of the order 1.4 can be attained in this manner — 
with purely convergent nozzles. In the author’s test, the high 
flow coefficients at such Mach number are probably due to the 
available room for expansion in the exhaust chamber, but in the ~ 
annulus this increase in flow area must be attained by a deflec- _ 
tion. Does the author think it might be possible to make use of | 
this to operate at Mach numbers up to, say, 2? If so it would © 
simplify governing problems considerably. 


W. R. New.® Nearly as long ago as the completion of the 
experimental program re-examined by the author, the writer’s — 
company constructed and operated reaction testers of several de- 
signs. On these machines tests were run over a range of subsonic 
and supersonic velocities on a number of convergent and con- 
vergent-divergent turbine nozzles of the types commonly em- 
ployed in simple impulse and velocity compounded stages. Com- 


7 Associate Professor of Mechanical Engineering, McGill Uni- 
versity, Montreal, Can. 
8 Manager, Aviation Gas Turbine Laboratory, Westinghouse 
Electric Corporation, Philadelphia, Pa. Mem. ASME. 
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pressed air was the fluid used, and the nossies discharged directly 
intotheroom. The-range of geometrical proportions of vane and 
passage cross section investigated included designs somewhat 
similar to the smaller divergence ratios discussed by the author. 
One of the significant dimensions of the nozzles tested was the 
relatively small height, usually 1/2 or */, in., as frequently spe- 
cified in small and moderate power steam turbines operating on 
high pressure. 

In our tests the most important characteristic of the velocity 
coefficient, when exhibited as a function of a Mach number, was 

_ that it reached a maximum at a Mach number greater than that 
corresponding to the nominal expansion ratio of the nozzle. 
Nominal expansion ratio was defined as the mouth area divided 
by the throat area of the passage. For example, in Fig. 4 of the 
paper we would have called (0.188 X 0.604) + (0.162 x 0.604) = 
1.16 nominal expansion ratio, whereas the author selected (0.224 
X 0.604) + (0.162 x 0.604) = 1.38 called nominal divergence 
ratio, to identify the nozzle. The ratio of isentropic enthalpy 
change at maximum velocity coefficient to that corresponding to 
the nominal expansion ratio of the passage ranged from about 
2:1 in the case of convergent nozzles to a little over unity in the 
case of nozzles of large expansion ratio. 

The second kind of anlytical approach employed by the author 
to rationalize the performance of expanding nozzles, delivering to 
a back pressure substantially higher than that corresponding to 
their expansion ratio, was found in fair agreement with the results 
of experiments on straight-line-axis nozzles of the type frequently 
used in ejectors. For turbine nozzles with a curved-line axis 
intersecting the plane of rotation at a very acute angle, the as- 
sumption of isentropic processes modified only by shock normal 
to the axis was considered to be an oversimplification. 

With the focus of attention on improving the design of turbine 
stages rather than exploring nozzle characteristics, our use of the 
reaction testers for nozzle work was rather short-lived. The 
problems of step up, leakage, entrainment, and moisture effects 
on the nozzle, working in conjunction with a closely spaced 
bladed wheel, so dwarfed the information which could be gained 
by reaction tests on nozzles alone that we expanded these experi- 
mental efforts in the direction of single and multiple-stage tur- 
bine testing. Another successor to the nozzle reaction tester 
was the impact-traverse type of flow exploration. This we em- 
ployed for many years in investigations of the effects of all fea- 
tures of geometry and Reynolds number in passages of larger 
aspect ratio, primarily those of interest in reaction-turbine 
stages. The exploratory traverse work was confined generally to 
the field of subsonic velocities. 


BENJAMIN PINKEL.® The author is to be congratulated on 
presenting an interesting and informative paper on an important 
field in which there is very little information. 

The following questions come to mind in reading this paper: 


1 When an annular nozzle diaphragm is formed from any one 
of the nozzles tested as elements, what change in performance is 
anticipated when the flow attempts to establish radial equilib- 
rium between the pressure and the centrifugal forces? 

2 For an underexpanded nozzle, particularly in the case of 
the complete annular diaphragm, would one anticipate a change 
in direction of the flow in the free-expansion process? 


® Cleveland, Ohio. 
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AuTHoR’s CLOSURE 

Mr. Bloomberg points out that “with proper interpretation, the 
performance data obtained with steam can be applicable to the 
use of any other elastic fluid’’—or, one might add, to the flow of 
steam under conditions differing from those of the tests. The 
effect of moisture,to which he refers, was discussed in the paper and 
was shown to be quite negligible in all but one of the nozzles tested. 

He suggests the use of pressure ratio rather than isentropic 
velocity for the abscissa. Probably Mach number would be 
better than either. A Mach number of unity is indicated in the 
figures. 

One can readily agree with Mr. Bloomberg that the turbine de- 
signer would like to know the effects of supersaturation, moisture, 
Reynolds number, and (though it was not mentioned by Mr. 
Bloomberg) specific-heat ratio. 

In response to Mr. Mordell’s question it may be said, in view of 
various parallel investigations on nozzles similar to that of Fig. 3, 
that no contraction exists prior to the geometrical throat. 

It is doubtless true, as Mr. Mordell suggests, that for low ex- 
haust pressures a Prandtl-Meyer expansion occurs around the 
exit edge first encountered by the stream and that this results in 
an outward deflection of the jet (for the nozzles of these tests as 
well as for an annulus of nozzles). Certainly nozzles can be de- 
signed for Prandtl-Meyer expansion, 
outlet nozzles for supersonic velocities should be so designed if the 
highest efficiency is the object. For a Mach number as high as 2 
such a nozzle may prove to have some divergence by virtue of the 
curvature of the surface near the trailing edge of the partition. It 
is doubtful, however, that better efficiencies will be attained at low 
velocities by this method. 

Several implications in Mr. New’s last paragraph do not seem 
to be well founded. The reaction method of testing can provide 
information on the effects of step up and of moisture. Such in- 
formation from the reaction test is of more general application 
than that from tests of turbine stages, because it is complicated to 
a lesser degree by other influences. The impact-traverse typ¢ 
exploration is not simply an alternative to the reaction test. Ong 
might well arrange the impact-traverse, the reaction test, the tur 
bine-stage test, and the multistage turbine test, in that order 
ranging from the most elementary to the most compreh« 

test. It is obvious that each has its function. A rounded tur 
development program might well include all these types simul 
taneously—as did the program of the General Electrie Company 
at the time these tests were run. 

The answer to Mr. Pinkel’s first question probably de 
upon many things not specified in the question. For ins 
should the nozzle form be modified to make the passages ‘ 
together? Should the axis of the nozzle stream be directed tangent 
to the pitch circle of a nozzle or to that of the bucket? The 
problem is a complicated one to which these reaction tests yield no 
answer. 

The answer to his second question seems to be that for a 
an annulus of nozzles if the exhaust pressure is lowered to less than 
that corresponding to the area ratio of the nozzle the stream will de 
flect outward away from the plane of the nozzle openings. In the 
extreme case, where the axial component of the velocity leaving 
the plane of the nozzle openings is everywhere supersonic, any de 
crease in exhaust pressure will serve to increase only the axial 
component of the final velocity, and will leave the tangential com- 


and indeed, all oblique- 
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Reaction Tests 


A large number of turbine nozzles were tested by means 
of measuring the jet reaction. The results permit a study 
of the effect of most of the variables which play a role in 
turbine design. The design of the flow elements of tur- 
bines whether they be considered as passages or as profiles 
always involves a number of compromises between con- 
flicting characteristics. Effects due to changes in the form 
of the nozzle partitions, their angle, their spacing, their 
length (called radial height), and their exit-edge thickness 
are shown. The tests were made during the years 1920- 
1928. They are here presented for the record, together 
with some interpretation of their meaning in the light of 
modern aerodynamics. 


INTRODUCTION 


ROF. J. H. Keenan’s paper,? dealing with reaction tests of 
Prin nozzles for supersonic velocities, serves also as a 

fitting introduction to the present paper. There is, how- 
ever, one aspect upon which this author would like to elaborate 
somewhat. This deals with the historical sequence of gathering 
knowledge on rows of nozzles or blades, or, as they are frequently 
referred to today in aerodynamic literature, lattices, grids, or cas- 
cades. 

Of late, the gas turbine has stimulated considerable lattice 
research. Often one hears the opinion expressed that no con- 
sistent worth-while lattice research had been done B.G.T., i.e., 
before the gas turbine. It is of course largely the fault of the 
turbine engineer that his work during the past score of years is 
thus overlooked. With the exception of the English Nozzle Re- 
port? and the Christlein dissertation, (1)* not many test results 
have been published, although most of the large turbine builders 
made a notable effort to improve nozzle and blade performance. 
The Warren-Keenan paper (2), the Wirt paper (3), and the Kraft- 
Berry paper (4), describe such an effort. Professor Keenan’s? 
and this paper are intended to render an account of the results 
obtained by Warren and Keenan. 

Before the test results described here became available, the 
true characteristics of the velocity coefficient with spouting ve- 
locity, nozzle size, ete., were in doubt. So much so that mis- 
taken ideas of these characteristics led to extremes in impulse- 
turbine design with, in some cases, both too many and too few 
stages. Costly mistakes could be avoided once the true char- 
acteristics were known. 


' Aerodynamicist, General Electric Company. 
*“Reaction Tests of Turbine Nozzles for Supersonic Velocities,” 
a. H. Keenan, published in this issue of Transactions, pages 773 

*“ Reports of the Steam-Nozzle Research Committee,’ Proceedings 
of The Institution of Mechanical Engineers, 1923, pp. 1-22, 311-375; 
‘ 1924, pp. 455-525, 715-735; 1925, pp. 747-843; 1928, p. 31; 1930, 

pp. 215-315. 

‘Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Power Division and presented at the Annual 
leeting, New York, N. Y., November 29-December 3, 1948, of 
Tar AMERICAN SocteTY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—A-59. 


fTurbine Nozzles 
Subsonic Velocities 
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It should be of interest to all concerned to see in retrospect how, 
without the help of a well-developed aerodynamic discipline, it 
was nevertheless possible to obtain improvements in performance 
which even today it is hard to exceed. It is a tribute to the 
engineer to have brought the steam turbine to a high degree of — 
perfection without an adequate theory. What was available 
was test information, good judgment, correct reasoning, and : 
fine fingertip understanding of the pertinent factors derived 
from experiment. 

Today’s turbine nozzles are different in appearance from those 
presented here. The trend toward higher pressures and tempera- 
tures made them much stronger, and competitive effort bettered 
their performance. However, they have evolved gradually, not — 
to say naturally, from these early specimens. 

The results of these experiments will be shown in the form in © 
which they were obtained, as will also be the conclusions drawn at — 
that time. The only corrections which have been made are those 
mentioned by Professor Keenan. 

A short discussion is added which attempts to explain how the 
results fit themselves into the modern aerodynamic picture of 
lattice performance. 

What is the principal difference between the physical picture of 
1920, and that of today? Primarily, it is the result of the modern : 
conception of the boundary layer. While Prandtl’s work was 
known at the time when these experiments were made, the theory 
of the boundary layer was not at all the finished product it is 
today. In fact, the important contributions of von Kaérmdn and 
Pohlhausen had not yet appeared. The nozzle was considered 
much as a pipe in which turbulence appeared when a Reynolds + 
number of 2000 was exceeded. The shear stress, due to viscosity, 
was believed to be distributed over the whole of the fluid. If the 
fluid stream was deflected as in a nozzle, the velocity gradient of 
the fluid was expected to add to the shear losses. The very im- 
portant end wall losses were physically well understood as was the 
phenomenon of jet separation. The pressure rise along the con- 
vex wall downstream from the throat was observed, but the com- 
plicated pressure and angle distribution characteristic of the 
lattice was not yet known. 

Today’s picture of lattice flow is closer to physical reality, al- ; 
though a reliable and workable theory is still lacking. It is real- 7 
ized that the phenomena are far more complicated than was 
originally expected. 

The flow cannot be considered as a sequence of independent 
jets. Rather, the flow as a whole is a continuum interrupted only 
by the regular sequence of the deflecting profiles. Each passage 
flow is under the influence of the pressure distribution established 
by all the other passages. 

The boundary layer is the only part of the fluid affected by 
shear forces. It can be laminar or turbulent and different on the 
convex arid concave side. The end wall losses appear only in the 
boundary layer of the end walls and “infiltrate” into the down- 
stream flow in the form of a vortex. 

The downstream stagnation point must not necessarily be at ve 
the trailing edge. { ay 

The downstream pressure distribution is seriously modified at 
the ends of a finite row of passages. Thus the fact that a reaction 
test includes the contribution of the end nozzles in its measured 
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performance must be considered one of the weaknesses of this 
type of test, especially where tests were made with more than 
one pair of ends. On the other hand it may be argued, as it often 
is, that any lattice test which does not also reproduce the time 
variations introduced by the rotating elements is not reliable in 
any case. The last word in this controversy will be spoken only 
when an aerodynamic theory of the running stage is available. 
Nevertheless, suffice it to say that, wherever this reaction test 
indicated improvement, the actual turbine which incorporated the 
responsible design features followed suit if not always at the 


same magnitude. ' 
7 


The original, individual tests of the various nozzles that were 
tested will not here be reproduced. 

Fig. 1, which is a reproduction of Professor Keenan’s Fig. 3,? is 
representative of the original form in which these test results 
appeared. The results are presented in various combinations 
which show the effect of the variables that are of importance 
in nozzle design. They are: form of partition (form parameter); 
nozzle angle; partition spacing (pitch); aspect ratio (radial 
height); thickness of trailing edge. 


ReEsuLTs oF TEstTs 


ISENTROPIC VELOCITY - FT/SEC 
toc? 500 1000 1500 __2000_ 2500 __3000__3500 
| 
| 


100 EXPANSION RATIO, 


9° 
| 
VELOCITY } 


|. SOUND 


Fic. 1 GrapH REPRESENTATIVE OF ORIGINAL Test RESULTS 


The nozzle performance is described by velocity and flow 
coefficient? (2), which are shown as functions of isentropic veloc- 
ity,> as determined from the variable drop from a constant 
initial pressure. This is essentially the picture of a Mach-number 
variation accompanied by a simultaneous moderate Reynolds- 
number change. Above sound velocity, a systematic error is 
introduced which is a direct consequence of the method in which 
the tests were made. In the supersonic range the steam issuing 
from the nozzle is deflected away from the nozzle face. Asa result 
the force vector of the reaction deviates from being normal to the 
approach pipe. The measured scale moment becomes smaller. 
The supersonic-velocity coefficients shown in these tests must 
therefore be corrected upward by an uncertain amount. The 
true value is between the minimum shown here and the maximum 
that is obtained if a correction is made for the deflection, on the 
assumption that all needed stream cross section is obtained by 
jet deflection, neglecting crosswise expansion. This latter as- 
sumption, in many cases, will move the peak of the velocity co- 
efficient characteristic well into the supersonic range. It is un- 
likely that this is correct. A good discussion of this rather com- 
plicated correction appears in Stodola’s work (5). 
With very few exceptions, supersonic velocities do not appear 


5 ‘Thermodynamic Properties of Steam,’’ by J. H. Keenan and 
F. G. Keyes, John Wiley & Sons, Inc., New York, N. Y., 1936. 
> 6 Refer to footnote 2, fig. 1, and reference (2), fig. 10. 
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attractive for turbine design. For this reason no good correction 
of these supersonic coefficients has been made as yet. 

Suffice it here to say that the characteristics shown in the 
supersonic range are increasingly conservative as velocity is in- 
creased. 

If such a correction is attempted it should be noted that the 
center of the nozzle face is offset from the center of the pipe by 
approximately 2 in. 

The initial condition for these tests was either 75 psia, 200 deg 
F superheat, or 32 psia, 250 deg F superheat. Thus both inlet 
conditions are within a few degrees of the same initial tempera- 
ture of 500 F. It should be noted that in Figs. 3, 7, 9, and 12, the 
saturation line is crossed at 2890 fps. Phenomena deriving from 
this crossing will be dealt with in a later publication. They do 
not interfere with the comparisons which are presented. 

A short discussion of the problems involved accompanies each 
comparison. 

It should be borne in mind that these tests were planned and 
executed with the purpose of giving answers to specific design 
The comparisons which are shown merely make the 
Since very few strictly consistent 


questions. 
best of an existing situation. 
comparable lattices were tested, a certain amount of “reading 
between the lines” of the experimental data is necessary. This 
situation is, however, not new to the practicing engineer. 

In the course of dealing with lattice information, a number of 
new terms were coined. The presentation is such that whenever 


such a term appears, it is properly explained directly in connection 
with the conditions that led to its creation. 


, of Partition. This by itself constitutes the most im- 
portant parameter, once the nozzle spacing (pitch), angle, and 
radial height (blade length) are given. Aerodynamically, the 
partition form determines to a large degree the boundary-layer 
By its thickness the partition displaces fluid and 
establishes the passage cross section; hence for continuity 
reasons, it controls the average fluid velocity. By prescribing 4 
sequence of wall curvatures it can, furthermore, achieve local 
modifications of velocity along the wall, including the boundary 
layer. A partition can have a very sharp convex curvature at the 
throat (narrowest cross section of the passage), and thus enforce 4 
velocity distribution along the throat which varies greatly from 
an average velocity. The velocity will be high at the convex wall, 
the boundary layer highly accelerated and thin. Downstream 
from the throat this velocity must drop to average velocity, and 
near the exit edge even below. This thickens the boundary layer 
and can lead to jet separation from the convex wall. In addition, 
the pressure distribution in the downstream space of such 4 
nozzle will deflect the mean stream direction away from the 
convex partition wall. This phenomenon, sometimes called 
“angle exaggeration”’ in literal translation of a German term, call 
for an over-all diffusion, i.e., pressure increase from the nozzle 
throat to downstream infinity. The consequence will be a high 
flow coefficient if the latter is based on the assumption of dow! 
stream pressure at the throat. This is the theory. 

In most present-day practice not much of this diffusion w! 
materialize. In most nozzle lattices, (and in a large number 
compressor lattices also, ) the exit edge cannot enforce itself as the 
downstream stagnation point. Then the exit angle is normal! 
larger than theory would call for if the ‘““Joukowsky”’ condition & 
flow separation at the end of the trailing edge were satisfied. Th 
phenomenon leaves the determination of the stream angle | 
large extent to the nonconservative shear forces in the fluid. A8* 
result, the expected diffusion does not materialize to the degree" 
would if viscosity were of no consequence. 

Thus there are two factors which can increase 
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stream aia _ that given by the throat dimension: (a) The 
geometry of the contours determines the angle merely from the 
assumption that the stream, split by the partitions, reunites at 
the trailing edge (Joukowsky condition). (6) Fluid friction 
(viscosity) can modify this Joukowsky condition and make the 
fluid stream not follow the convex wall to the exit edge. Less of 
the wall is actively engaged in deflecting the stream, and the 
angle becomes larger. 

The actual performance of the nozzle, as shown by test, reflects 
the extent to which these two factors set the flow pattern. 

The effect of form can be studied in Figs. 2, 3, and 4. Fig. 2 
shows a comparison of two partition forms for nearly the same 
nozzle pitch and angle. The radial height and with it the aspect 
ratio (radial height divided by throat width) is large (about 12). 

The 1 deg difference in nominal angle should not seriously 
modify the comparison. Here the higher low-velocity-flow co- 
efficient of partition “A”’ reflects the sharper wall curvature at the 
throat. A comparison of velocity coefficients shows that below 
sound velocity the partition with the smaller wall curvature 
(larger radius) holds a slight advantage in spite of the slightly 
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Fic. 2. Comparison or Two Partition Forms 
(Pitch = 1.050 in.; radial height = 2.610 in.) 
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smaller nozzle angle. Above sound velocity its performance 
drops rapidly below that of the partition with the sharper curva- - — 
ture. This is a phenomenon connected with a characteristic 
which has been termed ‘negative throat.” ‘Positive throat’ 
would be the condition where the convex wall curvature ends, and | 
thus the minimum passage cross section is reached before the 
stream passes the partition exit edge. The stream would then © - 
pass for a stretch through a passage of constant width. ‘Zero — : 
throat’’ would mean the condition where the curvature ends | he 
exactly at the throat and negative throat, where it ends down- — \. 
stream from the throat. "ie 

Experience has shown that in subsonic design stein = 
throat is superior to positive throat. However, if such | 
nozzles operate at supersonic velocities the situation is reversed. _ 
This is not too surprising. The supersonic-flow pattern is de 
pendent upon the geometry of the space surface which is the locus - 
of all points in the passage where sound velocity appears, and on 
the curvature characteristics of the boundaries. At the sound — 
velocity point the wall curvature must be a maximum (6,7). If => 
this is not provided, and the sound velocity surface is ted ene 
curved, it is very probable, if not certain that an isentropic flow | 
cannot exist (6, 7). Under these conditions shocks must occur, Dy a5 
and shocks mean energy losses. This argumentation cannot as ea 
yet be supported rigorously by theory as the art has not pro- | e. 

gressed that far. However, it does furnish an explanation of ex- 
sical fact. The slightly higher (supersonic) flow coefficient 
of the poorer nozzle would indicate that its sound velocity surface — 
is larger than that of the better nozzle. It may be situated fur- 
ther upstream, or may be curved more sharply, or both. 

Fig. 3 shows a comparison of two different nozzle designs for — 
identical angle, radial height, and exit-edge thickness. The 
radial height is small. Here the pitch of the nozzles differs in #5 a 
addition to the form. The nozzle A with the smaller pitch 
should have an advantage, since its aspect ratio is 2.2, compared 
to the 1.4 of the larger-pitch nozzle.7’ On the other hand, the 
latter has a smaller exit-edge thickness in per cent of throat 
dimension than has the former. In the subsonic range the two 
nozzles are of equal efficiency. It must be concluded that these 
effects and the effects of Reynolds number just about balance — ; 
out as regards the losses. Sa 


In the supersonic range the relatively larger edge space of the _ 
smaller-pitch nozzle becomes an advantage. It permits a better ees 
expansion behind the sound velocity surface. As very low 
velocities are approached, nozzle A seems to take advantage 
of its relatively larger negative throat. The flow coefficient of the 
smaller-pitch nozzle drops decisively as sound velocity is ap- 
proached, to remain roughly 3 per cent lower after it has been — 
exceeded. This again indicates that nozzle B has the larger — 
sound velocity surface, although this difference is rather more 
than would be expected. 


A further study of the effee of the form parameter can be made 
in Fig. 4. This is a comparison of three nozzles with the radial 
height of 1.435, and thus w th rather high aspect ratios (A:7.1, = a wr 
B:4.4, C:13.2). A and B have the same edge thickness, © > 
thus favoring B, while the edge of C is nearly the same pro- 
portion of throat width as that of E. The angle of C is, aay 
least nominally 2 deg larger than that of the other two nozzles, 
fact which must be kept in mind when comparing performances. _ 

As far as the velocity coefficient is concerned there is not much 
difference between these nozzles of such widely different design. — 
Nozzle C, favored by its aspect ratio and somewhat larger 
angle, is somewhat better in the subsonic range, except for the 
very low-velocity region. This is significant since it certainly 


7 A discussion of the advantage of high aspect ratio follows later. 
For the moment the statement may be accepted without proof. 
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must be handicapped by its small scale as becomes apparent at 
very low velocity, where it rather quickly loses in comparison 
Nozzle C is the only nozzle partition in all these tests in 8 . 
which the convex wall curvature is carried to the exitedge without 
a flat portion. 
Nozzle B (lower aspect ratio) is poorest except above sound Po...) 5 copates TESTED 
The supersonic-flow coefficient of nozzle B is above 100 per &) | Sg) BLIAZ, 
cent and is rather high throughout the whole range. No good Se 22 — Snes Sow 


explanation for this can be advanced here especially in view of the 

fact that the supersonic performance is high.’ The latter would 

argue against high curvature of the sound velocity surface. 

Nozzles A and C perform normally as far as flow coefficient | 
is concerned. The partition with the sharper wall curvature at. 
the throat has a higher subsonic and a lower supersonic flow 

coefficient. 

Angle. It would seem natural that a nozzle which deflects the 
stream through a smaller angle should have the better perform- 
ance. Less flow distortion must be introduced to obtain the 
desired effect. This holds good for large deflections, i.e., small 
nozzle angles. In the case of small deflections the local stream 
acceleration caused by the displacement, due to the necessarily 
finite partition thickness, begins to be of the order of magnitude 
of the acceleration needed for the useful deflection. Between the 
two extremes is a field where the contour of the blade is extremely 
important if the optimum performance is desired. 

In general, the nozzle angles in these tests belong to the group 
where an increase in angle should be of benefit. 

This is apparent in Figs. 5and6. There are three nozzles rep- 
resented in Fig 5. All three use the same partition. The 
nozzle angles are 10, 13'/2, and 17 deg, respectively. Only the 
10- and 17-deg nozzles are strictly comparable, both having the 
same pitch. The 131/:-deg nozzle has a larger pitch. The reason 
for this increase is seen when the throat of the 10- and 17-deg 
nozzles is compared. While the 10-deg nozzle has a positive 
throat of 0.143 in., the 17-deg nozzle finds this dimension in- 
creased to0.184in. It is known that increasing the positive throat 
will increasingly lower the efficiency. Indeed, while the 17-deg 
nozzle performs better than the 10-deg nozzle, its velocity co- 
efficient does not show as much gain as might be expected from 
the smaller angle through which the stream must be turned. If 
this same partition is spaced at a 20 per cent larger pitch, which, 
when set at a 13'/:-deg angle, permits a negative throat of 


0.100 in., a definitely higher velocity and flow coefficient result in ~ 


the subsonic range. Above sound velocity, in conformity with 
previous observations, the negative-throat nozzle is poorer. Also, 
for reasons explained before, the poorer nozzle has the higher flow 
coefficient above sound velocity. Both positive-throat nozzles 
show substantially the same uniform flow coefficient character- 
istic, slightly below 100 per cent. 

In Fig. 6 appear two versions of nozzles using the same parti- 
tion set at two different angles. Here the pitch of the larger-angle 
nozzle is 93 per cent of that of the smaller-angle nozzle. In con- 
sequence, while the latter has a 0.100-in. negative throat, the 
former has a 0.050-in. positive throat. These nozzles were 
tested twice. Both, especially the smaller-angle nozzle, showed 
what looked like an extraordinary scattering of the subsonic- 
velocity-coefficient readings (see Fig. 7). Over a considerable 
range of velocity, the points seem to group themselves along two 
distinct curves instead of one. Both curves are shown in Fig. 6. 
The test results suggest that over this range two different flow 
patterns can exist. From what is known now about Reynolds- 
number effects, this assumption cannot be entirely rejected. In- 


8 Professor Keenan’s remark about a possible increase in throat 
area under load may apply here. 


Fic.5 Tests or SAME PARTITION Set aT THREE DIFFERENT ANGLES 
(Radial height = 2.610 in.) 
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Fic. 6 Tests or SAME Partition Set at Two Dirrerent ANGLES 
(Radial height = 0.680 in.) 
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Fic. 7 Points or 12-Deg ANGLE TEsT IN Fria. 6 


deed, similar effects, although on a smaller scale, appear in almost 
every nozzle test if it is run very carefully using a large number 
of highly accurate test points. In this case the effect is probably 
exaggerated by the low radial height which increases the relative 
proportion of fluid undershear. Also, the approach conditions 
peculiar to the reaction test (which are different from those of 
other types of test) may be partly responsible for the magnitude 
of these instabilities. As to the test results themselves, both 
nozzles show essentially the same subsonic performance, although 
the 18-deg nozzle really should be better. The reason for its 
deficiency can be found in the small pitch responsible for the 
positive throat. Above sound, as usual, the positive-throat noz 
zle at the larger angle is superior. Again, the flow coefficients of 
the positive-throat nozzle are lower than those with negative 
throats. 

Partition Spacing (Pitch). The spacing of nozzle partitions 
can have an appreciable effect upon performance. Increasing the 
pitch means that the single partition must carry a higher load. 
The lift coefficient of nozzle partitions can be safely driven to $ 
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multiple of the maximum lift coefficient possible on airplane pro- 
files. Lift coefficients of 4 and higher are quite customary. In 
general, it can be said that for aspect ratios, which are not too 
small, the partitién with the highest lift coefficient will furnish the 
highest performance. Then, in general, it will have a large nega- 
tive throat and a small percentage edge thickness. When well 
designed, a minimum of wall surface will perform the deflection 
of the stream. Care must be taken in this case that the expected 
stream angle actually is materialized, since the “angle exaggera- 
tion” assumes noticeable proportions. 

The effect of such a pitch change is apparent in Fig. 8. The 
wider-pitched nozzle with negative throat performs better than 
the nozzle with smaller pitch and positive throat. This difference 
persists for a good stretch into the supersonic range before it re- 
verses to give the positive throat its high-velocity advantage. 
The flow-coefficient behavior shows the usual pattern, generally 
higher for negative throat. 

Aspect Ratio. It is a well-known fact that when a fluid stream 
is turned, there appears along the end walls of the passages a 
parasitic flow pattern. The fluid that is decelerated by these end 
walls, i.e., their boundary layers, cannot support the centrifugal 
pressure gradient of the turning fluid. Some fluid material is 
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Fic.8 Tests or Partition Set at Two Dirrerent PircHes 
(Radial height = 2.610; angle 13'/: deg.) 


thus short-circuited through the boundary layer, and is set into 
motion toward the convex partition wall. There it is deflected 
into the stream, and as a result, rotating fluid is carried down- 
stream, coaxial with the main streamlines. As long as the radial 
height is large enough to separate the end boundary layers, this 
flow pattern is not affected by the height of the nozzle, its energy 
loss remaining the same. Thus the nozzle with the higher aspect 
ratio is bound to perform better. This phenomenon can be easily 
observed in Figs. 9, 10, and 11. 

The results shown in Fig. 9 cover a variation of aspect ratio 
from 0.8 to 4.4 for an otherwise geometrically identical nozzle 
passage. There is a small change in pitch between the two models 
With small radial height and the third, but the difference is small 
enough to be neglected. The velocity coefficient behaves as must 
be expected. With increasing aspect ratio there is first a rapid 
rise, followed by a range of “diminishing return.”” Of somewhat 
more interest is the change in characteristic from 0.8 aspect ratio 
to14. The more “temperamental” characteristic, if such a word 
may be applied, is a clear indication that shear forces are en- 
forcing changes in the flow patternas Reynolds and Mach numbers 
are changed. This is easily possible in passages where the para- 
sitic end-wall flow is a noticeable part of the total flow pattern. 
The flow coefficient also participates in this phenomenon to a 
smaller extent. The high flow coefficient at low velocity of the 
high-aspect-ratio nozzle is worth mentioning. In all three noz- 
ales there is clearly a diffusion after the throat which is interfered 
with by the end wall phenomenon. Thus it can take place less 
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as the end-wall disturbance assumes a greater role. This physical 
picture fails to explain the slight decrease in low-velocity-flow 
coefficient from an aspect ratio of 0.8 to 1.4. Above sound 
velocity, the flow coefficient rises consistently with aspect ratio as 
might well be expected. 

A somewhat different picture is presented in Fig. 10. Here the 
aspect ratios are 2.2 and 7.1. The velocity coefficient of the 
low-aspect-ratio nozzle increases as sound velocity is exceeded. 
It must be assumed that here the end-wall flow actually separates 
from the convex corners and that this separation is suppressed as 
the supersonic flow needs additional space for expansion. Such 
action must of course improve the performance. The large- 
aspect-ratio nozzle fails to show much indication of this phenom- 
enon, although, considering its magnitude, some should be 
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really independent from each other. If this were so, the expected 
gain of the higher nozzles should have decreased inversely as the 
radial height increased. It is safe to assume that the total theo- 
retical nozzle momentum is directly proportional to the radial 
height, and the loss is expressed in per cent of that theoretical 
momentum. The conclusion must be drawn that, in the case of 
the small radial height, there was interaction between the two 
end walls. Theoretically this is of course always the case in 
subsonic flow, although for large aspect ratio, it can be neglected 
in most cases. 

In the supersonic range the velocity coefficient of the low- 
aspect-ratio nozzle rather early overtakes that of the other 
nozzle. There is much evidence that at these velocities the 
nozzle with the squarer throat eventually is better than that 
with the rectangular throat. At what Mach number one 
begins to be better than the other depends upon the form of 
the passage. 

In so far as flow coefficients are concerned, that of the nozzle 
with the low aspect ratio appears unduly high in the subsonic 
zone. If, as has been done in the foregoing, a jet separation is 
assumed in the convex corners, then a flow coefficient above 100 
per cent is not too easily explained. It calls for a diffusion from 
the throat downstream. A diffusion together with jet separation 
does not readily occur. However, it is not impossible as the 
pressure rise behind a concentric orifice within a pipe can demon- 
strate. In the supersonic range, the flow coefficient behaves 
normally with the poorer nozzle arriving at the bigher flow co- 
efficient. 

Another comparison appears in Fig. 11. This type of nozzle 
partition is made by bending a beveled and sharpened flat blade. 
It is usually directly cast into cast-iron sidewalls. The aspect 
ratio varies from 1.3 to 4.8. Little need be said about the veloc- 
ity-coefficient curves, except that their level is distinctly below 
that for formed partitions. There is very little indication that 
above sound velocity the squarer nozzle throat eventually will 
be better. 

The flow coefficient of the smallest nozzle has been omitted. 
Its characteristic and its level indicated that there was some- 
thing not in order. The other two flow coefficients are fairly con- 
sistent with the picture that has gradually become apparent. 
The smaller nozzle has the higher flow coefficient at low veloci- 
ties. This difference practically disappears as the flow becomes 
supersonic. However, here the curves do not intersect. 

Edge Thickness. It is easily seen that for best performance 
the trailing edge should have zero thickness. Since strength con- 
siderations preclude the execution of this ideal, compromises are 
necessary. It is important to know how much performance is 
lost as a safer design is used. 

Fig. 12 shows two otherwise identical nozzles where the edge 
thicknesses are 0.015 in. and 0.050 in., respectively. The nozzles 
are comparatively large-angle nozzles (18 deg). 

Below sound velocity there is considerable difference in perform- 
ance in favor of the thinner edge. This advantage is lost as 
sound velocity is exceeded. The space behind the edge, which at 
lower velocity is filled by the turbulent wake, is utilized for ex- 
pansion. 

At low velocities, the thick-edged nozzle encourages diffusion 
after the throat, as evidenced by the high flow coefficient. Above 
sound velocity, the thin-edged nozzle has the slightly higher flow 
coefficient. This appears quite reasonable. There is no reason 
why the sound-velocity surfaces should differ markedly on the 
two nozzles. The small difference is probably caused by a small 
change in pressure distribution due to the different expansion 

into the edge space unless the thinner edge deflected measurably 
under the load.? 
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Development quickly progressed past the state of knowledge 
provided by these experiments. It became necessary to inter 
polate and extrapolate beyond the regions of test informatio? 
Figs. 12 and 14 give a sample illustration of the data which thus 
became available. 

It should be noted that these figures show efficiency, not velocity 
coefficient. At good performance, the efficiency is very closely 
equal to the square root of the velocity coefficient. 

These curves fit the test information, in general, but not with 
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out some significant deviations. This had to be so considering the 
state of the art of lattice design when the experiments were made. 
It must, however, be emphasized again that as actual turbine ex- 
perience accumulated, the conclusions drawn in these graphs 
were remarkably well borne out by actual turbine performance. 


CONCLUSIONS 


The engineer who wants to design the best possible turbine 
nozzle must strike the correct balance between a large number of 
variables: 


He must weigh Mach number versus strength. 

He must consider the vagaries of Reynolds number. 

He must know that too high an aspect ratio will increase wall 
friction and edge losses; also that high negative throat is good be- 
low sound velocity and a liability above. It makes the actual 
stream angle and the flow coefficient uncertain. Too high a 
negative throat, on the other hand, will cause jet separation. 
Generally a larger angle is better but decreases the aspect ratio. 
Such an increase, if otherwise possible, can easily be overdone. 

He must load his partitions as highly as possible, but must 
guard against losing to aspect ratio and possibly to shock losses 
and jet separation. 

He must form his partitions such that the boundary layers rep- 
resent the minimum loss. 


The quantitative relationships submitted here will prove help- 
ful in this difficult situation. 


Perhaps the greatest service performed by these experiments 
was their catalytic action. The results, while they confirmed 
the physical conceptions engineers had of nozzles at that time, 
were quite thought-provoking in many respects. The appetite 
for more detailed information grew and kept growing. An 
impact-tube traversing test was started almost simultaneously 
(3). As information accumulated, the need for still more 
information became apparent. In the middle 1930’s, this test was 
put on an automatic mass-production basis (4). Much has been 
learned since about lattice behavior. It is now known that what 
seemed to be inconsistencies in test results were actually caused by 


[ED 


Par 


vledge 
inter’ 
ation. 
h thus 


locity 
closely 


t with 


~ KRAFT—REACTION TESTS OF TURBINE NOZZLES FOR SUBSONIC VELOCITIES a 


737 


Reynolds-number variations due to variable approach, turbu- 
lence, wall roughness, and the like. 

No matter, however, what may have been added in the mean- 
time or whatever more will be learned in this field later, this infor- 
mation will retain its character as a sound and solid foundation 
for further progress. 
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A new type of tensile-testing instrument is described, 
utilizing electronic principles for both the weighing of the 
forces on the sample and for controlling its extension. 
This instrument was designed with the idea of controlling 
these time functions accurately, and in so far as possible, of 
preventing the characteristics of the machine from obscur- 
ing the accuracy of the results. 


INTRODUCTION 


HERE is at present a rapidly developing technology de- 

"| votes to the study of those types of materials which possess 

complex chemical and physical structures. In this class 
belong principally the fields of plastics, textiles, and rubber. 

It was not long ago that many of these products were not con- 
sidered as being strictly engineering materials, in the sense that 
their physical properties could not be closely designed to suit a 
desired end purpose. In fact, a real difficulty existed in actually 
defining these physical properties in other than purely qualita- 
tive and subjective terms. Also, because formerly these ma- 
terials came from natural sources, the ability to manipulate the 
properties to secure a desired effect was largely limited. 

The situation is being changed drastically by the growth of the 
synthetics industry. Physical chemists are acquiring important 
insight into the study of long-chain molecular structure and the 
correlation with physical behavior. This work promises before 
long to enable the chemist to design on the drawing board ma- 
terials which will possess an almost unlimited variety of charac- 
teristics to meet specific needs. Furthermore, a real stimulus was 
provided by the war toward an adequate description of already 

} existing products in engineering language, in order that they 
might be produced to meet the necessary rigid specifications. 

This new science has been considerably hampered by the com- 

= Pplexity of the molecular structures involved and the attendent 

mechanica] properties. Not only are there many indexes of be- 

havior required, such as instantaneous modulus, recoverable and 

honrecoverable creep, relaxation, and hysteresis, but these proper- 

ties are strictly interdependent upon each other and upon past 
mhistory with respect to time, temperature, and humidity. How- 

ever, difficult as such an analysis may seem, in many cases it is 

just this complexity which gives to a material its most desirable 
haracteristics. The designer has been increasingly cognizant 
of the correlation between mechanical behavior and service per- 
ormance, and without a doubt these indexes will grow to be 
undamental criteria of future material specifications. 

The tensile test remains the most fundamental method of 
bvestigating the physical behavior of a material. Labora- 
ries have long recognized that the correct evaluation of the 
arious properties must be made against known references of 
humidity and temperature. In addition, it is now appreciated 
at, because of the predominant flow characteristics which are 
present, perhaps the most important parameter of all is time, which 
4s been neglected in the past largely because of the difficulties 
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of instrumentation. Mere ultimate tensile strength is no longer 
enough. The detailed shape of a stress-strain curve is assuming 
greater significance, and also of interest are the variations pro- 
duced under more or less complex loading histories, under condi- 
tions in which the time element is rigidly controlled. By this — 
means it is possible to develop techniques to isolate each of the — 
various properties from one another for more detailed evaluation. — 

The tensile-testing instrument to be described herewith was de- — 
signed in the effort to implement this new technology of poly-— 
meric materials, and to minimize the testing errors inherent in the | 
more conventional high-inertia weighing systems. In order to © 
satisfy the requirements of flexibility and accuracy, recent de- — 
velopments in electronic principles were utilized in both the load- — 
weighing system and the crosshead control. It is hoped that its — 
resultant versatility will find use in many other fields, such as — 
paper, fine wire and foils, and adhesives, in which adequate test- 
ing instrumentation has so far been unavailable. 


GENERAL CHARACTERISTICS OF NEw INSTRUMENT 


The instrument incorporates a highly sensitive electronic — 
weighing system employing bonded-wire strain gages for detect- 
ing and recording the load applied to the sample under test. 
The moving crosshead is operated by two vertical drive screws _ 
from a unique servodrive which provides an unusual flexibility of — 
control over the motion of the pulling jaw. The chart of the — 
recorder is driven synchronously at a wide variety of speed ratios — 
with respect to the crosshead, thus enabling measurements of — 
extension to be made with a large choice of magnification factors. _ 
The general characteristics of the machine may be outlined as — 
follows: 


1 By the use of readily interchangeable load cells, full scale | 
sensitivities may be obtained extending from 2 grams up to 1000 1b _ 
ormore. Therefore it is possible to test, for instance, the smallest 
of single fibers as well as materials having high ultimate strengths. © 

2 The accuracy of the load-detecting system is ‘ei 
of the range in use, and is better than +0.5 per cent. 

3 The load-recording device has a high speed of ‘cine, 
which is of value in determining the short-time creep properties — 
of materials as well as studying such things as multicomponent. 
breaks. The response speed is likewise independent of the load — 
range. 

4 The load cells exhibit essentially no deflection under in 
applied load. Therefore the motion of the pulling jaw alone — 
determines the rates of extension of the sample, an important — 
factor in view of the time dependence of the properties of many — 
types of materials. Also, a close study is possible of the rupture — 
characteristics of even the most inextensible materials. 

5 A more or less necessary corollary of the foregoing of 
course is the fact that the load-weighing system itself, aside from 
the recorder, exhibits essentially no mechanical inertia; henceit _ 
does not influence through its own action the properties of the : 
sample to be measured. 

6 Through the operation of the servocontrolled drive, a 
simple means is available for obtaining exact crosshead ol 
over the range from 0.02 to 20 ipm. This enables precise meas- — 
urements to be made of materials having widely different degrees _ 
of extensibility, as well as enabling tests on a particular sample at r 
greatly different loading conditions. 

7 Once selected, the crosshead speed remains essai con- — 
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time factor is evaluated correctly in relation to the sample charac- 
teristics. 

8 The crosshead motion may be started, stopped, and reversed 
almost instantly, either manually or automatically. This fea- 
ture enables the application of virtually any type of more or less 
complex loading history to the sample. 


¢ for all loads up to the capacity of the machine, so that the 
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The load-sensitive devices are incorporated in the removable 
load cells, one of which is shown in Fig. 2, and which are inserted 
into the upper, fixed crosshead. For the lower ranges, the gages 
are applied to the surfaces of a bending beam, or cantilever, to 
ve dl. which the load is applied by means of a spindle extending through 
the bottom of the cell. The cells for the higher ranges use : 
strain-sensitive member consisting of a simple tension bar with 
the gages applied to an area of reduced cross section. 

In the design of all these cells except for the lowest range, the 
central load-sensitive spindle is supported rigidly by means of 
diaphragms, thereby eliminating sensitivity to nonaxial loading. 
Positive stops protect the unit against accidental overloading, 
: oa and the various jaws are attached to the spindle by means of a 

bayonet-type coupling for ease of connection. 
: his The strain gages are connected in the arms of a Wheatstone- 
bridge circuit operated from a highly stabilized 390-cycle oscilla- 
: = tor, as shown in Fig. 3. The resulting signal is amplified by a 
___ ¢ireuit which incorporates flexible means for balancing the gages, 
so that the varying weights of jaws, fixtures, and the samples 
_ themselves may be compensated for. As a part of the amplifier 
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is a calibrated control for changing its sensitivity in steps of 1,2 
5, 10, 20, and 50, thus enabling each load cell to provide a number 
of full-scale load ranges. An additional control provides mean 
for varying the sensitivity continuously between any of thee 
steps, so that the instrument may be calibrated for any desired 
odd value of full-scale load, such as grams per denier. The signs 
is then rectified in a special circuit which removes effectively th 
effects of such undesired voltages as, for example, may arise {ro 
stray 60-cycle fields. The load signal then operates a Leeds and 
Northrup high-speed potentiometer recorder, into which is bu 
small gearbox for driving the chart synchronously at speet 
ranging from 0.2 to 50ipm. This portion of the instrument av 
the load-amplifier controls are shown in Fig. 4. 

The design of the oscillator and amplifying stages is such thi 
the sensitivity of the system remains constant over long pe 
of time. The instrumént may be recalibrated in a few momet 
by hanging small weights to the upper jaw and adjusting tht 
sensitivity, a process which is considerably simplified by the {sf 
that the calibration need be performed for only one of the seve 
load ranges within the capacity of each cell to be effective for# 
the other ranges. Thus to check the 50-lb cell, only a !4 
weight need be used to adjust the sensitivity with full sci 
accuracy. 

Through the use of additional cells and accessories, it is possiit 
to test in compression and flexure over the entire range of 
machine while retaining its fundamental flexibility of contr 
Furthermore, the nature of the cells is such for certain rang 
that a test may be carried continuously from tension right throu? 
into compression for special studies. 

The ability of each cell to provide a multiplicity of full 
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Fic.4 Hicu-Speep PoTeENTIOMETER RECORDER AND LOApD-AMPLIFIER 
CONTROLS 


load ranges is limited, namely, on one hand by the desire to limit 
its deflection in most cases to an arbitrary value of 0.002 in., and 
on the other hand, by the necessity of obtaining a certain minimum 
electrical signal. The feature of multiple ranges has proved 
specially useful not only by enabling the operator to select easily 
the correct range for maximum clarity of record, but also by 
providing means of expanding by several times a certain portion 
of a load-elongation curve for more detailed study. 

Inasmuch as the cells have a natural frequency of several hun- 
dred cycles a second, it is the recorder which places the main 
limitation on the speed with which rapid fluctuations of load 
may be followed accurately. A high speed of response is most 
desirable in view of the short time constants encountered in 
many flow characteristics, as well as for tear tests and adhesive 
Measurements in which the load function is abruptly discontinu- 
ous. Fig. 5 is an actual determination of the response charac- 
teristies of the recorder used in this instrument. The records 
were obtained by applying sudden changes of input equivalent to 
various fractions of full scale deflection and then measuring from 
the chart the time to reattain equilibrium. About 1.2 sec is 
required for a full scale travel, and it will be observed that the 
response time is roughly proportional to the amount of deflec- 
tion. Thus small changes in load can be followed with quite 
rapid response. 


Tue Drive System 


The motion of the pulling jaw is operated by means of a posi- 


} tionally controlled servomechanism utilizing an amplidyne drive 


and selsyn control elements. The operation of this system is 
shown schematically in Fig. 6. A follower selsyn located in the 
Main gearbox is rotated mechanically by the drive screws so 
that its angular position % is a measure of the actual position of 
the crosshead at any instant. This unit is connected electrically 
to a reference selsyn, whose angular position 6; constitutes a 
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(Basic operation of positional servo.) 


measure of the instantaneous desired crosshead position. A volt- 
age may be obtained which is proportional to the difference be- 
tween 4% and 6;, or the error in position at any instant. The 
amplidyne generator is operated by this error voltage in such a 
way as to cause a rotation of the drive screws, thereby making 
the error approach zero. The torque produced by the amplidyne 
is proportional to the combination of both the magnitude of 
error and its time integral, so that automatic compensation is 
obtained for the effects of both a large external load or a constant 
applied velocity. In actual practice, the error in crosshead posi- 
tion is usually less than 0.0005 in. under steady-state conditions, 
and the system will respond very rapidly to a suddenly applied 
transient, such as an imposed reversal of motion. 

It is now apparent that by controlling the rotation of the low- 
power reference selsyn, a convenient and flexible means is availa- 
ble for operating the motion of the pulling jaw. The reference 
drive consists of a small synchronous motor, a simple change-gear 
system for providing the desired head speeds, and fast-acting 
computer-type magnetic clutches for starting, stopping, and 
reversing the direction of rotation of the selsyn. The clutches 
are controlled by manual and automatic switches, Fig. 7, whose 
arrangement is such that almost any type of varied loading his- 
tory may be applied to the test sample to suit the needs and 
ingenuity of the operator. 

In addition to “up,” “down,” and “stop” buttons, “traverse”’ 
controls are provided for rapidly moving the crosshead at its 
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Fic. 7 Manvat anp Automatic SwitcHes ContTrROL CLUTCHES 


Fic. 8 Martn GEARBox 


maximum speed in either direction. A set of adjustable vernier 
dials operate additional switches to perform the following auto- 
matic functions: 


1 Stop the return travel of the jaw at a previously set gage- 
length point to assure reproducibility in the length of sample 
tested. 

2 Initiate rapid return of the crosshead at a point beyond the 
maximum extension of the sample, to speed routine testing. 

3 Cycle the crosshead between two adjustable extension 
points for hysteresis measurements, or stop it at these points for 
relaxation studies. 

4 Cycle the instrument between any desired load points, by 
means of similar controls located in the recorder. 


these vernier dials may be set to 
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within 0.001 in. of crosshead travel. The small door, located 
below these controls, houses the change-gear arrangement for 
determining the crosshead speeds. 

Means are provided for making a mark on the chart whenever 
the jaw leaves or returns to the position of initial gage length. 
Therefore it is possible to evaluate correctly the amount of 
original slack which may be present in the sample after it has 
been inserted in the machine, as well as to determine such factors 
as permanent deformation after successive degrees of loading. 


ae 


Unitizep ConsTRUCTION 


The application of servodesign principles has resulted in § 
testing instrument of a very flexible nature, but at the same time 
avoiding what might seem to be a necessary complexity of the 
various comvonents. The illustration of the main gearbox, Fig. 
8, shows the resulting compactness of mechanical design, while it 
Fig. 9 the unitized, accessible method of construction of the 
control assemblies is shown, an advantage made possible by theif 
primarily electrical nature. The servomethod of operation 
enables the addition of accessories, now under development, 
for producing constant rate of load and constant rates of 
actual strain, pending the completion of a suitable universil 
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TypicaL LoAD-ELONGATION RECORDS 


Several actual records are herewith presented to demonstrate 
the type of performance which can be expected from an instru- 
ment of this design, and its application to a variety of different 
materials. Each record has been chosen to illustrate some 
significant behavior of the material, and it is believed that in cer- 
tain cases results are obtained which had previously been known 
only through theoretical analysis. 

Fig. 10 represents the simple load-elongation curve of a single 
fiber of Australian 70’s wool. It demonstrates the use of a high- 
sensitivity load range, and shows clearly the elastic region and 
flow properties of the material. The spring constant of the 
original kinkiness in the fiber may be evaluated from the original 
portion of the curve. 

Fig. 11 illustrates the similar behavior of a single fiber of a 
synthetic material, namely, viscose rayon. 

Fig. 12 is the tensile curve of a sample of Fiberglas yarn. Be- 
cause of the low inherent extensibility of the yarn, a high exten- 
sion magnification ratio was used. It will be noted that, whereas 
the latter portion of the curve was made using a 2000-gram scale, 
the initial part was recorded with a 100-gram range, thus magni- 
fying the load scale for that part of the record shown dotted. In 
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this case this technique showed the early nonlinearity as the 
fibers in the yarn were aligning themselves during the initial 
application of load. After the rupture of the sample at maxi- 
mum load, the record displays the effects of interfiber friction 
as the specimen continues to be pulled apart. 

Fig. 13 demonstrates the rupture characteristics of a half-hitch 
knot tied in a Fiberglas yarn. Each of the discontinuities in the 
curve represents the breaking of single fibers, or bundles of them, 
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as the knot tightens, and shows the advantage of a load-weighing 
system that has low inherent deflection. 

Fig. 14 shows the flow behavior of undrawn nylon yarn, which 
has very high ultimate extensibility. Of interest are the initial 
elastic region, the regression in load after the yield point has been 
reached, and the long flow region with a sudden discontinuity as 
crystallization is completed, and the subsequent formation of a 
new set of properties. 

Fig. 15 is an example of a material of fairly high strength, and 
shows how the manner of rupture of a multicomponent system 
may be analyzed. Here the first two load changes indicate the 
breaking of the major plies, while the last remaining ply dis- 
integrates fiber by fiber. 

Fig. 16 shows a standard type of tear test on a fabric, and dem- 


onstrates the need for a high speed of recorder response. __ 
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TENSILE CHARACTERISTICS OF H1GH-GRADE PAPER 


Fig. 17 shows the behavior of fabric specially designed to resist 
tearing, in which a stronger yarn is woven into the material at 


regular intervals as an inhibitor. 


Fig. 18 illustrates the tensile characteristics of a high-grade 
paper, another material of low extensibility, Retgeiring high 
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instead, the individual fibers are pulled seat 


magnification. 
at once, but, 
gradually. 
Fig. 19 is the same type of paper sample but there the cros* 
head was reversed at a number of successively higher load values 
the tension being released each time. This technique shows ths! 
a form of work- hardening takes place i in paper, since, for eat 
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Fic. 22. Mernop or Isotatinc Moputus From OrHer Properties 
pat cycle of loading, the flow region begins at the point of maximum 


Previously applied load. By a slight modification of the fore- 
going operation, the amounts of permanent deformation may be 
determined as a function of varying degrees of load or extension. 
In Fig. 20 the crosshead was stopped instantaneously when the 
load had reached a certain point. The resulting curve shows the 
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relaxation of load with time for the given fixed extension. If now 
the sample is unloaded and the crosshead again stopped, the load 
will increase somewhat as the sample recovers from its previous 
conditioning. The characteristics of relaxation and recovery are 
shown to be much more pronounced as the sample is stretched 
into the flow region. 

Fig. 21 is the simple load-elongation curve of a typical nylon 
yarn. It can be appreciated that a curve of this sort, no matter 
how accurate, gives very little information regarding the relative 
values of elastic modulus, creep, and other functions. However, 
in Fig. 22 is shown a method for isolating the elastic modulus 
from the other properties for evaluation at various degrees of 
extension. This technique consists of loading the sample to a 
certain point and then stopping the jaw motion as shown. The 
load will now decrease with time as relaxation takes place. Then 
the sample is unloaded and the jaw again stopped, at which point 
the load will increase with time as the sample recovers. This 
procedure is now repeated with decreasing increments of load, 
until a point is reached by a process of successive approximation, 
or bracketing, at which the load will not change in either direc- 
tion when the jaw is stationary. As a result of the well-known 
“memory” effect of these materials, by which the sample “re- 
members” all its past conditioning, a form of dynamic equilib- 
rium has been set up such that the relaxation of the sample is 
exactly counterbalancing its recovery, and temporarily only the 
elastic properties remain. If now the specimen is cycled over 
short displacements about this point of no relaxation, the slopes 
of the resulting records may be measured to obtain the elastic 
modulus. At this point the head speed was reduced by 1/10 in 
order to give a measurable slope to the line. 

Inasmuch as the elastic modulus in most materials varies with 
the amount of extension of the sample, among other factors, this 
procedure should be repeated at successively higher extensions. 
The analysis will produce a graph of modulus as a function of 
extension similar to Fig. 23. If these values are transposed to the 
original load-elongation diagram, Fig. 21, a comparison may be 
made of the actual behavior of a material as against its hypothet- 
ical purely elastic properties. 

Fig. 24 illustrates some of the possible techniques available 
through the use of the automatic cycling features of the instru- 
ment. In the first part of the record, the specimen was cycled 
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between two fixed values of extension. It can be seen how the 
load decreases from peak to peak in a fashion similar to a pure 
relaxation curve. The second part of the record is an example of 
compound cycling, in which the sample is cycled between load at 
one limit and extension at the other. In this case, the limits con- 
sisted of maximum load of 3 lb, and a return to the original gage 
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i length. Variations of this procedure are useful in determining 
such factors as work recovery, and the relations between primary 
and secondary creep. } 

Fig. 25 demonstrates an adhesive test, in which a length of 
Scotch tape is slowly pulled away from a sample of paper. Ran- 
dom fluctuations of load are obtained as the adhesive separates 
from or pulls out the fibers in the paper. This record also shows 
the manner in which the zero of the load scale may be suppressed 
and a certain portion expanded for more detailed observation of a 
record. 

Fig. 26 was first obtained accidentally during an attempt to 
obtain the previous record. The piece of Scotch tape had been 
unthinkingly applied to a length of regular chart paper, and the 
regularly spaced dips in the curve that resulted were at first a 
source of some puzzlement. Further study showed, however, 
that these dips occurred whenever the line of separation of this 
tape encountered each of the fine rulings in the chart, with a 
somewhat broader indication occurring at the heavier division. 
This may be verified readily by the reader directly from the 
record, taking into account the magnification ratio. Thus the 
adhesive action was definitely sensitive to the presence of the ink 
in the chart rulings. 
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This paper is a brief extension utilizing basic ideas pre- 
sented in an earlier paper by R. C. Martinelli (1). Heat 
transfer to a fluid in turbulent flow between two plane 
parallel walls is discussed for the case of an asymmetrically 
heated system in which the entire heat flux is transferred 
at one of the walls and no heat passes through the other. 
An annulus for which the ratio of diameters approaches 
unity may approximate this case in the limit. A few re- 
marks are made regarding experiments which might yield 
information on the variation of eddy diffusivity near the 
center line of a channel, and a method is presented for 
predicting heat-transfer coefficients for asymmetrical 
heat-transfer systems. Since the same assumptions used 
by Martinelli are applied in this paper, and since the treat- 
ment is similar, this work is considered as an extension 
only, and it is expected that the reader should have a work- 
ing knowledge of Martinelli’s paper in order to follow the 
ideas presented here. 


nD, 


Ny, = Nusselt number = 


Np, = Peclet number Np,- Np, = 
Np, = Prandtl number = 
Ne, = Reynolds number = 5. 
In = natural logarithm to the basee a Seal 
A = heat-transfer surface area, sq ft . .o~. 
D, = hydraulic diameter of channel, ft be r 
acyyAy 
c, = heat capacity at constant pressure, Btu/lb deg F 
f = Fanning friction factor (this is the only significant 
deviation from nomenclature used by Martinelli) 
h = heat-transfer coefficient, Btu/hr ft? deg F 
k = thermal conductivity of fluid, Btu/hr ft? (deg F/ft) 
q = rate of heat flow, Btu per hr : 
u = velocity of fluid, fph et 


' Department of Chemical Engineering, University of Tennessee, 
Knoxville, Tenn. 

_* President, Nuclear Development Associates, Inc., New York, 
N.Y. Jun. ASME. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., November 28-December 3, 
1948, of Taz AMERICAN Society OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
Pm eer as individual expressions of their authors and not those 
of the Society. Paper No. 48—A-51. me 


ansfer to Liquid Metals Flowing 
in Asymmetrically Heated Channels 


By W. B. HARRISON! anv J. R. MENKE? 


797 


y = perpendicular distance from channel wall to point in 
fluid stream, ft 
rw/p Na. Vf/2 
y*=y le = (y/b) VI/2 for parallel wall systems 
v + 
€H 
Qa = 
y = density of coolant, lb per cu ft 
e = eddy diffusivity, sq ft per hr eo 
= viscosity of fluid, Ib/ft hr va 
vy = kinematic viscosity, . sq ft per hr “t 
= mass density of coolant, lb-hr?/ft‘ 
= shear, psf 
Subscripts: 
asym = asymmetrical system 1 5 
m = mean condition 
max = maximum condition 
sym = symmetrical system 
w = refers to wall of channel Bylonee 
H = refers to heat eau 
> 
M = refers to momentum 
1 = refers tot and y/b at y* = 5 
2 = referstotandy/batyt = 30 
3 = refers to t and y/b at y* > 30 - 


A fluid flows between two plane parallel walls, w and w’. All : 
heat to or from the fluid stream passes through wall w. No heat 
flows through wall w’. 

The walls are separated by a distance 2b; the linear velocity 
(parallel to the walls) of the fluid at a given point is u; the dis- 
tance from wall w to a given point is y. It is assumed that the 
hydrodynamic and thermal fields are fully established, and it is 
postulated that the properties of the fluid are independent of 
temperature. 

The time variable has been neglected, and it has been assumed 
that, in the turbulent stream, the conditions described are rea- 
sonable averages with respect to time of the true instantaneous 
values. 

Utilizing the analogy between momentum transfer and heat 
transfer, one can predict heat-transfer coefficients if velocity 
distribution in the channel is known. It is the problem, then, 
to predict the relation between Nusselt number and Reynolds 
number for fluids having various Prandtl numbers. Since the 
true values of the eddy diffusivity near the center line of a chan- 
nel are not well established, the effect of different eddy-dif- 
fusivity values on the theoretical heat-transfer predictions for 
this case of asymmetrical heating will be examined. 


STATEMENT OF THE PROBLEM 


ay 


THEORETICAL APPROACH TO THE PROBLEM 


Fin 

4 

> 

| 

IMENCLATURE 
The following nomenclature is used in the paper: 

4 
R 

By defi 


TRANSACTIONS OF THE ASME 


where ¢, is the wall temperature and (,, is the mixed mean fluid 
temperature at the same cross section. 


But 
lt 
—k ( ) (2] 
dy y=0 
where k is the thermal conductivity of the fluid at the wall. 


t= 


Buffer layer (y* 


= 


Turbulent core (y* 


iy dere 


hD. 4hb  d(y/b) 
N = - = 4 4 


ts = 5Qa Np, + 


= § to y* 


= 30 toany y;/b> y2/b @ y* 


fly/b) = 


OCTOBER, 1949 


dt = 5Q In (1 + 5aNp,)....... ra 


= 30) 


Thus the temperature drop from the wall w to any point in the 
stream farther from the wall than y2/b @ y* 


5Q In (1 + 5a Np,) 


= 30is 


erdanae - 


Similarly to the development in Martinelli’s paper, y/b and eddy f(y /b) + 
diffusivity of heat eg, may be assumed equal to zero in the pe 
laminar region near the wall. And, by definition anit! 7 
d(y/b) 
Abuny .. f/2 y 
aNp, Vf/2 d(y/b) 
max 


E dt _ _ Np. Vf/2 (6) 
d(y/b) _jy/o=0 4 4 


N Nu(asym) = 2 
[5aNp, + 51n(1 + 5a f d(y/b) + 
Umax y2/b Umax y2/b fly/b) 


ya/b (i 
=Q err 


—— d(y/b)d(ys/b) 
aN Pe 


The treatment for the symmetrical case is identical to the 
treatment of the asymmetrical case except that q/A is zero at the 
| 
center line of the channel rather than at wallw’, 
Then, for the turbulent core 


b 
y/b) d(y/b).. . (13] 


aNp, V/f/2 


1 y3/b 
[Ba Np, + 5 In (1 + 5aN'p,)] Te d(y/b) + 
0 u dmax y2/b Umax y2 /b 


The preceding equations hold for both the asymmetrical and the Acs 7 
ty — ts; = 5Qa Np, + 5Q In (1 + 5aNp,) 
Assuming that the laminar layer extends from y*+ = Oto y* = 5 + teed 
that the buffer layer extends from y+ = 5 to y*+ = 30; and that “as Fash) Erie . pony 
the turbulent core extends from y+ = 30 across the channel, a ’ hacia 
the following temperature-drop equations were developed for the yienst 
asymmetrical case: ~ (by ta) d(y/b) 
Laminar layer (y 0 to y 5) 7 dly/) 
th 0 Umax 
It follows that MBA cu! 
Np, Vf/2 d(y/b) 
N; ae 


—— d(y/b) d(ysb) 


aNp,Vf/2 


t 
a 


de 


m 


or 


oa] 


id 
Metz 
ir 
t 
7 
al 
Ww 
te 
j 
Si 
| 
os 
os 
= 
? 


1e 


1] 


13} 


(16) 
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= 


In comparing symmetrical and asymmetrical systems, having re Nr, = 108; Np, = 0.005, 0.01, 0.05, 0.70 = . 
the same distance between walls, the same Reynolds number, Vv. = 10° No =0.005.00100 © 
and the same Prandtl number, it is seen that the ratio of Nus- 
selt numbers is as follows Nr, = 10*; Np, = 0.01 - _ 

+ 5 In (1 + 5aNp,)] dy/b) +2 d(y/d) d(ys/b) 
0 Umax y2/b Umax y2/b (y/b) + 
] asym) P Np / 9 

[5a Np, + 5 (1 + 5a Np,)] — d(y/b) + d(y/b) d(ys/b) 

0 Umax y2/ b 
S(y/b) + aN, Vif 


0 Umax 0 Umax 
j 


the first part of the numerator in the right-hand side of the equa- 
tion is equal to the first part of the denominator. The difference 


in the second parts of the numerator and denominator results 
from different boundary conditions, that is, heat flux is assumed 
to be zero at the center line of the channel in the symmetrical 


| \\ 


system, but it is zero at wall w’ in the asymmetrical system. 


| \ 
\ 


CALCULATIONS 


| 


is 
Data of Nikuradse (2) were used to evaluate rea = * 


and these functions of y/b are shown in Figs. 1 and 2. The data 
were taken at Neg, = 1.34 X 105, and the functions were assumed 
to remain the same for all Reynolds numbers between 10* and 


NOTE | 


FRom oF NmURADSE 
FOR PARALLEL PLATES, Re=134x 10° 

fl/b) ASSUMED APPROXIMATION 

f'Wb) FROM CATA OF NmKURADSE 
FOR ROUND TUBES ; Re=105x al 
TO 


10°. The values of 


22 
determined experimentally are referred to as f(y y/b). Using > — 
f(y/b), Nusselt numbers were calculated for the following asym- line 
metrical cases: ai ° 
° 


| Ss 
N 


‘i 


os 


1) Verocrry Disrrisution Between PARALLEL PLaTEs 


o2 o¢ os os 


Fie. 2 Eppy Dirrustvity or MomENTUM 


Results of these calculations are shown 
in Table 1 and in Figs. 3, 4, and 5. 

In order to explore the effect of the shape 
of the eddy-diffusivity curve near the 
center line of the channel, calculations 
were repeated after making the assump- 
tion that the eddy diffusivity remains 
constant at its maximum from 0.5 < y/b 
< 1.5. This is shown as f’(y/b) in Fig. 2. 
A paper by Brooks and Berggren (3) pre- 
sents evidence in support of this assump- 
tion. There is some indication that eddy 
diffusivity goes to a maximum at the center 
line of a channel (4). One case was re- 
peated using the eddy-diffusivity data which 
Nikuradse (5) obtained in circular tubes. 
For this case, ¢4, was assumed to go to zero 
at the center line, as in Martinelli’s paper. 
This variation of 


| | | 
: 
| 
j 
05 
1 
— 03 
12] | 
the 
the 
— 
on 
= 


NUSSELT SY FOR ASYMMETRI- TT 


TE 
Np, Np, Nyw 4 
0.00 108 18.4 =, 4 
0.05 5 X 108 
0.005 5 X 102 8.0 4 
0.01 103 9.2 
0.05 5 X 103 20.5 f(y/b) foe 
21:8 
0.0 10 LA } 
ae 
10 
UNE _ Basis 
fist 
rt 
100 
Nu 
Re 
10° 
30 
20 Fig.3 Piotror Nusse.tt NuMBERS CALCULATED FOR ASYMMETRICAL 
CasE 
T 
ma LI (Note that Prandtl, Nusselt, Reynolds, and Peclet numbers in Fig. 3 and 
= | | subsequent figures correspond to text notation as follows: Pr = Np, in 
text; Re = Np. intext; Nu = Ny, in text; Pe = Np, in text.) 
r - Re Nu Pe 
» form | | 
—-—| 
— 
‘ is shown in Fig. 2 as f’(y/b). Nusselt numbers calculated by 
Re means of f’(y/b) and f"(y/b) are also shown in Table 1 and Figs. 
3 and 4. The integrations involved in the calculations were 


Fie. 4 ComParRIsSON OF CALCULATIONS FOR SYMMETRICAL AND 
AsyMMETRICAL Cases Havine Np, = 0.01 © 


performed graphically. In all cases, a was assumed to equal 


Va 


0 
LALA 
LZ. 
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10" Ag. | 
Nu 
4 
S THROUGH VALUES PRESENTED BY Re=0® a 
= 
_ val SYMMETRICAL CASE CURVES THROUGH VALUES CALCULATED + 
FOR ASYMMETRICAL CASE zis ames 
LIMITING VALVE ASYMMETRICAL CASE | 
| 
NOTE: DASHED LINES REPRESENT 
Nu =0.023 prs 
Pe =Re- Pr 
10 10" io 10° 10 


Fie. 5 Nwyu Versus Np, FoR SYMMETRICAL AND ASYMMETRICAL SYSTEMS 
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DISCUSSION OF FIGURES 


As mentioned, Fig. 1 shows u/umax versus y/b, and —_ 
€ 
= = versus y/b 
b V Tw/?P 


is shown in Fig. 2. In Fig. 3 are plotted all the Nusselt num- 
bers calculated for the asymmetrical case. It is hoped that the 
scope covered by these calculations can be broadened by ad- 
ditional calculations at a later date. Fig. 4 is a comparison of 
Nusselt numbers calculated for an asymmetrical flat-plate system 
with values presented by Martinelli for a symmetrical flat-plate 
system and circular tubes, Prandtl number being constant at 0.01 
for all calculations shown. One value shown in Fig. 4 points 
out the difference in Nusselt number which results from using 
Nikuradse’s experimental data for ey near the center line of the 
channel, rather than the method of Martinelli. 

Fig. 5 utilizes a suggestion made by R. N. Lyon (6) for com- 
paring the calculations for symmetrical and asymmetrical sys- 
tems. It is seen that, when plotted as Ny, versus N p,, a smooth 
curve fits all calculated points rather well. This method of 
presentation also points out under what conditions the equation, 


Nyy = 0.023 Np,/*. [18] 


can be expected to hold, that is, if Np, = 0.7, Equation [18] 
and Martinelli’s calculations are almost identical for all Peclet 
numbers greater than 2 X 10‘. Then, for symmetrical systems, 
it is indicated that Equation [18] may be used for cases having 
Np, > 0.7 and Np, > 2 X 104, and Martinelli’s calculations should 
be used for Np, < 0.7. For asymmetrical systems it is indicated 
that Equation [18] can be used for Vp, > 1.64and Np, > 104, and 
that the calculations furnished in this paper should be used for 
Np, < 1.64. 

Limiting values of Nusselt number were taken from Norris 
and Streid (7) for the symmetrical case, and from Jakob (8) for 
the asymmetrical case. Both calculations are based upon con- 
stant heat flux and parabolic velocity distribution. One would 
expect the minimum for turbulent flow to be slightly higher 
since the velocity distribution is more nearly uniform than the 
parabolic distribution on which their calculations were based. 

Figs. 6 and 7 are discussed in the following section of this 


paper. 


RECOMMENDATIONS FOR AN EXPERIMENT 


Fig. 6 shows a typical plot of 


for the turbulent core. From the development of the asym- 


metrical equation, it is seen that ce Fey 
or 

. 

te 4 abt 
in the turbulent region. In the symmetrical system sisiaw ud 
1 dt 1— y/b 


The curves resulting from the use of t'(y/b) and f"(y/b) are also 
shown on Fig. 6. It should be possible to obtain the variation of 
eddy diffusivity of heat across a channel by making a traverse 
’ across the channel with two thermocouples a fixed distance apart. 
This should give direct experimental measurement of oe 
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Fie. 6 Prior or CatcuLatep TEMPERATURE DERIVATIVES SHOWING 
Errect oF Eppy-Dirrusivity VALUES FOR AN ASYMMETRICAL CasE _ 


dt 


and, as seen in Fig. 6, the shape of cheanene near the center line 
of the channel should indicate what happens to the eddy dif- — 
fusivity. It is likely that velocity explorations in the same chan- | 
nel might yield more information on the evaluation of eddy dif- — 
fusivity of momentum and, in turn, a. 

Fig. 7 shows a typical plot of temperature distribution _ Stumm 


versus y/b 
ty — ty 


It is seen that the shape of this curve is also greatly affected by a 
the shape of the eddy-diffusivity curve. This fact also may be 
utilized in studying the eddy diffusivity. The effects produced 
by f(y/b), f’(y/b) and f"(y/b) are more pronounced in Fig. 6 
than in Fig. 7, but careful experiments should enable one to 
explore the center region adequately, utilizing either of these 
types of plots as a basis for study. 

A method for examining the asymmetrical heat-transfer coef- 
ficients would be in a “‘figure of eight’’ system in which the heat 
exchanger is composed of two rectangular channels having a 
common wall. Other confining surfaces of each stream should 
be insulated so that all heat is transferred through the wall be- 
tween the two streams. By choosing the fluid and operating 
conditions so that the temperature difference between the two 
streams is not great enough to make the physical properties of 
the streams appreciably different, the heat-transfer coefficients _ 
should be the same on both sides of the wall, lending simplicity — 
to an experimental study by eliminating the need to measure the © 


temperature of thecommon wall, 
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CONCLUSIONS 


Theoretical work by Martinelli on heat transfer to molten 
metals has been extended to cover the asymmetrical system hav- 
ing fluid moving between two plane parallel walls, only one of 
which permits heat transfer to the stream. At low Peclet num- 
bers, Nusselt numbers calculated in the manner outlined are 
roughly 50 per cent of the values presented by Martinelli for 
symmetrical systems. At high Peclet numbers, asymmetrical- 
system calculations are about 67 per cent of the symmetri- 
cal system calculations. 

Suggestions have been made regarding an experimental ap- 
proach for finding the variation of eddy diffusivity across a flat 
channel especially in the vicinity of the center line, and also 
for determining heat-transfer coefficients in asymmetrical sys- 
tems. 

This paper is not considered to be complete in itself, but only a 
brief extension of the work presented earlier by Dr. R. C. Mar- 
tinelli. 
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R. N. Lyon.’ It is of interest to compare the results of these 
calculations with those of Martinelli in an effort to find some 
roughly accurate general relationship between them. If the 
values of Ny. for symmetrically heated parallel plates, for asym- 
metrically heated parallel plates, and for symmetrically heated 
tubes are plotted versus Np, X Nr, or Peclet number N »p,, three 
lines can be drawn which approximate the three conditions. 

Inspection of the three lines reveals the interesting fact that 
the following relations hold with reasonable accuracy up to 
N pr about 0.5: 


Discussion 


Nwuwym) = 3 + Nyucct at the same value of Np, she 
Nwu(asym) = 0.7 Nywct) at the same value of Np, 
N = (0.7 [N nuteym) — 3] or [0.7 N nueym) 2.1) at the 
same value of Np, 


In all these cases D in Ny, = hD/k and Np = cuyD/k is the 
usual 44 /Pw where A is the flow cross section in the channel and 
Pw is the wetted perimeter. 

The theoretical significance of these approximations, while 
interesting for speculation, is probably not important. It is 
felt, however, that there may be a practical value in being able 
to convert from one situation to the other by such simple means. 


R. C. MartIneuu.* Since a paper by the writer’ is used as 4 
basis for the present paper, it should be pointed out that an 
error was made in that paper.?’ This error was first noted by 
Mr. R. N. Lyon. 

The temperature distribution for the limiting case of Np, = 0 
was shown in the former paper’ as a series of broken straight lines. 
Actually the temperature distribution should have been parabolic. 
The equations in the reference are correct and give this parabolic 
curve, but a numerical error was made in establishing the curves, 
which gave the erroneous temperature distribution for N pr = 0. 
Luckily, this error seriously affects only calculations for Nr < 
0.003, and fluids with Nr 0.003 are rare. In order to set the 
record straight, however, the corrected values of (tw — !m)/ 


5 Oak Ridge National Laboratory, Oak Ridge, Tenn. 

6 Associate Professor of Mechanical Engineering, University o 
California, Berkeley, Calif. Mem. ASME. Deceased January % 
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7 See authors’ Bibliography (1). — 
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(tw — t-) and the Nusselt modulus are tabulated herewith (Tables It is evident that the values of Vy, are for all practical purposes 
2-5). In these calculations the friction factors for smooth pipes — the same as those shown in the writer’s paper,’ but the values of 
presented by Moody® were utilized. (tw — tm)/(tw — te) differ at the lower values of Nr, where the 
curves in the former paper were shown dotted. None of the 
TABLE 2 RATIO (te — tm/te — te) FOR CIRCULAR PIPES conclusions reached in that paper is changed by this correction. 

NRe 


The extension by the authors of the analogy between heat and 


2000 104 108 106 107 
0 0.600 0.564 0.558 0.553 0.550 momentum transfer to asymmetrically heated channels is very 
0.01 0.621 0.589 0.639 0.738 0 813 transfer in asymmetrically heated annuli. 
.76 0.825 0.86 ‘ 
865 877 It is evident that the greatest difference between heat 
10 0.943 0.958 0.962 0.963 0.966 — svmmetri 
002 008 transfer in sy mmetrically and unsymme trically heated channels 
occurs with molten metals. Experimental data for heat transfer 
Is are necessary in order to verify the analysi 
TABLE 3 RATIO (tw — tm/tw — te) FOR FLAT PLATES to molten metals are n iio y — 
presented. 
e 

—NPr 4.89 X 103 2.20 X 10* 2.16 & 105 2.12 xX 106 2.10 x 107 The data of Corcoran, Roudebush, and Sage,? and Woertz and 
0.00 0 Sherwood,?® may help clarify the question of the eddy diffusivity 
0.0001 0.72 0.715 0.746 
0.001 0.754 0.726 0.719 0.754 0.818 at the center of a channel. a 
0.01 0.758 0.731 0.769 0.824 0.874 
0.1 0.791 0.798 0.839 0.881 0.908 
1.0 0.864 0.913 0.918 0.931 0.940 AutHors’ CLOSURE 
10 0.966 0.972 0.974 0.976 0.977 a 

100 9.995 0.996 0.996 0.996 0.996 The authors wish to acknowledge with appreciation the interest 
TABLE 4 NUSSELT MODULUS FOR CIRCULAR TUBES shown in this paper and the discussions by Dr. Lyon and Dr. 
NRe Martinelli. It is pleasing to note that the relations presented in 
NPr 2000 108 108 108 107 this paper have been applied by Dr. Lyon to the analysis of ex- 
perimental data on sodium-potassium alJoy flowing in an annulus." 
0.001 5.78 7.08 8.06 13.3 43.3 The data appear to confirm the predictions within the limits of 
experimental error and the uncertainty regarding physical prop- 
0.010 6.01 7.97 14.5 48.7 244 erties of the alloy. Dr. Lyon has recommended approximate 
0.070 6.75 12.2 42.6 205 1224 equations which should be v ery useful to workers in this field. ; 
0.100 7.10 14.0 53.0 271 1649 Further research is being conducted at the University of 
0.700 11:3 31.2 179 1128 7666 Tennessee on heat transfer to mercury flowing in an asy mmetri 
1.000 12.9 36.7 217 1416 9953 cally heated rectangular channel, and it is hoped that the data will 
> 2 12 
TABLE 5 NUSSELT MODULUS FOR FLAT PLATES be available in the near future. 
(Wales It is with some shock that the authors must record their in- ; 
NPr 2000 104 105 108 107 ability fully to acknowledge the contributions of Dr. Martinelli. 
0 8.2 10.2 11.3 11.3 He we n itle O SAV oN ” 
9.0001 as entitled to say, ‘‘Non omnis moriar. 
0.001 8.3 10.2 12.0 16.2 46.0 
0.003 8. 10.3 13.1 26.6 10: 
0.007 11.0 16 1 “Temperature Gradients in Turbulent Gas Streams,” by W. H. 
0.010 8.6 11.2 18.3 54.0 260 Corcoran, N. Roudebush, and B. H. Sage, Chemical Engineering 
0.030 ..7 12.6 30.5 116 640 Progress, vol. 43, 1947, p. 135. 
= 10 “The Role of Eddy-Diffusion in Mass Transfer Between Phases,” 
: 0.300 10.2 23.8 110 658 4200 by B. B. Woertz and K. T. Sherwood, Trans. AIChE, vol. 35, 1939, 
0.700 12.1 34.0 183 1160 7800 p. 517. 
1.000 13.9 40.0 225 1450 10200 11 “Heat Transfer at High Fluxes in Confined Spaces,” by R. N. 
Lyon, PhD Thesis, University of Michigan, 1949. 
i. riction Factors for Pipe Flow,” by L. F. Moody, Trans. 12 Department of Chemical Engineering, University of Tennessee, 
ASME, vol. 66, 1944, pp. 671-684. Knoxville, Tenn. 
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By FRANK KREITH! ann MARTIN SUMMERFIELD,? PASADENA, CALIF. 


Surface coefficients of heat transfer have been obtained 
at rates of heat flux up to 3 Btu/(sq in.)(sec) for water 
flowing in stainless-steel tubes at mass-flow rates up to 
5.4 lb per sec-sq in. The nonboiling forced-convection 
data were correlated by the Colburn equation Nu, = 
0.023 Re,°-* Pr,'/* within *5 per cent, but, with surface 
boiling, considerably larger Nu moduli were observed. 
When surface boiling occurred, the wall temperature was 
determined primarily by the pressure, being relatively in- 
sensitive to variations in velocity, heat flux, and bulk 
temperature. The maximum heat flux that could be 
removed under given conditions was limited by an un- 
steady-flow phenomenon. Data for pressure drop with 
and without nonboiling heat transfer are presented and 
correlated by an empirical viscosity correction factor. 


NOMENCLATURE 

The following nomenclature is used in this paper: 
area 
constant 
specific heat 
friction coefficient 
Cr (isothermal) 

= voltage drop 
= heat-transfer coefficient 
= gravitational constant 


“ou 


™ 


conversion constant 
dimensionless heat-transfer modulus 


Re Pr Mp 


dimensionless heat-transfer modulus 


( Nu; ) 
Re,Pr,'/* 


= 


4H = frictional pressure drop in head of liquid 

K = thermal conductivity 

L = length 

P = pressure 

q = rate of heat flow 

R = resistivity 
V = velocity 
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Heat Transfer to es at High Flux — 
ties With and Without Surface Boiling 


z = distance = 

Az = tube-wall thickness a ~ 

Re = Reynolds number Va 
Nu = Nusselt number 
Pr = Prandtl number 
a = temperature coefficient of electrical resistivity a 
8 = temperature coefficient of thermal conductivity — 

u = absolute viscosity 

vy = kinematic viscosity 

p = mass density 

Subscripts: 

B = boiling ad 
CS = cross section 

f = arithmetic-mean temperature conditions 

F = fluid bulk 
FC = nonboilingforcedconvection 
H = heat transfer 
o = outside 
W = wall 
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INTRODUCTION 


Uncertainities existing in means for predicting heat-transfer 


: coefficients of liquids at severe temperature gradients adjacent to 


the surface, especially when the surface temperature exceeds the 
boiling temperature of the liquid, led to an experimental study of 
heat transfer at heat-flux densities above 0.5 Btu/(sq in.) (sec). 
The need for such heat-transfer data arises particularly in the 
design of liquid-cooled rocket motors where heat fluxes as high 
as 6 Btu/(sq in.) (sec) have been encountered, and in more recent 
power-plant developments. 


EQuIPMENT 


A choice among steam, gas combustion, or electric heating was 
considered as means of providing high heat fiuxes, and the use of 
an electrical heating source was decided upon for the following 
reasons: 


1. Theheat-flux density is uniform. 
2 Heat-flux densities up to 10 Btu/(sq in.) (sec) can be ob- 

tained. 

3 The control of heat flux is relatively simple. 

4 Many geometric configurations of cooling channels can be 
studied with the same over-all setup. 

5 A reliable check on the thermal-energy output can be ob- 
tained by comparison with the electric-power input. 


The following is a description of the equipment designed for the 
purpose of investigating heat transfer from a metal wall to a 
coolant at severe temperature gradients, for which the available 
information is inconclusive (1). A line diagram illustrating the 
over-all setup of the equipment is shown in Fig. 1. The power 
is supplied by a 100-kva 440-volt step-down transformer whose 
secondary voltage can be varied from 20 to 40 volts in fifty-six 
steps by means of knife switches tapped from the primary wind- 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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electrically from the test section with Durablo washers, Fig. 2. 

The physical dimensions of the test sections are given in Table 1 

and Fig. 3 shows the over-all installation with a vertical test sec- 
tion. 

To protect the test section and personnel, several safety 

p NSULATING switches were included in the electrical system. These switches 

were designed to shut off the power supply when the safety 


ELECTRICAL INSULATION JOINT 
< BARTON PRESSURE GAGE 
TRANSFORMER H j 


THERMOCOUPLES 


WEAT-TRANSFER door to the knife switches was opened, when the pump was 
mies | turned off, and when the temperature of the tube reached 1000 F. 


EXPERIMENTAL TECHNIQUE 


CURRENT 


Measurement of Temperatures at Liquid-to-Wall Interface. 
PROVISION FOR 


Es, The most important and also the most difficult task in heat- 
ne EM transfer studies is the determination of the temperature of the 
| heat-transfer surface. It was not possible to measure a tempera- 

= 


FLOWMETER 


PRESSURE Tap INSULATION =-- TUBE 
FITTING > F 


Fig. 1 Frow anp Wrrine DraGraM For Evecrricatty I 
SECTION 


ing. The electric power is dissipated in the test section which 
acts as a resistance element and is cooled by the test liquid in 
forced circulation. The heat-flux output. for a given resistance 
of the test section can be decreased to about one quarter of the 
maximum by changing the voltage potential. The maximum 
heat-flux density of a test section is only a function of the total 
resistance and the heat-transfer area is shown by the following 
equations 


E? 1 
> 
R'A 1.054 


In practice heat-flux densities as high as 10 Btu/(sq in.) (sec) 
can be obtained by a proper balance between the cross-sectional 
area and heat-transfer area of the test section. 

The test fluid was circulated by means of a Byron Jackson Hy- 
droplex 10-stage centrifugal pump with a capacity of 50 gpm at 
500 psi outlet pressure. The heated fluid was cooled by a three- 
pass tubular heat exchanger before returning to the tank. Flow 
measurements were taken in the return line by means of rotame- 
ters at flow rates below 1.5 lb per sec and by means of a double- 
orifice flowmeter at higher rates of flow. For the boiling heat- 
transfer tests a Grove model 161, constant-flow control valve was 
installed in the line between the pump and the test section to 
maintain a constant flow rate at different back pressures. 

All test sections which were used in the experiments consist of 
stainless-steel type 304, commercially drawn tubes, whose ends 
are silver-soldered to a copper block as shown in Fig. 2. The jpyg. 3 Vertica, TusuLAR Test Secrion II aND TRANSFORMER 
copper blocks on each end are connected to the secondary outlets Setup 
of the transformer. The inlet and outlet lines connecting the test (Upper left-hand corner: Mixing chamber (insulation removed). Le/t 


Test section with wall thermocouples. Center: Current leads and power 
section to os rest of 1 the hydraulic flow system are insulated panel. Hight: Transformer and voltage switches.) — 


riction —Heat-transfer test section- 
test section I Il Ill 
Heated length in 38.1 38.1 17.5 17. ‘. 
Inside diameter (ID), in.... 0.527 0.535 0.587 0.5 
Wall thickness, in. 0. 0.0015 +0. 0003 0.0208 +0.0003 0.0208 + 0003 
ope ( hes).. @0 50. 60 45 55 45 
urface rms microine es to s 5 to to 
Position of axis. Horizontal Horizontal Vertical Vertical 


Flow area, sq in 0.218 0,22 9.2705 vie 2705 
Heat-transfer area sqin..... 64. 32.3 


@ All test sections were of stainless-steel type 304. 


e 

. 
‘ 
} 

Tiss De SILVER 

RN h. SOLDER 4 

sil 
Fic. AsseMBLY Drawine or TypicaL Test SEcTION in 
sul 
| 

sul 
int 

hie 
in| 

— on 

the 
Ten 
is e 
(rm 


ture at the inner wall of the electrically heated tube directly. 
Therefore the temperature of the liquid-to-wall interface for the 
electrically heated test section was calculated from measure- 
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TEST 6 
— PRESSURE ps:0 
FLOW 0.620 sec 


4 
ments of the outer-wall temperature, the voltage drop, and the 
electrical and physical properties of the test section. A spot- 308 , UPPER WALL 
welding technique which is described elsewhere (2) was modi- 
fied to install iron and constantan wires 0.005 in. OD to the outer ° em 7 TeerEns 
surface of the tube. 
Fig. 4 is a diagram of the spot welder which was developed at 
this laboratory for fusing small wires to a metal surface without “°° ounuet 
TEMPERATURE 
10,000 bv SPRING-LOADED SWITCH 
16 32 48 72 | su q | | 
hast T T T 
RCA 8O TUBE = 
DISTANCE FROM ENTRANCE TO HEATED TUBE in) 
Fie.5 Typicat Test Wits Surrace Horizontay Test 
SECTION 
ase { 
Fig. 4 WrrinG DiaGRAM OF Spot WELDER 
' 
any visible effects on the wire or the surface to which the wire is ' 
attached. The wire was held lightly to the surface by means of a y . 
. . 
pair of copper tweezers, and the condensers were discharged 
. 
simultaneously. The resulting fusion weld was found to be stron } Tr 
in tension but weak in bending. Usually, however, not more than + 22 
one out of twelve wires broke loose upon starting when the tube 2 computeo \ 3 ier ho. 
expanded suddenly and imposed a sudden bending moment on remperature| | 3 acme 
the wires. The wires of a thermocouple were installed about !/32 or 
in. apart in a plane perpendicular to the axis of the tube. ; 
365 
The temperature of the inner-wall surface was calculated from ¢ \ 2 ~ Se 
Equation [3], expressing the temperature distribution in an elec- t 3 
e 362 ke 362 
trically heated tube which is thermally insulated on the outer 3 \ 5 7 
surface (reference 3 for derivation) BOILING 


aw [1 Kea) 
dr? r K (dr) dr JKR 
The equation was solved by the use of Taylor’s series; the re- 


sulting expression for the temperature at the metal wall-to-liquid 
interface is 


(1+ BT,) (1 + aT) 
mdz? m%(3a + 4a8T, + 8) 


m 


3r,(1 + BT.) (1 + aT.) 6(1 + BT,)* (1 + aT,)* 
Az 
+ 7720 4 BT) ak 


The location of the thermocouples for both test sections is shown 
in Figs. 5 and 6. 

The electromotive forces of the thermocouples were recorded 
on a self-balancing Leeds and Northrup “Speedomax,” using an 
ice bath as the cold junction. The possibility of interference with 
the operation of the Speedomax recorder by the alternating cur- 
rent present from the heater was investigated. The Speedomax 
is equipped with an internal filter, and the application of 60-mv 
(fms) across the thermocouple leads produced no observable 
effect regardless of phase with respect to the line voltage supply- 
ing the Speedomax. Presence of alternating-current voltages 
between the signal leads and ground caused serious trouble if 


the recorder case was grounded through an additional connec- 


wo 


WATER FLOW 0.62 ID/sec 

PRESSURE 20 psia 

10 0.587 in 

162 

sec NUMBERS ALONG TUBE REFER TO 

ORIGINAL TEMPERATURES INDICATED Pye 
THERMOCOUPLES WELDED TO 
OUTER SURFACE 


Fic. 6 Typicat Test Surrace IN VERTICAL TEST 
SECTION 


tion. If, however, no external ground was used with the Speedo- 
max, no effect of alternating current was observed. 

Measurement of Heat-Flux Density. One of the advantages of 
an electrically heated test section is the fact that the thermal- 
energy output can be checked accurately and independently by 
comparison with the electrical-power input. 

The electrical-power input was measured with a Weston model 
310 single-phase wattmeter which was connected directly across 
the voltage potential of the test section. The current was meas- 
ured through a current transformer with a 500 to 1 transfor- 
mation ratio. 

The thermal-power output was determined from measurements 
of the rate of flow, average temperature of the liquid, and tem- 


perature rise of the liquid while it was flowing through the test 
section 
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Entering-liquid temperatures were obtained - means of a pre- 
cision thermometer and a thermocouple. The difference between 
inlet and outlet temperatures of the liquid was measured directly 
by using the inlet line as the cold junction and the outlet mixing 
of chamber as the hot junction. Three iron-constantan thermo- 
eouples were connected in series to obtain a large electromotive 
_ force (emf) output and an average temperature. The differen- 
tial temperature was measured on a Leeds and Northrup pre- 
cision hand-balancing potentiometer several times during each 
test. 

a The heat-transfer area was clearly defined by the heated por- 
tion of the tube between the copper blocks. The heat-flux density 

___ could then be computed by either one of the following equations 


q _ we, (Tou — Tin) 


[6] 
[7] 


. = Measurements of Flow Rate and Pressure. Two rotameters in 
parallel were used to measure the flow rate of liquid up to 1.5 
Ib per sec, and a double-orifice metering section was used at higher 
; rates of flow. The differential pressures across the orifice as well 
a _ as the test section were measured by means of Barton pressure 
. e gages. A mercury manometer was used for calibration of the 
Barton gages. The absolute pressure of the liquid leaving the 
test section was recorded by three Bourdon-type pressure gages of 
0 to 60, 0 to 200, and 0 to 400 psig range. The flowmeters were 
- calibrated after installation gravimetrically and the test pressure 
gages were checked with a dead-weight tester. The accuracy of 
a: the flow and pressure measurements was well within 1 per cent. 
a i Operating Procedure. The pump was turned on and the valves 
ss were set at the desired flow rate and test-section pressure. The 
_ Speedomax was turned on next, and the records of the thermo- 
- couple electromotive forces were checked against a precision 
‘mercury thermometer in the inlet line. The cooling water to the 
ts - heat exchanger was turned on, and the voltage set at the desired 


a: value. After the Barton gages had been bled, the power switch 
faa < was turned on. The mechanic and engineer took independent 
readings of Barton gages, pressure gages, mercury thermometer 

in the inlet line, and calibrating manometer during a test. The 
‘ temperature difference between the inlet and outlet lines was 

measured by means of a hand-balancing Leeds and Northrup pre- 


cision potentiometer and compared with the automatic record 
on the Speedomax tape. Steady state was assumed to have been 
reached when at least three successive cycles of records on the 
Speedomax were in agreement. The average time for one test 
was about 15 to 20 min. 

After 60 to 70 min of operation, a check test was made in order 
to ascertain whether dirt had been deposited on the inner surface 
of the tube. These tests were made under conditions of flow, 
pressure, and power input as similar as possible to each other. If 
any deviations in the wall temperatures were noticed, the test 
Bik was cleaned with a dilute solution of hydrochloric acid. 


Dirt formation was noted in early tests with tap water, and in 
subsequent tests distilled water was used. All reported heat- 
a a transfer data were obtained with distilled water. Since the water 
Was in equilibrium with atmospheric air at the suction side of the 
pump, it is probable that about 20 cc of air was dissolved per 
cc of water. 
ae Accuracy of Resulis. The greatest possibility of error is in- 
E. ~ me volved in the determination of the temperature at the metal wall- 
s to-liquid interface. One of the possible sources of error is the 
_ ia am recording potentiometer whose accuracy is +0.04 mv or 1.5 
_ deg F. Another possible source of error is the nonuniformity of 
oe the tube. The tube thickness varied +0.0003 in., and, since the 
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computed temperature id a the tube is a function of the 
square of the thickness (Equation [4]), the computed inner-wall 
temperature is accurate only to +3 deg F under most severe 
conditions, i.e., maximum temperature drop through the metal 
wall. 

The derivation of the equation for the temperature distribution 
in the electrically heated tube was based on certain assumptions 
which must be justified. The assumption of a zero temperature 
gradient at the outer surface, i.e., no heat loss to the surround- 
ings, appears to be valid. Theoretical calculations based on 
natural convection data,‘ indicate that less than 0.1 per cent of 
the total energy was lost to the surroundings. These calculations 
are substantiated by extremely close checks between electric- 
power input and thermal-power output. The electrical resistivity 
of the stainless steel was obtained from reference (5), and infor- 
mation regarding its thermal conductivity was secured by private 
communication with the Bureau of Standards. The linear vari 
ation of these properties with temperature, which was assume 
in the solution of Equation [3], agrees very well with the experi- 
mental data (5). Also, it should be pointed out that the result 
obtained with tubes of different length and thickness agreed 
within the accuracy of the measurements. Furthermore, thi 
experimental results in the forced-convection region agree with 
literature data obtained under similar conditions with a steam- 
heated test section. The accuracy of the temperature at the 
inner-wall surface is considered to be within +5 deg F in all tests. 

The heat flux determined by Equation [6] agrees with the 
electric-power input within 1 per cent in all nonboiling tests. In 
this manner the validity of the mixed-fluid mean-temperature 
measurements could be checked. For the tests in the boiling re- 
gion, the electric-power-input measurements were used for re- 
ducing the data because it was found that the temperature 
differences indicated by the thermocouples were consistently too 
low. It is believed that this discrepancy was caused by steam 
bubbles in the liquid stream whose latent heat had not been ab- 
sorbed at the point of installation of the thermocouples near the 
outlet of the test section. 


EXPERIMENTAL RESULTS 


Pressure Drop in Turbulent Flow With Heat Transfer. It has 
been observed (1) that at a constant flow rate the friction drop 
decreases when heat is added to a liquid. In order to obtain a 
quantitative comparison of friction factors with and without 
heat transfer, a series of tests with water flowing in a stainless- 
steel tube, 0.527 in. ID and about 38 in. long, was performed at 
heat-flux densities from 0.5 to 1.6 Btu/(sq in.) (sec) in the Reyn- 
olds number range from 80,000 to 200,000, and the results 
were compared with those obtained without heating, Fig. 7. 
The Reynolds numbers for tests with heat transfer were computed 
at the bulk temperature halfway between the entrance and exit of 
the test section. Tap water was used for all friction tests. 

It was found that the friction coefficient with heat transfer 
was from 5 to 16 per cent less than the isothermal value at the 
same bulk Reynolds number, and that the amount of reduction in- 
creased as the viscosity adjacent to the wall decreased. The 
ratios of the isothermal to nonisothermal friction coefficients are 
plotted versus the ratio of the viscosities at bulk temperature to 
that at the wall temperature in Fig. 8, in order to determine a 
correction factor. It was found that the nonisothermal friction 
coefficient was equal to the isothermal value at the same bulk 
Reynolds number times the ratio of viscosities at wall tempera- 
ture to bulk temperature raised to the 0.13 power. The experi- 
mental friction factors are predicted within 3 per cent by the use 
of the correction factor for the Reynolds number range from 


‘ Reference (4), p. 243. ee arty 
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100,000 to 250,000 as shown in Table 2. These results agree 
substantially with conclusions presented by McAdams.° 

Heat Transfer by Forced Convection Without Surface Boiling. 
The geometry of test section I was similar to that which was used 
by Hayes and Bartol (6) in a study of forced-convection heat 
transfer to water at Reynolds numbers and heat-flux densities 
comparable with the condition of the tests described in the pres- 
ent paper. It was expected that if the data were reliable, the 
tests in which no boiling occurred would show good agreement 
with the literature results. 

Fig. 9 provides a comparison of the nonboiling data obtained 
in the electrically heated tube with the results from reference 
(6), which were obtained in a steam-heated test section; the 
widely used Colburn equation is also shown on the same graph 


(7) 
0.023 Re,®.* 


N 
Re,Pr, 
Reference (4), p. 121. 
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STAINLESS-STEEL TUBE 0.527 inch 10 
C, 38.6 inches LONG 
x tSOTHERMAL 
© HEAT TRANSFER 
x 
0.008 
° 
° aro 0°0 
° 
0.004 
° 
Ou 
@0,000 100, 200,000 
REYNOLOS NUMBER ( BULK TEMPERATURE ) 
Fic. 7 Friction Factor Versus Reynotps NuMBER For HEAT 
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Fic. 8 Correcrion Factor FoR Friction CogErriciENT WITH 
Heat TRANSFER WITHOUT SuRFACE BOILING 
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Test Tw Rer X A uF X 105 pw X 105 
no, Ib m4 sec deg F 10-3 psi Cr X 108 (lb-sec/ 
sq ft) sq ft) Criso X 10? Cr’ X 10% CFrexp/Cr’ 
1 3.04 90 126 171 9.56 4.52 1.600 1.115 1.48 1.048 4.72 4.50 1.004 
2 3.04 92 138 175 9.33 4.41 1.565 1.00 1.57 1.060 4.70 4.43 0.998 
3 3.03 95 159 180 9.06 4.39 1.515 0.845 1.79 1.079 4.68 4.34 1.021 
4 2.18 115 154 158 5.01 4.64 1.235 0.875 1.41 1.046 4.7 4.58 1.015 
5 2.17 111 170 151 4.88 4.56 1.285 0.780 1.65 1.067 4.82 4.52 1.008 
6 2.16 114 202 155 4.74 4.47 1.245 0.630 1.98 1.093 4.80 4.39 1.025 
7 1.84 92 173 105 3.42 4.48 1.565 0.765 2.05 1.098 5.13 4.67 0.960 
8 1.82 97 219 110 3.22 4.33 1.480 0.570 2.60 1.132 5.10 4.51 0.973 
9 3.06 90 144 170 8.96 4.51 1.615 0.950 1.70 1.071 4.7 4.42 0.964 
10 3.06 90 181 172 8.48 3.99 1.600 0.620 2.58 1.131 4.72 4. 0. 
11 3.06 99 248 190 8.34 3.93 1.445 0.480 3.01 1.154 4.63 4. 0. 
12 3.06 89 157 170 9.17 4.32 1.615 0.855 1.89 1.086 4.73 4. 0. 
13 2.15 92 163 124 4.88 4.60 1.566 0.818 1.91 1.088 4.98 4.5 1. 
14 2.15 106 240 143 4.70 4.43 1.350 0.505 2.67 1.136 4.87 4. 1. 
15 2.15 107 283 146 4.45 4.23 1.335 0.410 3.26 1.166 4.85 4. 1. 
16 3.90 99 246 241 13.2 3.82 1.450 0.485 2.98 1.152 4.45 3. 0. 
17 3.90 92 187 224 13.75 3.98 1.566 0.690 2.27 1.112 4.50 4. 0. 
18 3.90 86 136 209 14.5 4.20 1.676 1.013 1.65 1.067 4.57 4.5 0. 


TABLE 2 FRICTION IN TUBE WITH HEAT TRANSFER? 


; tube ID, 0.527 in.; 


AT HIGH FLUX DENSITIES 


WATER FLOWING IN TUBE 

ELECTRICALLY HEATED TEST SECTION, 36 mches LONG, 0 529 inch © 
STEAM HEATED TEST SECTION ( CF REF 6) 60 inches LONG, 0410 inch ID 
© ELECTRICALLY HEATED TEST SECTION, 17 5 inches LONG 0 S87 ‘nck 1D 
' 0 4< Bu/saqin. sec 
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Fig. 9 j-FactorR Versus ReYNotps NuMBER FOR Forcep Con- 
VECTION WITHOUT SURFACE BoILInG 


The agreement between the nonboiling data obtained at this 
laboratory and those reported in the literature is seen to be ex- 
cellent in the experimental Reynolds number range from 50,000 
to 400,000, and at heat-flux densities from 0.5 to 1.7 Btu/(sq in.) 
(sec). The results obtained with test section II are also shown 
on the same graph, and the agreement is equally good. 

It should be pointed out, however, that the change of viscosity 
in the laminar boundary layer for water is relatively small 
(never larger than 2), and the effect of a severe temperature gradi- 
ent in more viscous liquids such as aniline may cause deviations 
from Equation [8]. In future tests it is planned to extend the 
experiments to more viscous liquids. 

The values of convective-film conductances, used for the evalu- 
ation of the Nusselt modulus, represent point values. Since the 
heat output is constant over the entire length of the tube, the 
heat-transfer coefficient could be evaluated at any point along 
the tube. In order to eliminate entrance effects, all test results 
were evaluated at distances larger than 12 diam from the en- 
trance. The change in bulk temperature was assumed to be 
linear along the tube. The results of one typical forced-convec- 
tion test are shown in Fig. 10, and the complete data and cal- 
culations for the other tests can be found in reference (3). 

For engineering calculations, it is often more convenient to 
use a Reynolds number evaluated at the bulk temperature. 
Sieder and Tate (8) have correlated heat-transfer data using the 
bulk temperature to evaluate the Re, Nu, and Pr moduli and 
correcting for the temperature gradient by means of the 


tube length, 39.625 in. 
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viscosity ratio of wall to bulk raised to the 0.14 power 
Nu 
i= 


0,14 
Pr’/* = 0.027 Re®-?........ [9] 
MP 


The experimental results agree with Equation [9] within +8 per 
: cent in the range of Reynolds numbers, based upon the bulk tem- 
ss perature, from 25,000 to 300,000. 

Attempts to correlate the experimental results with theoretical 
approaches such as presented by Boelter, Martinelli, and Jonas- 
sen (9) and Mattioli (10) were postponed until data on more 
viscous liquids are available. A cursory check on the y* value 
for test 1, Table 3, gave a value slightly below 5, which is in 
agreement with reference (9). 

Forced Convection With Surface Temperature Above Boiling 
Temperature of Liquid. There is a considerable amount of in- 
formation available for forced-convection heat transfer to a one- 
phase system (liquid or gas), but the forced-convection field, 
where the temperature of the surface in contact with the liquid 
is above the boiling temperature of the liquid and local boiling 
occurs, has not been studied to the same extent (11, 12, 13, 14). 
In particular, there is little information available in regard to the 
influences of pressure, velocity, shape of flow conduit, and surface 
finish on heat transfer with surface boiling to subcooled liquids 
at high velocities. 

In a series of preliminary tests with distilled water in test sec- 
tion I, the effect of surface boiling in the liquid adjacent to the 
wall upon heat transfer was investigated. Some of the results are 
illustrated in Fig. 5, where the bulk temperature and metal- 
surface temperature for a typical test are plotted as a function of 
distance from the entrance to the heated tube. It can be seen 
that the wall temperature is constant over the entire length, re- 
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-gardiess of the liquid bulk temperature which rises from 68 to 
160 F. The lower portion of the tube is at a temperature of about 
10 deg F below that of the upper portion. It is believed that this 
temperature stratification is due to an effect of gravity. The 
difference between the wall temperature and the boiling tem- 
perature of the liquid is constant over the entire test section. 

The data for test section I, presented in Table 3, are only a 
fraction of the total obtained. The results of a larger number of 
tests were discarded because later check tests indicated that a 
deposit had formed on the inner wall, especially in that portion 
of the tube where the water was the hottest. All data for test 
section I, which are presented in Table 3, with the exception of 
test 5, were obtained within 50 min after the tube was cleaned. 

Based upon the experience obtained in these preliminary ex- 
periments, test section II was constructed, and subsequently, 
data in the pressure range from 20 to 200 psia, the velocity range 
from 6 to 13 fps, and heat-flux range from 0.7 to 3.0 Btu/(sq in.) 
(sec) were obtained. The bulk temperature and metal-surface 
temperature for a typical test are plotted as a function of distance 
from the entrance to the heated tube, Fig. 6. Test section II 
was in a vertical position, Fig. 2, and it should be noted that there 
is little difference in wall temperature at any cross section. An 
additional test section, identical with test section II in physical 
dimensions but smoother in surface finish, was constructed and 
used in four tests. The data obtained in tests with sections II 
and III are summarized in Table 4 

The results of thirty-eight tests at mass-flow rates held within 
the range 0.72 to 0.82 lb per sec are shown in Fig. 11. The excess 
temperature 7'x, defined as the difference between the wall tem- 
perature and the boiling temperature, is shown as a function 
of test pressure for heat fluxes from 0.7 to 2.8 Btu/(sq in.) (sec). 
The pressure drop in the test section was always less than 0.25 
psi, and the test pressure was assumed constant from entrance 
to exit. The excess temperature was found to decrease with 
pressure at a given heat flux following approximately the rela- 
tionship 

Tx = C(P)~ 


This agrees quantitatively with experimental results in nucleate 
pool boiling of saturated liquids where it was observed (15, 16, 17, 
18, 19, 20, 21) that the temperature difference required to remove 
a given amount of heat decreases with an increase of the pres- 
sure on the system. Fig. 12, which was obtained by cross-plotting 
the average lines from Fig. 11, shows the excess temperature 
necessary to remove a given heat flux up to 3 Btu/(sq in.) (sec) 
at pressures of 20, 30, 50, and 200 psia for the flow-rate range men- 
tioned previously. 

In order to determine the influence of velocity upon the heat 
transfer, a series of tests at a mass-flow rate of 1.45 lb per sec was 
made, and the results are plotted in Fig. 13 as q/A versus 7'x, 
where, for comparison, the results from Fig. 11 are cross-plotted 
for the same pressures. Experimental data at 25, 63, 103, and 
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TABLE 4 HEAT TRANSFER WITH SURFACE BOILING IN VERTICAL TEST SECTIONS II 


Test w r TF Twave Tin q/A Btu/ Tout Tx 
no. lb per sec psia deg F deg F deg F (sq in.) (sec) deg F deg F 
Test Section II 
1 0.805 157 362 NB 80 0.7: 
2 0.807 158 362.5 NB 80 1.10 i 
3 0.801 158.5 363 377.5 80 1.58 14. 
4 0.809 158 362.5 383 80 2°10 20. 
5 0.810 110 334.8 360.8 81 2.10 26 
6 0.810 110 334.8 355.3 81 1.59 20. 
0809 110 334.8 347.8 81 1.12 13 
8 0.810 110 NB 81 0:73 
(tee ew: 0.810 65.5 298.5 NB 82 0.73 
7 10 0.815 65.5 298.5 321.5 82 1.1: 23 
0.775 60.5 293.2 326 82 115 33 
~ rebel 0.788 61 293.8 336.3 82 2.1! 42. 
ere 0.790 36 261 316.5 83 2:1 55. 
0.785 36 261 302.5 83 1.6 41. 
0.785 36 261 297 83 1.1: 36 
- 0.784 36 261 279.5 83 0.73 18 
17 0.820 22.5 234.2 264.2 84 0.73 30 
0.822 22.5 234.2 281.2 84 1.13 47 
— 0.820 22 5 234.2 291.2 74 1.62 57 
20 1.444 1 30 NB 76 1.13 ; 
1.440 103 330 NB 76 1.62 
Pa, Pal A> 22 1.440 103 330 351 76 2°10 21 
a 23 1.438 104 330.7 366 76 2.76 35. 
24 1.440 168 367.5 379 76 2°73 ll. 
25 1.470 25 240 260.7 75 1.13 20. 
26 1.437 24.6 239 281 77 1.62 42 
27 1432 24.6 239 289 77 2:14 50 
28 1.428 24.6 239 294 77 2°78 55 
oy 1.448 63 296 342 77 2.78 46 
: 1.440 63 296 333 77 2.12 37 
: 1.438 63 296 315 77 1.62 21 
0.725 17 219.5 274.5 76 1.14 55 
0.768 63 296 319 79 1.13 23 
0.738 40.5 268 299.5 1.13 31.2 
0.722 27.5 245.5 285.5 80 1.13 40 
0.720 16 216 271 80 1.15 55. 
0.770 202 382.5 401.5 81 2.08 19 
0.765 168 367.5 388.5 81 2.08 21 
0.768 102.5 329.5 360 81 2.10 30. 
0.768 62.5 295.5 334.5 81 2:13 39 
0.730 40.5 268 320 81 2:14 52 
0.780 16 216 276 81 2°15 60 
0.795 193 379 404 82 2°76 25 
0.790 139 352.5 384 82 2.77 31 
0.785 78 310 354 82 2.78 45 
0.765 45.5 275 327 82 2.80 52 
0.802 25 82 2.78 
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168 psia were obtained at heat-flux densities up to 3 Btu/(sq in.) 
(sec). The influence of velocity upon the temperature excess is 
seen to become smaller as the heat flux increases. 
Fig. 14 presents a comparison between forced convection and 
boilmg heat transfer. A bulk temperature of 150 F and mass- 
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Fie. 13 INFLUENCE or VELociTy Upon Excess TEMPERATURE FOR 
WATER IN VERTICAL TUBE WITH SuRFACE BOILING 


struction of the graph, which shows the temperature difference 
between wall and liquid necessary to remove a given rate of heat 
per unit area for forced convection with and without surface 
boiling. It can be seen that when the surface temperature 
reaches the boiling point of the liquid, the mechanism of heat 
‘transfer changes, and large increases in heat flux are accompanied 
by only minor increases in wall temperature. It can be seen 
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Accepting the conventional definition for the film conductance 
(Equation [11]), the ratio of conductances with and without 
surface boiling can be estimated readily from Fig. 14 using the 
following relation 


q 
wan — T'tuia) 


Se voit 2 AT no boil 


Seno boil 


where AT’ refers to the temperature difference between wall and 
bulk of fluid. It should be borne in mind, however, that this 
relationship holds only for the bulk temperature specified. For 
any other bulk temperature, similar curves can be constructed 
using the results presented in Fig. 13. 

Other investigators have shown that the nature of the solid 
surface has an important effect on heat transfer in the region 
of surface boiling (21, 22, 23, 24,25). To examine this effect, test 
section II was polished with emery cloth to a 40-microinch rough- 
ness, and a series of tests at g/A = 1.6 Btu/(sq in.)(sec) was 
made. The measurements are plotted in Fig. 15, together with 
data derived from Fig. 11, which were obtained with the same 
test section in the unpolished condition (50-microinch roughness), 
It can be seen that the excess temperature for the polished sur- 
face is about 25 per cent less than that for the original surface, 
at the same heat flux and test pressure. Although this result is 
rather unexpected, it agrees with theoretical considerations and 
experimental results by Larson (25), which indicate that the 
wettability of the surface and not the surface finish influences the 
excess temperature. Larson also observed an increase of Tx 
when the surface of a stainless-steel ebullator was roughened. 


that the influence of velocity is small compared with that of liq- 1 
uid’pressure.¢ WATER FLOWING UPWARD IN STAINLESS-STEEL TUBE 
Experimental results substantially in agreement with those re- FLOW 0 72 W> 0.80 ib/sec == 
ported here have been obtained by Minden and Kennel at the Massa- a/A + 1.6 Btu/ sain sec aa 
chusetts Institute of Technology under the direction of W. H. Mc- od 
Adams, working with an annular test section, the inner surface of | = bs 
which was heated. (Private communication from M.I.T. dated 7 
January 21, 1948.) N 
N COMMERCIAL TUBE 
to > rma 50 
Ty WALL TEMPERATURE © POLISHED TUBE 
T, ASSUMED 150° F 
STAINLESS - STEEL TUBE © S87 inch 10 > 
300 g A 20 30 50 100 180 
eh? g PRESSURE ( psic) 
all 8 Fie.15 Inrivence or SurFace Finish Upon Excess TEMPERATURE 
200 4 7 = = 
T 77 ‘4 = Not enough tests were made to establish this effect over the full 
/ ’ : range of heat flux, velocity, and pressure. It is believed that the 
eo ty 3 = uncertainty in wall temperature associated with this effect is not 
VA + Y et _ appreciable in the design of cooled rocket motors or other heat 
exchangers. 
080 [Z| conorions The foregoing discussion applies only to stable heat-transier 
ois st 4 | | | ‘ae a and flow conditions. No definite criterion for stability can 
| Lines For presented at this time. However, the following remarks are 
presented to describe the region where operation ceased to be 
stable: 
ei gee When the conditions of a test were such that, because of a low 
va velocity and high heat flux, the excess temperature exceeded 55 
V4 deg F and the bulk temperature near the outlet approached the 
ool + 1 boiling point within 60 to 80 deg F, the test section began to vr 
ate brate and the differential pressure oscillated considerably. 
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After this unstable condition had been reached, a further de- 
crease in velocity resulted in a failure of the test section near the 
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outlet end. The tube melted suddenly over a relatively narrow 
circumferential strip about '/s in. in width as shown in Fig. 16. 
A safety thermocouple, designed to cut off the power supply when 
the outer-tube temperature reached 1000 F, failed to operate 
even though its response time was less than 2 sec, and its location 
less than !/,in. from the melting zone. 

It is not clear whether the excess temperature difference or the 
bulk temperature (or a combination of both) limits the amount of 
heat which can be removed at a given velocity. An attempt was 
made to investigate the bulk-temperature effect by recirculating 
the water without cooling in the heat exchanger. Unfortunately, 
the results of this test could not be interpreted because the heated 
water caused corrosion in the mild-steel pump, and an iron-oxide 
was precipitated on the wall of the test section. It is necessary 
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Fiag. 16 Fatture or Test Section II 


either to install a high-quality filter on the downstream side of the 
test section, or to heat the water after it leaves the pump prior 
to entering the test section. 

These limits to the surface-boiling regime of heat transfer will 
be considered further. At this time, however, it is important 
to note that such limits exist, and to avoid them in the design 
of cooling systems. 


CONCLUSIONS 


The significant conclusions reached in the present experimental 
study of heat transfer at high heat-flux densities to water flowing 
ina tube are as follows: 


1 When heat is transferred to water in turbulent flow without 


2 surface boiling in a tube, the friction coefficient at equal Reyn- 
olds numbers decreases in accordance with the following ratio 

2 The conventional Colburn equation 

or Nu, = 0.023 Re,°-* Pr,'/s 

> correlates experimental data for water flowing in a tube in 

“ the Reynolds number range from 50,000 to 350,000 and at 
heat-flux densities from 0.5 to 2.0 Btu/(sq in.)(sec) within 5 

per cent. 

$5 3 The heat-transfer coefficient between a metal wall and a 

he liquid in turbulent flow cannot be predicted from the Coiburn 

4, equation when the surface temperature exceeds the boiling point 
of the liquid, 

™ 4 The surface temperature necessary to transfer a given 


amount of heat from a wall to a liquid when surface boiling oc- 
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curs is primarily a function of the pressure of the liquid. At a 
specified flow velocity, the surface temperature can be reduced 
below that required for nonboiling convective heat transfer = 
reducing the pressure to permit surface boiling. 

5 The temperature difference between the surface and the — 
boiling point of the liquid seems to be the driving potential . 
heat transfer by forced convection with surface boiling. This — 
temperature difference for water at a given heat flux was found to 
decrease at a velocity of about 7 fps as the reciprocal of the ab- 
solute pressure raised to the */, power. This agrees qualitatively _ 7 
with results obtained in pool boiling. 

6 The amount of heat which can be absorbed by the liquid 
at a given pressure and velocity was limited by an unstable flow _ 
phenomenon similar to that which occurs in flow with severe — 
cavitation. No definite criterion for the limit of operational _ 
stability can be presented at this time. 7 


The research is being continued to investigate the influence of Dyn 
high heat-flux densities on the behavior of other liquids such as — 
methyl alcohol, aniline, and oils. The influence of curvature of 
the flow channel will be examined, in both the boiling and non- — 
boiling regimes. Such effects as the operational instability found __ 
at high rates of heat flux and the change in heat-transfer char- 
acteristics with surface condition will be explored more fully. 
Information on these questions should prove useful in the design 
of cooling systems for rocket motors and other high-heat-flux de- 
vices. 
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R. F. Larson.” It should be borne in mind, and perhaps em- 
phasized, that these tests are primarily tests in heating liquid, 
water, making use of the intermediate processes of boiling and 
subsequent condensation. Obviously, the heat-transfer rate 
q/A will be a function of the extent to which this entire process 
is completed, either within the test section or beyond it. With 
this in mind it is clear that the results are also functions of the 
geometry of the apparatus, the diameter and length of the tube, 
as well as its position. Obviously, an inclined or horizontal tube 
would not give the same results as a vertical one, thus the rates 
obtained should not be taken as representative of rates obtainable 
from other possible arrangements. 

The entire process is complex and cannot be simplified readily 
to considerations of film coefficients alone, unless the complete 
process is completed at the heat-transfer surface or adjacent to 
it. The authors, perhaps wisely, did not calculate and correlate 
such film coefficients for the case of intermediate boiling. Failure 
to recognize this may account for lack of correlation of coefficients 
possible between the results of various investigators. The un- 
stable conditions are undoubtedly dynamic phenomena set up 
by vapor-locking of the tubes at the top and a passage over to the 
film-boiling range, with resultant overheating and failure. The 
entire process is then not completed within the tube, and the safe 
capacity of the tube has been surpassed. 

That a smaller temperature excess, 7',, — T',, above the normal 
boiling temperature follows upon polishing and perhaps otherwise 
cleaning the tube surface is indicated from both physical and sur- 
face-energy considerations. The condition for bubble initiation 
on the wall surface depends upon the wettability or the adhesion 
tension (ogy — ozs), or better yet, the combination ozy + (ogy — 
ozs), Which establishes the liquid superheat necessary.* This 
property is not homogeneous along a metal surface, but varies 


7 Professor of Mechanical Engineering, University of Illinois, 


Urbana, Ill. Mem. ASME. 
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according to homogeneity of — structure, presence of 
impurities, and cleanliness. 

A high adhesion tension means a high degree of wettability 
and this will determine the size and shape of bubbles formed on 
the surface, and how soon they will be released and swept away to 
be later condensed, if such occurs. The ebullition process is 
intermittent with large fluctuations of liquid superheat at a point, 
the result being a very efficient type of turbulence created just 
where it will do the most good, at the very surface film. A rela- 
tively strongly wetted surface such as stainless steel promotes this 
process, the nuclei being sufficient in number, yet not too many, 
and small enough to prevent film boiling from being established 
even at fairly high rates of heat transfer. Geometric considera- 
tion of surface roughness will explain why surface bubbles adhere 
longer on rough surfaces, and, hence, inhibit the desirable fluc- 
tuations and resulting surface turbulence. Surface deposits 
not only add resistance to heat transfer but may change the sur- 
face wettability considerably. 

More experimentation of this type using other heating surfaces 
and other liquids, thus giving a wide range of wettability or sur- 
face free energy, are in order. That a lower pressure drop ac- 
companies the surface-boiling phenomenon, in spite of the added 
turbulence, is probably due to the presence of the vapor phase; 
and offers added motive for investigating further the use of boil- 
ing to improve over-all heat transfer. However, how far one 
can go in this direction without encountering vapor lock or 
vapor film boiling depends upon not only control of surface 
ebullition but also upon control and disposal of the vapor bubbles 
after they leave the surface. The entire process, both boiling 
and condensation, if such is to occur, should be considered in the 
design of such a heat exchanger. If boiling and evaporation 
are the aim, then disposal of vapor is of prime importance. 


AuTHORS’ CLOSURE 


The authors appreciate Professor Larson’s comments on this 
paper. They agree that more experimental work of this type 
with other heating surfaces and other liquids is in order. Since 
the publication of this paper, an experimental program with 
aniline and n-butyl alcohol has been completed, and the results 
of this study will be published soon. 

As Professor Larson points out, the heat-transfer process 
with surface boiling is complex and does not lend itself readily 
to a theoretical treatment. However, the results from recent 
tests at this laboratory with an annular test section (with forced 
flow) and with a stainless-steel strip submersed in a subcooled 
water bath® have provided additional clues to the mechanism 
of surface boiling and its limitations. Data were obtained re 
garding the upper limit of heat flux which can be removed by 
water with surface boiling, and also the factors causing the 
breakdown of the heat-transfer processes were studied quali 
tatively. The annular test section which was used for thes 
tests was formed between a stainless-steel heating tube (3/s in 
OD) and a transparent pyrex jacket (§/s in. ID). The heated 
section of the tube was 7 in. long. The test section was locate’ & 
in a vertical position, and the cooling water from the laboratory 
supply system entered at the bottom. 

Burnout conditions were investigated at heat-flux values from 
2 to 8 Btu/sq in. sec, in the velocity range from 2 to 14 fps, ane 
the pressure range from 15 to 75 psia. The results of the testi 
are correlated in a manner suggested by McAdams in Fig. 17¢ 
this closure, where the heat flux at burnout is plotted again* 
the product of the entrance velocity times the subcooling te 


‘Photographic Study of Bubble Formation in Heat Transl 
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perature (which is defined as the temperature difference between 
saturation temperature at the test pressure and the bulk tempera- 
ture of the liquid). The results obtained by McAdams, et al,” 
in burnout tests with water are superimposed on the graph of 
Figure 17. McAdams used an annular test section which was 
3.75 in. long and was formed between a stainless-steel tube 0.25 


YP° in. OD and a jacket 0.77 in. ID. The following data are also 

A shown in Fig. 17: 

ults 1 Burnout range which had been encountered with the 
tubular test section No. II. 

CESS 2 Range of unsteady flow conditions (vibrations) with the 

dily tubular test section No. I. 

ae It can be seen from an inspection of Fig. 17, that the results 

- obtained with test sections of widely varying geometry are in 

agreement. 

pepe In passing, it is of interest to point out that the burnout heat 

re flux appears to depend upon the suddenness with which the 

d by critical conditions are approached. Two methods of approaching 

; te burnout conditions were utilized during the tests for which the 

qual data are shown in Fig. 17: 

thes 

/, iD 1 In some tests, burnout conditions were approached at a 

eated constant heat flux (after steady-state cooling conditions had 

cated i been established) by decreasing the amount of subcooling by 


reducing the pressure on the test section and/or by decreasing 
the velocity of the coolant liquid. (Solid curve.) 

2 In an alternaté approach to burnout conditions, the heat 
flux was increased in steps of about 0.1 Btu/sq in. sec, and the 
flow and pressure were maintained constant. However, for each 
heat-flux level, which was determined by the voltage across the 
heater tube, it was necessary to apply the electric power instan- 
taneously to the test section. (Dashed curve.) 


“Heat Transfer at High Rates to Water With Surface Boiling,” 
by W. H. McAdams, J. N. Addoms, and W. E. Kennel, Department 
of Chemical Engineering, Massachusetts Institute of Technology, 
December, 1948. (Report issued by Argonne National Laboratories.) 


? 


VELOCITY (ft/sec) x SUBCOOLING TEMPERATURE (°F ) 


BuRNOUT CONDITIONS FOR ANNULAR TEsT SECTION 
(Data for tap water.) 


When technique (2) was used, burnouts occurred at higher 
velocities and at lower bulk temperatures (more subcooling) 
than when burnout conditions were approached by method (1). 
The directions or methods by which burnout conditions were 
approached are indicated in Fig. 17 by arrows. It is believed 
that when burnout conditions were approached by method 
(2), the rate of heating was so rapid that the critical range of 
surface temperature was traversed in a time which was com- 
parable to or less than that required to establish equilibrium 
surface boiling conditions, and that the temperature of the tube 
could have exceeded momentarily the equilibrium temperature, 
resulting in a premature burnout. Based upon the photographic 
observations reported’ previously, the time required to establish 
the surface-boiling heat-transfer mechanism is estimated to be 
from 0.001 to 0.005 sec, while the time available in approach 
(2) is estimated to be of the order of 0.002 sec at a heat-transfer 
rate of 4 Btu/sq in. sec, and becomes even less at larger values 
of heat flux. 

A clue to the reason why the geometry of the test section is 
of relatively small importance upon the burnout limits was 
obtained from visual inspection and photographs of the boiling 
mechanism in the annular test section. It was observed that 
when the bulk temperature of the water in the test section was 
subcooled 75 deg F or more, only a very small amount of vapor 
existed in the main stream. Furthermore, the burnouts in the 
annular test section were not caused by a vapor lock at the top 
of the annulus, but rather by local vapor blanketing. It appears 
that this blanketing phenomenon is insensitive to the over-all 
geometry of the test section. 

Additional information regarding the mechanism of surface 
boiling has been obtained from high-speed motion pictures of 
the bubble growth and collapse cycles on a flat strip heater.® 
The conclusions drawn from these data are substantially in 
agreement with the foregoing argument, namely, that the heat 
transfer process in the surface-boiling regime is dependent only 
on local conditions adjacent to the surface, and is relatively 
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A Ventilated Thermal-Insulation Structure | 
for High-Temperature Marine Power Plants 


By A. L. 


This paper presents a method of design for a ventilated 
thermal-insulation structure suitable for high-tempera- 
ture marine power plants. Such a structure is of sub- 
stantially smaller thickness than the conventional type 
when designed for the same heat leak to the machinery 
space. This reduction, however, is obtained at the ex- 
pense of increased heat leak from the thermodynamic 
working substance. Nevertheless, the cost in terms of 
plant fuel consumption may not be excessive. The ven- 
tilating air, which carries away the greater portion of the 
energy, is shown to have moderate requirements of flow 
rate, number of ducts, and blower power. The conclu- 
sions of the analysis are supported by some preliminary 


NOMENCLATURE Kies 

The following nomenclature is used in the paper: ir ast 
D,; = inside diameter of primary-insulation layer wae 


D, = outside diameter of primary-insulation layer 
G = mass velocity of ventilating air, lb/(sec-ft*) 
h, = fluid film conductance, Btu/(hr-ft?-deg F) 
k = thermal conductivity, Btu/(hr-ft?-deg F/ft) 
l = length of duct over which ventilating air passes, ft 
q, = heat leak from the working substance, Btu/(hr-ft? of hot 
area) 
q% = heat leak into the ventilating air, Btu/(hr-ft? of hot area) 
qe = heat leak into the machinery space, Btu/(hr-ft? of hot 
area) 
R, = thermal resistance of fluid film in ventilating space (hr- 
ft?-deg F)/Btu 
Ry,, Rez refer to inner and outer surfaces 
R, = thermal resistance of thin outer blanket insulation, (hr- 
ft*-deg F)/Btu 
R, = equivalent thermal resistance for radiation energy trans- 
fer (hr-ft?-deg F)/Btu, across ventilating passage 
R, = thermal resistance of primary-wall insulation, (hr-ft?- 
deg F)/Btu 
T, = temperature of outer surface of ventilated annulus, deg F 
T, = temperature of ventilating air, deg F 
T, = temperature of hot surface being insulated, deg F 
T, = temperature of outside surface of insulation, deg F 
T, = temperature of hot surface of ventilated space, deg F 
= temperature of machinery space,degF 
4T, = 7T,— Teo 


AT, = T; Te att 
z = thickness of insulating material 
= annulus width 


1 Professor of Mechanical Engineering, Stanford University. 
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INTRODUCTION 


The orthodox design of thermal insulation for power-plant 
service is based primarily upon the objective of conserving the 
energy of the thermodynamic working substance. However, 
additional functions must be satisfied for many specialized in- 
stallations. If a high-temperature plant must be installed in a 
limited space where operating personnel are in continuous at- 
tendance, as in a marine installation, a most important function 
is to reduce the heat leak to the machinery space. Where highly 
stressed components—structural support members, or pressure- ; 
vessel walls—come adjacent to high-temperature elements, an 
important function is to keep the stressed components in a re- 
gion of low temperature, whereby less expensive alloys or smaller- 
size sections may be used. 

In conventional insulation structures the heat leak from the 
working substance is of the same magnitude as the heat leak to the 
machinery space. Consequently, minimizing one will minimize 
the other, and twoof the specified functions tend to lose their iden- 
tities. In some of the high-temperature plants for merchant- 
marine or naval use it is essential, however, to maintain a dis- 
tinction between these objectives. This will be demonstrated 
by the specific consideration of a high-efficiency marine gas-tur- 
bine plant relative to the conventional marine steam plant. 

The conventional gas-turbine plant requires a rather elaborate 
cycle if it is to have a specific fuel consumption and flat economy 
characteristic comparable to the steam power plant. For in- 
stance, the plant described in a paper by C. R. Soderberg,? in- 
cludes two stages of compression with intercooling, a high- 
effectiveness regenerator, and two turbines with reheat. This 
type of plant has a specific flow rate relative to that of a steam 
plant of 5:1. In the hot-duct portions of the cycle, the com- 
parable working-substance density ratio, gas-turbine plant to 
steam plant, is about 1:6. In addition, because of the amplified 
cost of flow friction in gas-turbine plants, the allowable flow ve- 
locities are somewhat lower. For these three reasons hot-duct 
flow areas tend to be 40 to 50 times greater in the gzas-turbine 
plant. The result is that hot-duct surface areas requiring in- 
sulation are on the order of 7 times greater for a given length of 
duct. Further, the temperature difference to be insulated against 
is perhaps 2 or 3 times that for a comparable steam plant. 

It is evident, then, that the application of a conventional-type 
insulation to a gas-turbine plant, of a thickness suitable for a 
steam plant, will result in a machinery-space heat leak of 10 to 
20 times that of the steam plant. Even with a greatly increased 
machinery-space ventilation, a suitable thickness of a conven- 
tional insulation structure will be on the order of 15 to 25 in. 
It is believed that the bulk and weight of insulation of this thick- 
ness will be a severe handicap in the adoption of a gas turbine 
as & Marine prime mover. 

Inasmuch as the gas turbine must have large flow passage 
areas to handle the volume flow rates, the use of conventional 
pressure vessels and ducting with externally applied insulation 
requires heavy sections of high-alloy material. The alternative 


3‘*4 Marine Gas Turbine Plant,” by C. Richard Soderberg, 
Ronald B. Smith, and A. T. Scott, Trans. The Society of Naval 


Architects and Marine Engineers, vol. 53, 1945, pp. 249-289. ten: ae 
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of placing the pressure-retaining walls behind the protection of a 
layer of thermal insulation in a region of lower temperature may 
make low-grade alloys and reduced weight possible, even though 
the total volume maintained under pressure is increased. 

As an answer to this problem, it is the purpose of this paper to 
describe and predict performance for a ventilated type of thermal- 
insulation structure, which allows independent control over the 
three insulation functions; control of heat leak from the working 
substance, heat leak to the machinery space, and the tempera- 
ture of stressed container walls. Such a structure, with an over- 
all thickness of 4 to 5 in., for a hot-wall temperature of 1500 F, 
will reduce the heat leak to the machinery space to substantially 
less than that of the conventional insulation on a steam plant. 
Temperatures at any point through the insulation may be readily 
predicted for the purpose of securing safe conditions for 
stressed members which may be somted og The ventilation 


quirements are shown not to be excessive, oe the heat leak from 
the thermodynamic working substance is also shown to be of a 
tolerable magnitude. Some preliminary test results of such an 
insulation structure are presented to demonstrate the validity 
of the analysis. 


DESCRIPTION OF SYSTEM 


For brevity, only one form of ventilated thermal-insulation 
structure will be considered specifically. Many other variations 
are possible and may possess advantages. 

The specific system to be considered in this paper is shown 
schematically in Fig. 1. It consists of a layer of primary insula- 
tion several inches in thickness adjacent to the hot surface. 
This layer controls the magnitude of the heat leak from the work- 


TRANSACTIONS OF THE ASME 


ing substance, g,. Next to this layer is a ventilated annulus. 
Outside of the ventilated annulus is a layer of blanket insulation 
1/, to !/2 in. thick, which with the coolant flow serves to minimize 
the heat leak to the machinery space, ga = q, — q, to the de- 
sired magnitude. This insures a colder outer surface which re- 
duces direct radiation from the structure to operating person- 
nel, a factor of considerable importance from the point of view of 
comfort. 

Also shown in Fig. 1, for steady-state conditions, is a descrip- 
tion of the temperature distribution, and a ‘‘thermal-circuit’’ dia- 
gram exhibiting the relation of the component thermal resist- 
ances and thermal potentials (temperatures). In this circuit 
all the temperature potentials are referred to the ‘‘ground tem- 
perature” or ambient temperature, 7'o, as a datum. Thus, for 
instance, A7', = 7, — To is the temperature of the hot surface 
referred to the ambient temperature as the datum; R,, denotes 
the thermal resistance of the primary insulation layer; Ry; and 
Ry, denote the thermal resistances for convection heat transfer 
from the inner wall of the ventilated annulus to the coolant, 
and from the coolant to the outer wall, respectively; R, denotes the 
effective resistance for radiant heat transfer from the hotter to 
colder walls of the ventilated annulus; Jp denotes the series- 
parallel combination resistance of the secondary-insulation layer, 
and the combined radiation and convection from the outer sur- 
face to the machinery space. 

The coolant temperature, 7; or ATy;, is increasing continually 
along the flow path as a result of absorption of the q, energy. 
This factor determines the desirable coolant flow length and the 
frequency of the ventilation ducts in a given installation. 

As can be seen from the foregoing description, the structure 
considered is the same in principle as the air-wall construction of 
modern naval boilers or the tail-pipe insulation of aircraft turbo- 
jet units. 


> PRIMARY SECONDARY 
gt The thermal circuit shown in Fig. 1 suggests the method 
jiu sof analysis. Three Kirchoff-law-type equations may be written 
2 YY, for the three circuits indicated. These may be solved simul- 
taneously to yield the thermal currents q,, go in terms of A7’,, 
agree a AT;, and the component resistances. Then from energy-balance 
af Sek & consideration for steady-state conditions 
atin’ y Ww Before proceeding with this analysis, a simplification will be ac- 
complished by specifying that the convection resistances Ry, and 
Ry. are sensibly the same; thus 
lo Rn = Rp = Ry 
POSITION is permissible in that, aside from the small differences in 
_) ae ATh* Th- film viscosity, the flow conditions on the two walls of the venti- 
te dest au The three circuit equatidns (rate equations for heat transfer) 
AT; — (qo — 9,)Ry — Roqo = 0.......... [2] 
Riqe + (Ge —qe)Ry + (Gr — a) Ry = [3] 
L Equations [1], [2], and [3], respectively agi” 
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Fic. 1 VENTILATED THERMAL-INSULATION STRUCTURE, SHOWING 
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Substitution of Equations [la] and [2a] into [3a] yields 4 : 


( — aT, AT, )/ 

(4 + 2R, R, R, ) 


This result introduced into Equations [la] and [2a] provide the 


desired relations 
+ =) 


AT, A 
ATR, + R,) + AT (Ry 


(R, + 2R,) — (R; + R,) — (R, + Ry) 
f f 
AT, om Same terms as used in 
R, + R, + R, + R,/ brackets, Equation [5] 


As indicated previously, after evaluation of g, and ga, the ven- 
tilating-air energy transfer may be determined readily as 


Inspection of the thermal circuit, Fig. 1, demonstrates that the 
hot-surface temperature of the ventilated space may be evaluated 
from 


Similarly 


The outside-surface temperature likewise may be determined 
from a breakdown of the resistance R, into its components of 
secondary-insulation layer resistance, and the combined radia- 
tion-convection resistance for the transfer to the machinery 
space from the outer surface. 

Equations [5] to [9] lend themselves to ready tabular form cal- 
culations for any specified combination of A7',, AT,, R,, R,, R., 
R,. As an illustration of the results of this type of calculation, 
Figs. 2 to 6 are presented. 

The values of variables used for these calculations are as fol- 
lows: 


Hot-surface temperature, 7, = 1200 F 

Machinery-space temperature, 7’o = 90 F (Hence AT, = 1110 F) 

Outside resistance Rs = 0.45 + 0.55 = 1.00 (hr-deg F-ft? of hot 
wall)/Btu (The first term is for the secondary insulation layer 
and the other for the convection-radiation resistance from the 
outer surface to the machinery space, based upon data given 
by McAdams.‘) 

Ventilation-space radiation resistance 
R, = 0.56 (hr-deg F-ft? of hot wall) /Btu 
(Based upon radiation between parallel planes and a surface 
emissivity of 0.9) 

Ventilation-space convection resistance Ry, as a function of mass 
velocity G, calculated from 


(Note that the flow Reynolds number for G = 0.5 lb/(sec-ft?) is 
about 3000; thus the foregoing turbulent-flow equation should 
be applicable for G > 0.5 lb/ [sec-ft?).) 


qu 


= 4.0 (McAdams‘) 


Heat Transmission,” by W. H. McAdams, ee Book 
Company, Inc., New York, N. Y., 1942. 
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MASS VELOCITY OF VENTILATING AIR, G 7¥ cc 


Fic. Heat Leak From WorKING SUBSTANCE, VARIATION 
With Mass VELocity oF VENTILATING AIR AND PrRIMARY-INSULA- 

TION RESISTANCE 
(Hot-surface temperature, 1200 F; machinery-space temperature, 90 F.) 


It is assumed that this insulation is applied either to a flat surface 
or a relatively large cylindrical surface so that the heat-transfer 
area remains sensibly invariant with radial-flow position. Insula- 
tion thicknesses for cylindrical surfaces are necessarily greater 
than for plane surfaces. 
The results presented in Figs. 2 to 6, will now be discussed. 
Fig. 2 presents the heat leak from the working substance q,, 
as a function of coolant mass velocity G, the primary insulation 
R,, and the coolant temperatures 7’,. It is evident that G has 
but a secondary influence on q,, especially for R,, > 2 (hr-deg F- 
ft? of hot wall) /Btu, and G > 1.5 lb/(sec-ft?)._ It is also evident 
that the magnitude of R,, largely controls q,. 
The energy transfer to the coolant air g,, as given in Fig. 3, 
is controlled primarily by the magnitude of R,, but here the 
coolant temperature 7',, has a significant influence. 
The heat leak to the machinery space qa, as shown in Fig. 4, 
is greatly reduced from the g, magnitude by the amount of energy 
transfer to the coolant g,. The coolant temperature 7’, has 
controlling influence on go, and as before, for R,, > 2, and air be 
flow G > 1.5 lb/(sec-ft?), the influence of G is small. 
Fig. 5 presents the temperature of the outer surface T,, asa 
function of R,, T;, and G. This temperature is controlled pri- 
marily by the coolant temperature, and (for G > 1.5 lb/(sec-ft?), ’ a 
R,, > 2) is approximately half way between the coolant tempera- __ 
ture 7',, and the machinery-space temperature T ©; with the outer = 7 
blanket used. 
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Fic. 3. Heat Leak To Arr, VARIATION WiTH Mass 
VeLocity OF VENTILATING AIR AND PRIMARY-INSULATION ' 
(Hot-surface temperature, 1200 F; machinery-space temperature, 90 F.) 
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TEMPERATURE OF BLANKET OUTER SURFACE, T. (°F) 
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TEMPERATURE OF VENTILATING AIR, T, (°F) 


MASS VELOCITY OF VENTILATING AIR, G Sec 


Fic. 6 OvTsipe-WaLL SurFAceE TEMPERATURE, AND HEAT Leak 
Fic. 5 Ovtsipp-WaLt Surrace TEMPERATURE, VARIATION WITH To MACHINERY Space, VARIATION WITH VENTILATING-AIR 
Mass or Cootine AIR AND PrimMaRy-INSULATION TEMPERATURE 
RESISTANCE (Mass velocity of ventilating air = 2 lb/(sec-ft?); hot-surface temperatur 
-Hot-surface temperature, 1200 F; machinery-space temperature, 90 F.) i 1200 F; machinery-space temperature, 90 F.) 
¥ 


{ | \ this 
HR PT 160 ven 
dise 
- 124 
20 Veo If tl 
can 
Ra \ WR 

60 \ — _ 180 °F 

y 

T 
/ V\ perfe 

Ve 

4 = Ho 
Co 
Co 
He: 
A 
A 
— 
“ft? 
mal ef 
sumpti 
be loes 
peratuy 
the eff 


Fig. 6 was prepared for a coolant flow G = 
is considered as a typical magnitude (velocity = 30 fps for T, = 
130 F). 


ventilation-air inlet to the outlet section. For instance, 
discharged at 150 F, for R,, 
124 F, 
ft*). 
the 


can be used to determine the flow length, / 
balance considerations 


x 1 x C, (Tyout = Tyin) = l x | x de 


6 
G x 3600 x = 
12 


Thus / = 15 ft for a ventilation space dimension 6 = '/2 in, 

To illustrate the type of design information which can be ex- 
tracted from Figs. 2 and 6, suppose it is desired to predict the 
performance of a ventilated thermal insulation consisting of the 
following: 


Primary-insulation layer, with k = 0.667 Btu/(hr-ft*-deg F/in.) 


Secondary-insulation blanket, with k = 0.55 Btu/(hr-ft*-deg F/in. 
.0.25 in. thick 


Over-all insulation structure thic knees = 2 15 in. 


= 150F 


Coolant mass velocity 
From the foregoing information R. 
120 F 


G = 2 |lb/(sec-ft*) 
= 3 (hr-ft*-deg F)/Btu, Tyavg = 


Then from the curves; 


Heat leak from working substance. .q, = 345 Btu/(hr-ft?), (Fig. 2 
Heat transfer to cooling air, average. . 
Heat leak to machinery space, (Fig. 6): 
At air-inlet 
At air-outlet section, 
Calculated flow length 


(Fig. 3) 


310° Btu/ /(hr- ft? ), 


qo = 8 Btu/(hr-ft*) 
= 60 Btu/ (hr-ft*) 
qo = 35 Btu/(hr-ft?) 
15 ft 


This last result indicates a coolant-flow requirement of 5.56 lb 
(sec-1000 ft? of hot-surface area) or 4500 cfm/1000 ft? of 90 F inlet 
air at atmospheric pressure. It is estimated roughly that the 
hot surface to be insulated in a high-efficiency gas-turbine plant 
should not exceed 300 sq ft per 1000-shp rating. Consequently, 
the coolant-flow requirement is seen to be only about 1300-1400 
cfm per 1000 shp. Elementary calculations indicate that the 
pressure-drop will be on the order of 2 in. of water for the 15-ft 
flow length. The resultant blower-power requirement then 
amounts to less than 1 hp per 1000-shp rating of the gas-turbine 
plant. It is believed that these ventilating-air requirements are 
hot excessive. 


A conventional insulation structure may be designed for a heat 
leak from the working substance of the order of 150-200 Btu/ 
(hr-ft?). ‘onsequently, in comparison, the ventilated structure 
may be charged with an extra heat loss of about 200 Btu/(hr- 
ft), With this information, and taking the previously used 
300 sq ft of hot-wall area per 1000 shp, together with a plant ther- 
mal efficiency of 25 per cent, the cost in plant specific fuel con- 
sumption may be estimated as 0.6 per cent. 

It should be observed that a stressed pressure-vessel wall can 
be located within the insulation structure to control its tem- 
perature. Since the thermal resistance of the metal wall is small, 
the effect on the performance of the insulation structure is neg- 
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2 lb/(sec-ft?), which 


As 7’, increases approximately linearly with flow length, 
this graph exhibits the expected variation of 7, and qo from the 
if the 
coolant flow is induced from the machinery space at 90 F and is 
= 3, 7, varies linearly from 94 F to 
and qo also varies linearly from about 8 to 60 Btu/(hr- 
Reference to Fig. 3 will show that, for these conditions 
ventilating-air energy gain is about g, = 310 Btu/(hr-ft?). 
If the ventilated-space dimension 4, is specified, the foregoing data 
From energy- 
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ligible. Many possible variations of wall location can be visual - 
ized for specific applications, such as combustion-chamber walls, 
ducting, and heat-exchanger shells. Such designs may prove 
useful in minimizing thermal-expansion preblems. 

As mentioned previously, insulation thickness on cylindrical 
surfaces must be greater than on plane surfaces, for the same ther-_ 


mal resistance expressed (hr-deg F-ft? of hot wall) /Btu. An 
elementary analysis demonstrates that 
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Fig. 7 is a plot of this relation in the form of Zsia» versus Zcyi for 
various nominal pipe sizes from 6 to 30 in. To illustrate the 
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significance of this effect on the dimensions of the insulation struc- _ 
ture for a given performance, consider that a 6-in. pipe is to be 

insulated to give the same performance with respect to q,, , 7, 
and air-coolant temperature change (7jn — Tyout) as the pre- 
viously considered flat-wall system. From Fig. 7 the thickness | 
of the primary-insulation layer must be increased from 2 in. to 
3 in. The secondary-insulation layer must be increased from 
0.25 in. to about 0.35 in. to give the same R, (hr-deg F-ft? of hot 
wall)/Btu. The air-flow length 1, however, will remain about oo 
same, as G may be reduced to maintain the same coolant flow per _ 
unit hot-wall area. The net result is that the 6-in. pipe requiresa 
structure of 3.6 in. in thickness as compared to 2.75 in. for the 
plane surface. 
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Fie. 8 Test Setup ror DETERMINATION OF PERFORMANCE OF VENTILATED INSULATION STRUCTURES 


EXPERIMENTAL RESULTS 


The experimental results presented here are the first of tests 
currently in progress using the apparatus shown in Fig. 8. This 
equipment consists of an 11-ft 6-in. length of nominal 6-in-diam 
pipe, insulated as illustrated in Fig. 9. Note that the '/2 in. of 
asbestos secondary insulation has been removed from the system, 
as shown in Fig. 8, in order to show the heat meters used on the 
aluminum shell of the ventilated annulus. An electrical heating 
element located within the pipe provides the thermal current, q,. 
The cooling-air flow is induced through an orifice meter and 
thence through the insulation by a small blower. The ventilat- 
ing-air heat gain g,, was established from measurements of air- 
flow rate, inlet-air temperature, and exit-air temperature. The 
three heat meters, located at the mid-position of the test-section 
length on the outer shell of the ventilated annulus, as shown in 
Fig. 8, were used to measure an average qo for the test section. 

Compensating heaters were used to establish zero tempera- 
ture gradient along the pipe at the end sections. Thermocouples 
located on the pipe and at the various layers of the structure 
provide a complete picture of temperature conditions. 

Comparison of the sum g, + qo with electrically measured 
q, revealed energy-balance discrepancies of the order of 1 per cent 
for steady-state conditions, giving confidence in the accuracy of 
the measured test performance. 

Fig. 9 shows the predicted magnitudes of the component re- 
sistances. Employing this information, performance was pre- 
dicted as shown in Table 1. Test results obtained with 


5 “An Investigation of Aircraft Heaters V—Theory and Use of 
Heat Meters for the Measurement of Rates of Heat Transfer Which 
Are Independent of Time,” by R. C. Martinelli, E. H. Morrin, and 
L. M. K. Boelter, NACA Wartime Report ARR December, 1942 (see 
also ARR 4H09 and ARR 4107, issued as Wartime Reports). 


T « = 
are also shown for comparison. 


VENTILATED THERMAL-INSULA- 
TION STRUCTURE TESTED 
(Note Rr is based upon assumed surface emis- 
sivities of 0.9; Ry is based upon h = 4.4 G8; 
Ro is based upon manufacturer's data giving a 
loss of 62 Btu/[hr-ft? 100 deg F diff]. Ac- 
tual outside diameter of structure tested was 
161/s in. due to malfitting and lack of concen- 
tricity.) 


Fie. 9 


HRT? °F/BTU 


108 HRFT2°F/BTU 


(CORRES. G= 2) 


20061 HRFT® °F/BTU 


Re 
Rr 


Ro= 068 


6} OD SS PIPE 


2" SUPEREX 
(k20.068 BTU/HR FT*°F/FT) 


ASBESTO-SPONGE FEL 
(ke 0.049 BTU/HR FT2 °F/FT) 


3g"ALUMINUM SHELL 


$"AIR SPACE , 


4" ASBESTOCEL 


OUTSIDE DIAMETER 


1250 F, and extrapolated to 7, — To = 130! 


The excellent agreement is evident, with the exception of the 


qe comparison. Here, however, it is believed that the predicteé 
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TABLE 1 


PREDICTED AND Ta PERFORMANCE FOR INSULA- 


Predicted Test 
Heat leak from hot wall (average over test section) 
Heat leak to v entilating air (average over test section) 
Heat leak to machinery space (average over test sec- 
tion) do Btu/(hr-ft? of pipe wall).. bu 20 11.3 
Outside-surface temperature, above room temperature 
(average over test section) ‘o— To, deg F...... 4.5 3.0 
Cooling-air temperature rise (10.5-ft test section flow 
length) Tyout — Tyin, deg 25 25.3 


magnitude is in error for the main reason that the magnitude 
of R, was based upon the manufacturer’s figure of a heat loss for 
the asbestocel of 62 Btu/(hr-ft?-100 deg F temperature difference) 
where the temperature difference is measured from the surface 
being insulated to the room condition. Undoubtedly, this figure 
is based on a temperature difference on the order of 100 to 200 F. 
In the tests, however, the corresponding temperature difference 
amounted to only 13 deg F (avg). As a consequence, radiation 
and convection transfer coefficients within the cells of the mate- 
rial and from the outside surface were probably lower, and the 
effective resistance 2, greater than used in the prediction. An- 
other factor contributing in minor degree to the difference between 
predicted and actual go is that the predicted value of R, was 
based upon a wall emissivity of 0.9. With the aluminum surfaces 
actually used, a much lower emissivity and higher R, existed. 
However, since R,; << R, for the system and mass velocity 
tested, the influence of ?, was minor. 

This structure has an over-all thickness of 4°/, in. However, 
by using a primary-insulation-layer material with 4 0.0467 
Btu/(hr-ft?-deg F/ft), an amosite asbestos felt of approximately 
10 lb per cu ft density, the thickness of the structure can be re- 
duced to 3°/s in., a saving of 2'/, in. on the diameter, for the same 


performance. 
fg? 
SUMMARY AND CONCLUSIONS . 
1 A ventilated thermal-insulation structure can be made for 


insulation of high-temperature surfaces which will have the char- 
acteristics of small over-all thickness, low heat leak to the ma- 
chinery space, and high heat leak from the working substance, 
when compared with the conventional types of insulation. 

2 For a gas-turbine plant, the high heat leak from the work- 
ing substance may not be excessive. 
ment and size are small. 
not excessive. 

3 A method for predicting the performance of the ventilated 
structure has been presented, and the predictions have been 
confirmed by the limited experimental data so far obtained. 


The blower-power require- 


The number and size of air ducts are 
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a pipe carrying gas at 1300 F is insulated on the outside by pri- 
mary insulation, while cooling gas is circulated in the passage — 
formed between the primary, and the secondary insulation. It | 
is noted that the rise in cooling-fluid temperature is about 60 deg - 
F in the example given and that the heat so picked up is wasted. | 
The concept of effective thermal isolation is not new, in fact 
the partners investigated means for securing equivalent —: 7 
nearly 15 years ago. The insulation of boilers in steamer holds | 
to prevent excessive heat leakage and cooling requirements was — 
recognized as desirable. It was seen that progress of all high-tem- _ 
perature high-pressure processes would depend upon thermal iso- — 
lation combined with recovery of heat lost from the working fluid. 
One example of such an investigation was the insulation of the | 
walls of a petroleum cracking chamber operating at 850 F and — 
under 750 psi pressure. A slightly permeable brickwork was — 
conceived placed inside of, and slightly spaced from the shell, — 
while fluid was pumped into this space at such rate as to secure — 
substantially atmospheric temperature in the shell. Using oil to — 
be cracked, it was possible to pump 1 or 2 per cent of the process _ 
oil through the permeable layer, whereupon the “‘cooling”’ fluid — 
would be heated to process temperature, recovering virtually al] _ 
As the steel wall no longer involved 


of the heat normally lost. 

creep behavior and no longer had a temperature gradient, it be- 

came possible to use about one-half as much flanging-grade steel _ 
in the shell as of the somewhat alloyed and stainless-clad steel — 
actually used, while securing a much safer design. 


It becomes of interest to see how the 


partners might propose — 
to handle the case discussed by the authors of this paper. But — 
first, it must be realized that the partners had removed the tem- — 
perature limit to cracking processes in so far as structural mate- — 
rials might be concerned and imposed temperature limits, if any, — 
on the basis of refractory behavior. " 

Retaining the “Superex” and asbestos-sponge felt shown in — 
Fig. 9 of the paper, the partners might substitute !/2 in. of glass 
wool for the asbestocel layer and remove the aluminum shell — 
immediately within this layer. They would then cause air to be 
passed radially inward through the glass-wool layer into the — 
ventilating space, the air to be exhausted therefrom as at pres- 
ent. Suppose the entering-air temperature is 80 F while the — 
outer surface of the glass wool is at 90 F. The heat loss from — 
the outer surface cannot exceed 5 Btu per sq ft per hr for eel 
10 deg F drop, for, obviously, convection cannot occur. 

Having set the outer-surface temperature 10 deg F above the 
entering-air temperature, we can assume a set of values of hot- 
surface temperature of glass wool, and determine therefrom the — 
value of nC,L/k,, where n is the rate of fluid permeation in pound- — 
mols per square foot per hour, C,, is the molal specific heat in Btu — 
per 1 deg F per lb-mol, Z is the insulation thickness (normally in 
feet, but for this case in inches), and &, is the effective conductiv- 
ity of the glass-wool and air combination. 


It is then possible to — 
tabulate the 


value of hot-surface temperature as 7, the other 
quantities given, and add data on the heat to the air and the re- 
quired temperature of the outer surface of the primary insulation 
to supply this heat by radiation to the glass wool, convection — 


Disc u S10 TABULATION FOR FIRST SUBSTITUTION 
E. A. Ricarpson® anp G. A. Ricuarpson.? The theoretical Th 
500 3.76 6.91 0.480 0.52% 152 7 
and experimental investigation of the ventilated form of insulated 400 3 47 6.88 0.444 0.447 985 614 b 
enclosure deals with one p yssible form of control of heat loss from 
the working substance, heat limitation to the outside of the en- 
closure mee" . Kiaains — > sé Nore: Term kg is in Btu per hr per 1 deg F per in.; q is in Btu per sq ft 
300 F =” and protection of structural members. In the _—— ul, per hr; T7'pi is temperature, deg F, outer surface of primary insulation. mi) 
‘Partner, Edward, (Nellie), and George Richardson, Bethlehem, ie 
at py Partner, Edward, (Nellie), and George Richardson, Bethlehem, If the heat leak from the hot wall is of the order of 382 = q,, | 
a 


then 7', might be 245 F by interpolation, 7; = 390 F, and 0.32 


] 
| 
T 
sf 
— 
4 
ak 
ise. 
=" 
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Ib-mol of air per sq ft per hr are required. This is 9.25 lb per 
sq ft per hr. For the 15-ft length of pipe, and the annular space 
as given, this corresponds to G = 1.08 lb per sq ft per sec, or 
about one half of that required by the authors. However, the 
air is now heated from 80, to 245 F, or 165 F, a value much larger 
than the 60 F in one example, or the 25 F in the test case. A de- 
cided reduction in cooling air has occurred. Furthermore, the 
heat loss from the outer surface is approximately constant and 
negligible, and not rather widely varying lengthwise as in the 
authors’ case. Our method does not permit convection from 
the outer surface. 

Actually, we should feel that such a method of treatment is 
makeshift in character. We should prefer to place a primary 
layer of permeable insulation inside of the pipe, as well as the 
annular space and the secondary insulation. In such case, the 
cooling air would be bled from the compressor, dividing it into 
two parts. One part would be caused to enter the annular pass- 
age, after a slight pressure boost, at a temperature of the order of 
400 F, while another part would be cooled to room temperature 
for passage through the secondary insulation. A slight pressure 
boost of the bled air is required to insure flow at a proper rate 
through the permeable layers. The whole of the bled air, after 
it has served its purpose as a coolant, mixes with the hot gases 
passing to the turbines. The effect is that radiation has been 
almost entirely eliminated at the cost of a slight boost in pressure 
of the bled air, while the temperature limit of the cycle, in so 
far as piping is concerned, has been eliminated. It would be just 
as practicable to use gases at 3000 F as at 1300 F. The gases 
not bled are at a slightly higher temperature, leaving the com- 
bustor, than would be normal. The pipe is at atmospheric tem- 
perature. Although larger in diameter, it can be lighter in weight 
and safer than the stainless-steel piping shown by the authors, as 
well as much less costly. 

Assume the value of k, (per ft, not per in.) as 1.0, the mean spe- 
cific heat of air between 425 and 1300 as 6.70, and an outer tem- 
perature of primary layer 3 per cent of the difference of 875 
F (26 F) above the entering air temperature, the value of nC,L/k, 
becomes 3.50, so nL = 0.52 (Z now in ft). Using ZL = 0.25 (3 
in.), then n = 2.08 ]b-mol per hr per sq ft of 400 F bled air. 
Since the !/2-in. glass-wool layer requires (see table in foregoing 
discussion) about n = 0.45 Ib-mol per hr per sq ft, this is the 
amount of bled air which must be cooled from 400, to 80 F. Thus 
0.45 mol cool air, 1.63 mol hot air are bled per hr per sq ft. The 
heat removed from the bled air (0.45 mol) is 1100 Btu per hr per 
sq ft. The total heat removed from the hot gases is 18,300 Btu 
per hr per sq ft, fully returned in the “cooling” air. However, 
these results are excessive, in that it is assumed the hot gases can 
deliver 18,300 Btu per hr per sq ft. Actually, the inside of the 
primary insulation will be cooler, hence correspondingly less air 
will be required. 

Figures used herein were derived by the partners, partly theo- 
retically, partly by test. The rapid variation of k, for glass wool 
tends to confirm the difference in heat leak to the machinery space 
(20 predicted, 11.3 on test) found by the authors. However, 
knowing the rapidity with which radiation effects increase with 
temperature for wool and felted insulations, we would question 
the statement regarding the saving in primary-insulation thick- 
ness through the use of amosite asbestos felt of 10 Ib per cu ft 
density. Actual measurements of conductivity are required in 

the region above 1000 F, since extrapolation can be hazardous. 


We think that it will be obvious that more promising methods — 


of thermal isolation are available than the ventilated type of in- — 
sulation investigated by the authors. The partners have done 
much work investigating the use of ‘permeable plates with fluid 
permeation between faces” for insulation, cooling, heat transfer, 
and the like, for a wide range of applications. 
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AuTHors’ CLOSURE 

In considering means of controlling the heat loss from high- 
temperature surfaces the possibilities of using the thermal- 
energy storage capacity associated with a mass transfer through a 
porous material, as proposed by the discussers, should certainly 
be studied. The idea has been proved in many practical in- 
stances. The ordinary kitchen watercooler jug allows water to 
seep through the porous surface to the outside, where the evapora- 
tion provides a substantial cooling in dry climates. The com- 
bustion-chamber liner of the aircraft turbojet engine, such as 
the German Jumo 003, is provided with a large number of small 
vents through which cooling air is introduced, sweeping the 
inside of the liner with a blanket of cool air, and effectively iso- 
lating the low-carbon-steel outer casing (of sheet metal) from 
the high-temperature zone. It has been demonstrated that 
cooling of a rocket nozzle by the passage of a gas or a liquid 
through a porous material into the nozzle stream has attractive 
possiblities for maintaining safe temperatures in the nozzle wall. 

The possibility of placing stressed parts of the machinery, such 
as the hot gas-duct wall, on the cold side of the insulating material 
is recommended by Messrs. Richardson. The possibility of doing 
this was mentioned in the paper, and should certainly be studied 
for any specific insulation application. 

Certain practical difficulties are apparent in attempting to 
apply the specific recommendations of the discussers. In placing 
the primary insulation layer on the hot side of the duct wall, it 
still will be necessary to use a stainless liner material to hold 

the insulation material, which is usually of very fragile material, 
in position; otherwise damage might occur to any turbine 
machinery which might follow (especially if a ceramic material 
were used for the insulation). Also, mechanical protection of the 
cold side of the insulation, adjacent to the cooling-air annulus, 
would be necessary. The mechanical structure would beco 
somewhat complicated. 

It is to be noted that the stainless-steel pipe shown in Fig. 9 
of the paper was not intended to represent a hot gas duct 
represented, rather, a means of securing a hot surface for the t 
setup which would maintain its shape and not scale excessively 
at the high temperatures tested. 

The suggestion for using a '/:-in. layer of glass wool for the 
outside insulation blanket (in the machinery space) also meets 
with the objection of mechanical vulnerability. It would have 
to be supported with perforated metal both inside and outside. 
A dirty atmosphere also might seriously impair the porosity; 
this may be a valid objection on shipboard, even though the 
atmosphere is relatively quite clean. The thermal isolation 
possible with the discussers’ proposal is obviously greater than 
that possible with the ventilated arrangement discussed in the 
paper. 

It is not clear from the discussers’ comments what the signifi- 
cance of the term nC,L/k may be, nor how it is to be determined 
or utilized. By considering an energy balance at a point on the 
duct surface at thermal equilibrium i 

n-C, = U-65A-At 
associated with associated with & 
conduction through 


cooling air mass 


If the convection resistances at the two surfaces of the insulation 
are neglected, this expression reduces to 


and it would | appear that the value of nC,L/k should be about 
1.0, rather than the value of 3.50 given. Of course much d& 
pends upon the significance of k when there is a flow of aif 
through the insulating material. 
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Mechanical Cleaning of Fouled 
Heat-Exchanger Tubes 
By A. JOHN,' LONG ISLAND CITY, N. Y. 


For many years in the past, 
badly fouled heat-exchanger tubes was more or less done 


mechanical cleaning of 


on an improvised basis. As heat exchangers began to be 
extensively used, fouling became a problem of major and 
varied proportions. This created an impetus for the tube- 
cleaning industry to concentrate on the development of a 
special tool for this purpose. Today, there is available to 
the trade a single-purpose mechanical cleaner suitable 
for almost every possible tube-cleaning requirement, as 
the author explains in this paper. 


fouled heat-exchanger tubes was done on an improvised 

basis. The methods were limited to the handiest tools 
readily available which usually consisted of drills of various 
sorts or standard boiler-tube cleaning equipment. The drills ap- 
proached the power problem from an external application while 
the boiler-tube cleaners approached the power problem inter- 
nally. Boiler-tube cleaners, the motors of which enter the tube, 
were found rather lacking in power when heavy deposits and 
plugged conditions prevailed. The improvised drills, while do- 
ing a job more rapidly, generally produced mediocre results, al- 
though some methods do deserve honorable mention. In spite 
of the various methods and the results, information was not 
generally made available to others with similar problems. 
Whenever a problem existed and was more or less solved, it 
was generally confined within the plant or at best, the informa- 
tion was passed along on a word-of-mouth basis. Undoubtedly, 
many maintenance men used similar methods but unknown to 
each other, the knowledge of which if pooled together would have 
been of inestimable value. 

When tubes are not badly fouled or not plugged other methods 
than strictly mechanical ones have been used. Although those 
in the trade do not necessarily agree that sandblasting, shooting 
of rubber plugs, pickling and steam, hydraulic or air lancing 
comes within the scope of mechanical cleaning, a word in this re- 
spect will, nevertheless, be of general interest. These methods 
have been tried at various times and in many cases are superior 
to mechanical methods. For instance, in a bank of condenser 
tubes, where deposits are negligible or of the muddy or river- 
growth type, the practice of shooting rubber plugs is superior both 
in speed and performance. This method is only for the removal 
of soft deposits and obviously will not remove hard scale, The 
other methods mentioned have been used successfully at various 
times, and some of them are the only ones available for the clean- 
ing of the shell side of heat exchangers. 

Obviously, prior to the consideration of any mechanical clean- 
ing method, hand methods with brushes and scrapers were also 
involved. The hand method may still have its occasional place 
but it can be considered as outmoded in heavy industry. 

During the past 10 years, many additional plant processes have 


| NOR many years in the past, mechanical cleaning of badly 


' Assistant General Manager, Thomas C. Wilson, Inc. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., November 28-December 3, 
1948, of Tar AMERICAN SocieTy oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions adv anced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—A-114. 


been developed utilizing heat exchangers more and more exten- 
sively. Thus the incidence of fouling troubles greatly increased 
and, since production was a byword, its incentive applied to 
tube cleaning as well. This created the impetus to concentrate 
on the development of a special mechanical tube cleaner, par- 
ticularly one to remove very heavy scale deposits and also to 
open up plugged tubes. Many improvements of mechanical 
cleaning methods manifested themselves during this period and, 
ultimately, a high-speed direct-drive scavenging drill-type cleaner 
was successfully developed and marketed. 


FOULING AND CHARACTERISTICS OF SCALE 


The heat exchangers to be cleaned are generally located in 
process industries such as oil refineries, fruit and vegetable juice, 
synthetic rubber, plastic stock, paper pulp, dairy, and miscellane- 
ous chemical plants. The tubes of these heat exchangers are 
predominantly straight and without return bends, although some 
tubular-return types exist. The majority are mounted in a hori- 
zontal manner providing a convenient approach from the cleaning 
viewpoint. Commercial tube sizes range from '!/; in. OD to 2 
in. OD with the 5/s to 1-in-OD range predominating. Lengths 
vary from 18 in. up to 30 ft and occasionally longer. 

Vertical installations also exist such as the open-head shell-and- 
tube condensers found in refrigeration plants and sulphite evapo- 
rators in pulpmills. Although not heat exchangers of the 
liquid type, air preheaters, as installed in boilers, can be con- 
sidered as coming within the scope of this paper. The tube lengths 
of vertical installations generally run up to approximately 50 ft. 
Where such air heaters are installed horizontally, the tube 
lengths average approximately 8 ft. 

The fouling of heat-exchanger tubes is generally caused by 
localized high temperatures, precipitation of solids at high or low 
temperatures, low velocity of flow through tubes, cutting units 
off stream with the normal settlement of solids, and the congealing 
reaction of certain liquids. In respect to boiler air preheaters, the 
most common cause of serious fouling is a change of fuel firing, 
such as from coal to oil or vice versa without time taken out for 
cleaning. The small amount of gummy residue, deposited when 
burning oil, combining with fly ash ultimately tends to form into 
a solid mass. However, it is believed that the lack of periodic 
preventive maintenance can be considered as the greatest cause 
of the complete fouling of the majority of heat exchangers. 

The type of scale deposited covers a wide range from flint hard- 
ness to soft and gummy. Interspersed are conditions such as 
(in all ranges of hardness), porous or cellular, compacted but elas- 
tic, adhesive or gummy, blistery, etc. Some scales adhere to the 
metal walls with such tenacity as to be difficult to remove cleanly, 
while some are readily dislodged once the internal pressure of 
being compacted is removed. A myriad of chemical composi- 
tions exists, such as, calcium compounds, silicates, carbonates, 
sulphates, polymers, coal tar, solidified fatty acids, miscellaneous 
chlorides, algae and other organic matters, as well as common iron 
oxide. 

Each type of scale presents a different problem of removal, 
especially as to the proper combination of tools and methods. 
Past experience is also a determining factor and must not be 
overlooked. 
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Tue Drrect-Drive Arr-OPERATED MECHANICAL TUBE CLEANER 

One tube cleaner, which has been developed and has proved 
very popular, is known as the outside-suspension type and in 
general appearance resembles an electric drill. It consists of a 
high-powered air motor operating outside of the tube bundle, 
transferring power through a hollow rotary shaft to which is 
attached a special drill bit, brush, or other suitable accessory. 
The hollow rotary shaft provides a means of introducing a scav- 
enger such as air, water, or steam under pressure direct to the 
point of cutting and serves to soften the fouled matter, wash 
away the debris, or to keep the cutter bit cool. Accessories are 
devised so as to allow passage and exhaust of the scavenger 
medium as close to the point of cutting as possible. This cleaner 
has proved to be a boon to many harassed plant engineers and, 
due to lightweight and portability, it provides an “fon the spot” 
method of removing scale and other fouling matters rapidly. 
This type of cleaner also provides the only effective method that 
can be used to clean tubes which are plugged solidly. 

Fingertip control is provided for a variety of speeds, and at 
present two types are manufactured. A light-duty unit suitable 
for one-hand operation is available weighing 3 lb, and a heavy- 
duty unit is also manufactured which weighs 17 lb. The same 
accessories can be used with either cleaner within the similar size 
ranges. The light-duty cleaner is generally used on short-tube 
heat exchangers from '/, in. ID to 7/s in. ID. The heavy-duty 
cleaner is suitable for tubes as small as 3/s in. ID, and up to 2 in. 
ID. Under ideal light-scale conditions, and where production 
warrants the application, or the equipment happens to be availa- 
ble, these ranges can be somewhat extended. For instance, 
it is recalled that the heavy-duty cleaner was used to brush out 
a quantity of 3-in-OD straight tubes which had become rusted 
or otherwise fouled to a moderate extent. 

The hollow rotary shaft of the cleaner is made in lengths to 
suit the heat exchanger being cleaned. Where heat exchangers 
are located close to walls or otherwise are obstructed and suffi- 
cient headroom is not available, shafting can be supplied in 
short lengths and coupled together as progress is made. The 
normal flexibility of the shafting, in any length, is sufficient to 
follow the contour of sagged tubes. The cutter bit is usually a 
rear-piloted type and, coupled with the limberness of the shaft- 
ing, normally stays within the confines of the inside diameter of 
the tube. A slight whipping action is perceptible at the highest 
rotary speeds when using long shafting. This action has no 
bearing on the results or the normal operation of the cleaner, but 
there is evidence that the possible contact of the shaft with the 
tube wall has a tendency to remove residual scale deposits which 
may have been left after passage of the cutter bit. 

Normally, constant forward pressure on the cleaner is satisfac- 
tory during cleaning. However, occasionally when flintlike 
deposits prevail, a vibratory attachment can be used which 
greatly facilitates progress. This attachment, used with the 

heavy-duty cleaner only, creates a staccato of sharp blows, in- 
sufficient in intensity to cause buckling of the shafting but intense 
enough to dislodge scale in sizable chip form. Blows average 
approximately 1900 per min and occur simultaneously with ro- 
tation. An analogy can be made to the well-known air-operated 
rock drill or paving hammer. The vibrating attachment also 
reduces the laborious aspect of a difficult problem by approxi- 
mately 60 per cent. Records indicate that approximately 15 
per cent of the cleaners sold are provided with this attachment. 

Drill bits are of a special-compounded alloy steel capable of 
sustained operations even under temperatures approaching 600 
to 700 F. They are generally three- or four-fluted in design and 
ground at a cutting angle of approximately 120 deg. The cut- 

ting edges are not keen but rather stubby and are ground with 
reverse rake angles. Although this cutting edge is standard, it 
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has been found that many operators grind the bits to suit their 
personal whims or what is compatible with the cleaning operation 
being performed. Occasionally on some plugged tubes auger- 
type bits are used when the deposit is spongy and of a rubber- 
like consistency. Records indicate that very seldom are condi- 
tions alike plant to plant, and some allowances must be made 
and time allotted for proper analysis. However, on hard de- 
posits, the fluted style of bit has proved the most popular. When 
tubes are not plugged and deposits are soft or powdery, expand- 
ing brushes or expanding cleaners of a scraper type can be sub- 
stituted satisfactorily. 

The selection of a suitable scavenging medium is also important 
but, as is quite often the case, it must be what is available at the 
Mainly due to their general availability, air or water 
Occasionally, hot 


plant. 
seem to be the favorite scavenging mediums. 
water and steam are used, particularly on deposits which may 
soften under high temperatures. However, steam has the dis- 
advantage of condensing rapidly, thus reverting back to a hot- 
water medium. Condensation is particularly rapid when long 
tubes are encountered and the steam source is a considerable dis- 


tance away. 

It is recommended that scavenger pressure be high enough to 
overcome forward thrust or feed pressure of the cleaner. If the 
scavenger pressure is not higher than the feed pressure the ex- 
haust holes in the drill bits may become clogged, particularly if 
the tubes are plugged. It has also been ascertained that when 
tubes are plugged, the smaller the tube being cleaned the greater 
the scavenger pressure required. This is necessary in order to 
eliminate cutter-bit plugging and also because of the physical 
limits of the rotating-shaft diameters. In order to allow th 
debris to be forced back toward the tube mouth the outside 
diameter of the rotating shaft must of necessity be smaller than 
the inside diameter of the tube being cleaned. This restriction 
limits the volume of scavenger under moderate pressures and 
consequently, to provide for a rapid exit of debris, pressures must 
be increased. When tubes are not plugged pressure may be lower, 
and in many cases a trickle of water at city pressure will wash 
out the debris effectively. Records indicate that water pressures 
as low as 30 psi and as high as 225 psi have been used effectively. 
Air pressure is usually limited to the available source which in 
most cases is 125 psi. It should be noted that no definite rule 
can be set, and recommendations are generally made from expe- 
riences of the past. 

Once the proper method is established, it should be recorded for 
future use, thus eliminating further experimentation by the 
cleaning group. Also, periodic cleaning schedules may be e+ 
tablished in order to eliminate sudden process stoppages and in 
many cases eliminate retubing. 


Various CLEANOUTS AND RESULTS 


The actual operation is rather a simple and convenient one, 
can be noted from the illustration of the heavy-duty unit in Fig. |. 
This view shows a heat exchanger approximately 15 ft in length 
with 1-in-OD solidly plugged tubes. The deposit was fairly 
hard but the tubes were cleaned at the rate of 3 min each. A! 
though Fig. 1 shows this heat exchanger removed from the line, 
this practice is seldom carried out. Seldom do reasons exist for 
not cleaning the heat exchanger in the installed position. One 
of the fastest recorded times, with a similar heat exchanger, 
curred in a Michigan chemical plant. The tube bundle was sim 
lar to that in Fig. 1, but a slightly different scale deposit w% 
found. The deposit was hard but not compacted and althoug! 
the cutter bit progressed rapidly, the debris was not exhausted 
satisfactorily with air scavenging. Cold water at a pressure 
140 psi was tried, with the result that each tube was cleaned 2 
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Recently a battery of approximately eight heat exchangers 
at a Pennsylvania refinery became solidly plugged with a flint- 
like deposit. The cleaning crew was doing the best that could be 
accomplished with the existing tools. Owing to unusual condi- 
tions the best was not satisfactory, and a faster method was 
sought. Ina general discussion, retubing was even considered as 
being faster than existing methods of cleaning. A most unusual 
condition prevailed in this battery of heat exchangers as the 
majority of the tubes were plugged for a distance of approxi- 
mately 3 ft from either end. This was due probably to localized 
heat at the terminal ends, but since this condition was effective 
in stopping circulation, the units had to be taken off stream for 
cleaning. 

Two heavy-duty cleaners were dispatched for this plant on a 
rush order. The advantages of these units were demonstrated on 
the spot in comparison to the cumbersome previous efforts. 
Mechanical cleaning in similar instances has since become a 
standard procedure. 

The results mentioned previously are only a few accomplished 
with the heavy-duty cleaners. The light-duty cleaners, Fig. 2, 
have a similar record of performance. In a New Jersey soap 
plant a short heat exchanger was slowing down in performance. 
Records indicated that this heat exchanger had not been cleaned 
in approximately 8 years and that the hard water used was the 
cause of the fouling. The heat exchanger was mounted in a very 
awkward position in respect to retubing or replacement, an op- 
eration which would take approximately 1 week. The light- 
duty cleaner performed the cleaning operation, at an invested 
cost in tools of less than $125, in approximately 16 hr without 
seriously hampering process operations. Normally, a heavy- 
duty cleaner would have been recommended, and the job could 
have been halved in time. However, owing to the general in- 
accessibility of the heat exchanger, the lighter cleaner seemed 
more practical. It was also planned that thereafter the equip- 
ment would be cleaned periodically, a job most suitable for a small 
cleaner. 

In a nationally known electrochemicals plant at Niagara Falls, 
the same type of light-duty cleaner provided a cleanout in '/; 
hr, an operation which formerly took 5 to 8 hr by previous 
manual methods. Since this cleaning was necessary every week, 
the savings are obvious and, in fact, with a few cleanouts, the 


savings amortized the basic cleaner cost. 


ELECTRICALLY DRIVEN FLEXIBLE-SHAFT TUBE CLEANERS 


Electrically driven flexible-shaft cleaners have been found 
satisfactory for use in confined quarters or where compressed air 
is not readily available. This type of cleaner is also popular for 
cleaning certain process calandria units, and the vertical open- 
head shell-and-tube condensers in refrigeration plants. It may 
be well to point out that in an ammonia-compressor plant, 
enormous savings in electric power used for compression not only 
are possible but an actual fact. It has been ascertained that 
even after hand-cleaning, a substantial amount of the deposit 
remains, and that a follow-up with the mechanical cleaner re- 
moves enough additional deposit to reduce the ammonia head 
pressures between 10 and 25 psi. Taking a pressure reduction of 
25 psi into consideration, a 300-ton per day ice plant, operating 
300 days a year, could save approximately $7500 yearly in elec- 
trical power alone, a saving which more than pays for cleaning 
equipment and the labor involved during the course of a year. 

When cleaning the open-head shell-and-tube condensers in a 
refrigeration plant with electrical equipment, no scavenging 
operation is necessary. The condenser can be cleaned without 
process stoppage and while the cooling water is in circulation. 
Since the circulation is downward, the debris is carried to the 
bottom sump and generally can be removed readily. 
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The case history concerning a cereal plant in a New York area _ 


is on file indicating the fact that three vertical evaporators, each to 
consisting of 680 2-in-OD copper tubes, 3 ft long, were cleaned ex! 
successfully with an electrically driven cleaner in 2 hr by two det 
men. This compares favorably with former cleaning of only two - 
evaporators in 1 day, involving the labor of four men using manual wn 
methods. Brushing the light soft malt deposit with a nylon type _ 
of brush also produced a highly polished surfage, a desirable con- 
dition which never existed before. Cleaning in this case is done B 
every 2 weeks with great savings in cost over previous practices. : 
The electrically driven cleaners range from '/, hp to 1'/2 hp — 
and can be furnished with prevailing electrical characteristics, = 
Tubes of '/z in. to 4 in. ID can be cleaned. Quite often remote 
push-button control devices are featured. Flexible ‘shafting is = 
manufactured in standard lengths from 15 ft to 35 ft in 5-ft addi. #4 
tions, the most convenient length being roughly 5 ft in excess of med 
the tube lengths being cleaned. ed 
CLEANING RETURN-BEND-Tyre Heat EXcHANGERS ods a 
Previous discussion on cleanouts applies particularly to non- oe 
return-bend-type heat exchangers. The necessity for cleaning : - 
the return-bend-type heat exchanger does not often exist as the re 
majority of such installations are located in nonfouling processes, . — 
If serious fouling conditions are anticipated, designers invariably oom 
will specify that the straight-tube nonreturn-bend type of heat uiea 
exchanger be installed. The U-bends of the return types are the = 
restricting factors. They are difficult to clean, and in most meth . 
cases it is impossible to do so mechanically. However, if return- of oe 
bend types do need cleaning and providing the radius is generous, of os 
it is occasionally possible to do so by means of flexible attach- dities 


ments. These attachments are inserted, on both the air or elec- 
tric cleaners, between the shafting and the cutting tools and, 
again, depending upon the radius, will completely negotiate the 
U-bend from one side or will clean halfway. The other half of 
the U-bend can then be cleaned through its corresponding sec- 
tion of straight tube. However, this is practical only if the de 
posit is fairly soft, the tubes are not completely plugged, or at least 
not plugged with a very hard deposit. Cleaning can be by either 
the air or electrically operated units. 


Stranparp Arr, WATER, OR STEAM-DRIVEN BorILeR-TUBE 
CLEANERS 


These cleaners are of the so-called “‘turbine’’ type, the motors 
of which are either true impulse turbines or expansion-reaction 
type in design. These motors are usually adjacent to the cutting 
accessory, hence the cleaner must enter the tube. Feeding is 
done by means of an appropriate hose which is resilient and plix 
ble, thus being able to negotiate the bends which predominate 
in the majority of boiler tubes. History would indicate that the 
water-driven turbine type was first developed approximately 4 
years ago. At that time the use of compressed air was not § 
popular reality. It must be assumed that since water pumps 
were always available around the boiler reom, water as motive 
power was natural. Today the air-driven cleaner is the most 
popular, and this cleaner, as well as those driven by steam 0 
water, can be used for the cleaning of heat exchangers. Approx 
mately 30 per cent of the turbine type of cleaners manufae 
tured are for use in heat-exchanger cleaning. However, its 
is limited to tubes which are not plugged, or where deposits a% 
not very thick, and particularly where a substantial amount 
time is available for tube cleaning. Quite often this time facto 
coupled with the lower investment of the standard _boiler-tult 
cleaner, may be the deciding factor relative to the selection of a0! 
of the cleaners described in this paper. To some extent the cut 
ting accessories are similar, and there are also many cases 
record where drill bits have been directly attached with success! 
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results. When utilizing these cleaners, the general practice is s+ 8 Discussion - er 
to eliminate auxiliary scavenging mediums as in most cases the aan At 7 & 
exhausting water, air, or steam is sufficient to carry away the F. E. Jounston.? Prior to the introduction of the pistol- - eo . 
debris. These cleaners are made for the cleaning of tubes as type hollow-shaft and cutter-bit tube cleaner, we had tried vari- 4 
small as '/; in. ID. For all practical purposes there are no re- ous methods of cleaning badly fouled condenser tubes using ee 
strictions to the upper limits, and tubes up to 6 in. ID are com- varied types and combinations of equipment ranging from twisted r 
monly cleaned, although not necessarily heat-exchanger tubes. square cold-rolled stock hammered out to an arrowhead which 


was twist-driven into the tube with a hammer and then turned by 
a pipe wrench to loosen it. 7 

This method was crude and time-consuming, as well as in- 
efficient. The same type rod was next used but propelled by _ 
electric drilling machines. This procedure resulted in burned- 
out equipment, and very tired and disgusted operators, as well as 
a costly and unsatisfactory job. 

Both of the foregoing operations were carried out on a dry 


CONCLUSIONS 

Experience with mechanical cleaners has indicated that large 
savings in capital investment, as well as increased process effi- 
ciency are attainable. The usual maintenance crew is sufficienty 
experienced to handle mechanical cleaners which can be procured 
at a very moderate cost. Consequently many plants have es- 
tablished this method as the preferred one, particularly for im- 
mediate “‘on the spot” service, and also as spare emergency clean- 


basis at long and unscheduled intervals. 
ing equipment. Experience also indicates that these cleaners Then we procured a pistol-type tube cleaner, using air at 100 ; 
usually perform their task satisfactorily long before other meth- psi for driving the drill head. With water as the flushing agent 
ods are started. For the opening up of completely plugged heat —_g¢.79 psi, we were able to speed up operations and obtained a more = 
exchangers, mechanical cleaning is the only method available effective and therefore a more efficient cleaning job. 

2 barring retubing. At present there is no known method of As pointed out in this paper, no matter how good the available 

6 & pickling, lancing, or otherwise clearing out plugged heat-ex- equipment, unless a definite schedule of periodic cleaning is set 

© § changer tubes. up and adhered to, tube cleaning will be slow, laborious, and 

“ Since the advent of the specially designed cleaner, manufac- — eggtly. 

Y Ff turers have noticed consistently an increased interest and de- The technique of the men performing this work is also impor- 

MB mand for its use. It must be presumed that this interest has tant. They must be trained thoroughly in the use and care of 

% Ff been aroused because of the feasibility of such a product and the equipment and the most effective methods must be employed. 

%* Ff method. Unquestionably, as time progresses, the improvement An operation of this nature requires patience, skill, and con- i 

 § of mechanical cleaners will keep pace with engineering concepts _ gcientious application to the job at hand. : 

of maximum work output at a minimum invested cost, and in the 

shortest length of time. ? Bergenfield, N.J. : 
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Chemical Clea 


The use of chemical solvents in cleaning heat-exchange 
equipment is described on the basis of the types of de- 


The application of the solvents is discussed, and a number 
of case histories are described, illustrating chemical 
cleaning in various industries. 


T is logical to expect heat-exchange surfaces to experience 
When the 
enough to cause appreciable loss in efficiency of heat transfer, 
some measure of corrective maintenance is necessary. This paper " 


some degree of fouling. fouling becomes serious 


concerns the use of chemical solvents for removing the offending ; : 


deposits and restoring the equipment to satisfactory performance. 

The successful and economic application of solvent cleaning 
depends upon a number of factors, namely, the deposits, the 
metals in the unit to be cleaned, the solvents available, and safe 
operating practices. 
influence solvent cleaning and to describe the methods of applica- 
tion by citing experiences with solvent cleaning in various indus- 
tries. 


‘ 


It is proposed to discuss these factors as they 


Deposits 


The successful removal of any type of deposit with solvents is 
naturally dependent upon the nature of that deposit. In solvent 
cleaning of heat-exchange surfaces, the deposits, for purposes of 
identification, are divided into one of three broad classes, namely, 
inorganic deposits, organic deposits, or mixtures of inorganic and 
organic deposits. 

Inorganic Types. The inorganic deposits consist of a com- 
paratively small number of specific chemical compounds, which 
may be designated by chemical or mineral name, and by chemical 
formulas (1).* The possible constituent metals must be limited to 
those cations present in the water or fluid medium or formed from 
the metals with which the fluid medium comes in contact. The 
negative ions or anions will be those present in or derived from the 
fluid medium. 

For example, if a well water is used as a cooling medium in a 
system consisting of steel pipe and a heat exchanger constructed 
with cast-iron channel sections and copper-alloy tubes and tube 
sheets, one may list the possible positive and negative ions to be 
expected as follows: 


Metal ions Negative radical 

Ca CO;" HCO;— 

Mn Silica 


‘District Chemist, Dowell Incorporated, Cleveland, Ohio. 

* Development Engineer, Dowell Incorporated, Tulsa, Okla. 

‘Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., November 28-December 3, 
148, of Tae AMERICAN SocIETY OF MECHANIC AL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
nderstood as individual expressions of their authors and not those of 
beSociety. Paper No. 48—A-113. 
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It would be possible to discover in the deposits such com- 
pounds as are insoluble in water under the conditions existing 
in the system: 


Ca, Mg, Fe, Mn, Cu, Zn 
Ca 

Fe, Mn, Cu, Zn 

Ca, Mg, Fe, Mn, Cu, Zn 


Carbonate or basic carbonate of 
Sulphate of 

Oxide or hydroxide of 
Silicate of 

Basic chloride of 
Sulphide of 


Cu 
Fe, Cu, Zn 


Further, if chemicals are being added to the system for corrosion 
control (phosphates, chromates, silicates, etc.), or for any pur- 
pose whatever, compcunds containing these anions may be found 
in the deposits. 

Organic Types of Deposits. Organic materials may be found on 
water sides of tube and shell units under operating conditions 
where: 


1 The water or steam is contaminated with oil or other 
organic matter. 

2 Conditions are favorable for the growth of living organisms, 
such as slime or algae. 


However, typical organic-type deposits are generally associated 
with the product sides of exchanger units in oil refineries (2, 3, 4), 
coke plants, chemical industries, ete. 

Organic deposits generally consist of not one or two but hun- 
dreds and probably thousands of organic compounds. The effect 
of heat, pressure, moisture, and other physical chemical factors 
can produce a great variety of organic deposits. The organic de- 
posit may be anything from a light volatile fluid, to a highly 
polymerized material or decomposed cokelike deposits which 
appear to be untouched by the solvents usually employed for 
solvent cleaning. Petroleum refineries, by-product coke plants, 
synthetic-rubber plants, the fermentation industry, food-proc- 
essing industry, the chemical industry, and others have problems 
with organic deposits. 

Because of the almost unlimited variety of organic deposits, 
identification for purposes of chemical cleaning may be generalized 
as follows: 


1 Of vegetable origin; saponifiable, or nonsaponifiable. 

2 Of petroleum origin; soluble in carbon tetrachloride, or 
insoluble in carbon tetrachloride. 

3 Of coal origin; soluble in benzene or pyridine, or insoluble 
in benzene or pyridine. 

4 Miscellaneous 


The foregoing classifications for organic deposits are not en- 
tirely satisfactory. However, since no attempt can be made to 
classify these materials by their chemical identities, it becomes 
desirable to characterize them on the basis of some simple descrip- 
tive laboratory tests. The fundamental problem is to determine 
whether the deposit can be dissolved in a — oe solvent 
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aqueous solution. For example 


TRANSACTIONS 
or dislodged and dispersed in an aqueous solvent sufficiently to 
effect its removal. 

Mixtures of Organic and Inorganic Materials: It is not uncom- 
mon to find typical inorganic deposits in water and steam systems 
mixed with oil or grease, with living organisms such as slime, or 
various other materials which entered the system accidently. 

On the other hand, most organic deposits contain some inor- 
ganic material resulting from corrosion of the metals in the system. 
For example, in a petroleum refinery, most organic deposits are 
mixed with the sulphides of iron or copper. 

Special chemical-cleaning procedures may be necessary for 
dealing with these mixed deposits satisfactorily. This will be 
illustrated by a specific case history. 


Types or SOLVENTS 


In solvent cleaning there are many solvents available. The 
number of practical solvents is limited, however, by cost, by fire 
and health hazards, and by the corrosive nature of the solvent. 
The type of solvent used in chemical cleaning is greatly influenced 
by the metals in the unit to be cleaned. The relation of the metals 
to solvents is illustrated in Table 1. 


PROPERTIES OF METALS ENCOUNTERED IN CHEMI- 
CAL CLEANING 


Ferrous METALS 


Cast irons can be cleaned with any of the common solvents used for that 
purpose. When using inhibited acid, however, it is advisable to use lower 
temperature limits than for low-carbon steel. 

Carbon and low-alloy steels offer good resistance to cleaning solvents, includ- 
ing inhibi acids at rather elevated temperatures. However, it must not 
be assumed that all carbon and low-alloy steels exhibit the same corrosion 
characteristics in inhibited acids (9, 10,11). 

Stainless steels are, in general, more resistant to corrosion than low-alloy 
steels. This particularly is true of the 18-8 types of chromium-nickel alloys. 
This is less true of the chromium stainless steels. Care should be exercised 
jn the use of inhibited acid in contact with the latter. 

Galvanized iron cannot be cleaned by either inhibited acids or strong alkalies. 
Neither should be used unless corrosion has already so nearly destroyed the 
galvanized coating that its complete removal is of no consequence. 


TABLE 1 


Copper AND Copper ALLOYS 
Copper and copper alloys are, in general, resistant to nonoxidizing acids, 
alkalies, and organic solvents. 
NICKEL AND NIcKEL ALLOYS 
Nickel and nickel alloys are resistant to nonoxidizing acids, alkalies, and or- 
ganic solvents. 
ALUMINUM AND ALUMINUM ALLOYS 


Aluminum and aluminum alloys are becoming more extensively used in the 

fabrication of heat-exchange equipment. The solvent cleaning of such 

equipment must not be attempted with inhibited acid or with strong alkali. 
‘Strongly oxidizing acids and mild alkalies may be used. 


Tin anp Leap 


Block tin is seldom encountered but is quite resistant to attack by the com- 

mon solvents under the conditions employed. The same may be said of 
lead, which might be used for gaskets, calking, or special fittings. Further, 
tin-lead solders are not subject to serious attack. 


CHEMISTRY OF CHEMICAL CLEANING 


Inorganic Deposits. In general, inorganic deposits are removed 
because the acid solvent reacts with the compounds in the deposit 
converting them to new compounds which are soluble in the 


CaCO; + 2HCl = CaCh +H.0+CO, 


The CO; is evolved as a gas and the CaCl is readily soluble in 


ah water. Other carbonates behave in the same way. 


This reaction goes on more slowly than the one used in the first 
illustration. However, the product ferric chloride is soluble in 
the acid medium. 


+ 6HCI = 2FeCl, + 3H,0 
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Certain oxides present special problems: Cuprous oxide, be- 
cause it is not readily soluble in low concentrations of hydrochloric 
acid, and manganese dioxide because, if it does dissolve in hydro- 
chlorie acid, it causes the liberation of free chlorine which can 
create a serious corrosion hazard. 

Sulphides. Iron sulphide dissolves readily but with evolution 
of hydrogen sulphide, a very poisonous gas, which must be 
handled with proper safety precautions in ‘mind. Copper sul- 
phides are not readily soluble. Zinc sulphide is intermediate in 
properties; it will dissolve readily under the proper conditions. 

Calcium Sulphate. This compound, which is found much more 
often in boilers using raw water than in heat-exchange equip- 
ment, is difficult to remove. For all practical purposes it is only 
slightly soluble in hydrochloric acid. One method of treatment 
which is effective in some cases is to use alternate alkaline and acid 
stages. Some calcium-sulphate deposits respond to treatment 
with hot strong caustic solutions (5), but this method has not 
been widely used to date. The cost and danger of handling the 
solvent tend to discourage its use. 

Silicates. The chemistry of the silicates is rather complex. 
It will serve our purpose here to indicate that there are two gen- 
eral methods of removing difficult deposits: 


1 The use of hydrochloric acid containing addition agents 
which increase the solubility of the silicates. 
2 The use of alternate alkaline and acid stages. 


Usually laboratory tests and previous experience will guide the 
engineer in deciding which procedure to use. 

There are some other miscellaneous substances which are en- 
countered infrequently, but the ones cited are of the most gen- 
eral interest and will serve. well to illustrate the problems in- 
volved. One other may be mentioned only because it presents 
an unusual corrosion problem. Calcium sulphite will dissolve in 
hydrochloric acid but when it does, it forms a strong reducing 
agent, sulphurous acid, which destroys many of the organic-type 
inhibitors that are used in chemical cleaning. This may result 
in serious acid attack on the metal unit. 

Organic Deposits. As suggested, much of the task of removing 
organic materials involves physical changes rather than chemical 
reactions. Solution of the deposit in a suitable organic solvent 
or dispersion in aqueous medium are the most common methods 
The chemical reactions involved include the following 


(a) Saponification by strong alkali. 

(b) Oxidation by alkaline or acid solutions containing strong 
oxidizing agents. 

(c) Reaction with concentrated sulphuric acid. ieieis | 


These few chemical generalizations are sufficient for this dis 
cussion. 


PRECAUTIONS 


There are several other problems to be considered if chemical 
cleaning is to be done without danger to equipment and to pe 
sonnel, 

For the safety of both equipment and personnel, it must & 
recognized that explosions have occurred in a few instances whet 
proper precautions have been wanting. Hydrochloric acid 10% 
mally reacts with iron 


Fe + 2HCl = FeCl, + 


Hydrogen is evolved. Substances known as inhibitors are u® 
in the acid to inhibit or discourage this reaction, but the be 
inhibitors cannot stop it completely. If the hydrogen which 
evolved is allowed to become mixed with air in a confined spa 
a spark, a lighted match, cigarette, or a flame tool, can ignite 
mixture and a serious explosion may result. It is essential t 
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hydrogen and other gaseous reaction products be conducted 
through proper vent lines away from confined spaces and from 
sources of ignition. ‘No Smoking” and ‘‘No Welding” signs 
should be posted where necessary. 

Specifically, for the protection of personnel, it is important that 
those handling acids, alkalies, inhibitors, and other compounds 
used in chemical-cleaning operations be instructed properly in 
methods of handling and be clothed properly with goggles, rubber 
suits, and rubber gloves when these are necessary. 

Proper equipment should also include devices for detecting 
poisonous gases, which may be formed by chemical reaction be- 
tween solvent and fouling deposit, and suitable gas masks or 
respirators, to be worn when needed. 

The following are some examples of hazardous gases: 


1 Hydrogen sulphide is extremely poisonous and is frequently 
encountered in chemical cleaning work 


FeS + 2HCl] = FeCl, + 


2 Carbon dioxide is evolved from all deposits containing cal- 
cium carbonate when inhibited acid is applied. It is not poi- 
sonous and is not normally considered dangerous. It can cause 
suffocation. The gas is much heavier than air and tends to settle 
into low places. 

3 Sulphur dioxide is formed from deposits containing sul- 
phites. It is extremely disagreeable and severely irritating to 
respiratory organs. 

For the protection of metal equipment there are some further 
considerations. It is not enough to know how each metal be- 
haves in inhibited acid alone. One must consider also the pos- 
sible effect of certain constituents in the deposit on the relation 
between solvent and metal. Oxidizing agents such as ferric- 
ion compounds (6), copper compounds, manganese dioxide, and 
chromates, tend to cause the corrosion rate to be higher than it 
would be otherwise. Special tests may be necessary to deter- 
mine whether this effect will be serious. Reducing agents such 
as sulphites also have an adverse effect on many inhibitors. 
These facts must be properly anticipated and investigated if 
chemical cleaning is to be done safely. 


Metuops or APPLICATION 


Chemical cleaning is generally performed by handling the 
solvent or solvents in tank trucks equipped with means of dilut- 
ing concentrated aqueous solvents with water to the desired 
percentage concentration, of heating with live steam to the 
desired temperature, and pumping the solvent at the proper 
strength and temperature to the unit to be cleaned. This re- 
quires that steam and water lines be run to the truck location 
and a solvent line from the truck to the unit. Circulating the 
solvent during the reaction period may or may not be necessary 
or desirable. If it is, a return line from the unit to the pump 
truck becomes necessary. The need for proper venting has al- 
ready been emphasized. A typical hookup is shown in Fig. 1. 

The proper reaction time between solvent and deposit is de- 
termined by chemical tests and by the experienced judgment of 
the chemical-cleaning engineer. The solvent must then be dis- 
posed of, the unit flushed thoroughly with water and, following the 
use of acid solvents, a neutralizing wash applied. 

If the solvent has dissolved most of the deposit and caused the 
remainder to slough away from the metal surface so it can be 
washed out, the chemical cleaning would be considered success- 
ful. A nearly pure calcium carbonate or phosphate deposit will 
dissolve practically completely in a short time, but an iron-oxide 
deposit, for example, dissolves slowly, while much of the deposit 
tends to slough away. It would be impractical in most cases to 
Continue the treatment to the point of dissolving 100 per cent of 
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the deposit. In general, then, it is necessary to anticipate the 
presence of sloughed material. In many cases normal flow of 
water through a heat exchanger wili remove this sloughed mate- 
rial. In other instances it is necessary to provide some means of 
washing or scraping out this material. This is one of the most 
serious difficulties involved in removing certain deposits from the 


$33 


or Heat- 


shell sides of tube and shell exchangers without dismantling the 


units. Fortunately, in most other types of equipment it is not a 
serious problem. 

The properties of metals encountered in chemical cleaning are 
giveninTablel, 


Case Historres 


Power Plant (Turbine Condensers). The si as of bee. 
which can be permitted before cleaning is necessary depends upon 
the individual circumstances (7). In a large utility generating 
station every tenth of an inch of vacuum lost because of fouling 
is important. In the powerhouse of a small manufacturing com- 
pany, generating part or all of its own power, the loss of vacuum 
may become several inches before the operator is seriously con- 
cerned. 


Most generating-station turbine condensers are chemically 


cleaned on the water side or steam side or both by filling with 
dilute hydrochloric acid, containing inhibitors and wetting agents, © 
allowing a soaking period of 1 to 4 hr, and then flushing. The 
water side is easily flushed with regular circulating water. The 
gain in vacuum or drop in back pressure probably will be some-_ 
where between 0.1 in. and 1.5 in. 

On the other hand, a small condenser in a manufacturing plant 
may require two or more fillings of inhibited hydrochloric acid to 
restore several inches of lost vacuum. Perhaps it would be better 
economy to have cleaned the condenser at more frequent inter- 


vals using correspondingly less solvent and time and having a 


much higher average efficiency of operation of the unit. 

If a serious slime condition exists in the cooling-water side of 
a turbine condenser in addition to scale deposits, it may be neces- 
sary to remove the slime by chlorine, copper sulphate, or hot 
alkaline pretreatment and then to use inhibited acid to remove 
the scale. 

Feedwater Heaters. 


usually fouled with deposits containing copper and iron oxides. 
Dilute inhibited hydrochloric acid will generally remove them 
easily. 


High-pressure-stage feedwater heaters pre- er 
sent a problem in chemical cleaning. Low-pressure heaters are ae 
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In high-pressure-stage heaters the same deposits are encoun- 
tered and have the same physical appearance. However, ex- 
perience has shown that they cannot be removed with straight 
inhibited hydrochloric acid. The reason for this is that they 
generally contain decomposed oil in amounts of from approxi- 
mately 2 to 30 percent. This oil, even in the smaller quantities, 
interferes with the solution of the deposits in acid. 

An example is a Foster Wheeler four-pass horizontal heater 
containing 760, 14-gage Admiralty, 0.75-in-OD tubes 18 ft long 
with 2690 sq ft of heating surface. The unit was a fourth-stage 
heater operating at approximately 400 F, deposits consisting of 
a very thin scale containing copper oxide and hydrated iron oxide. 
Inhibited hydrochloric acid containing a surface-tension-lowering 
agent was added to the heater at and slowly pumped 
through the unit, expending the used solvent to the sewer. The 
unit on casual observation looked clean; however, later operating 
data indicated that it had not been cleaned to any appreciable 
extent. 

The deposits were reanalyzed and an infrared analysis showed 
that there was approximately 2.2 per cent oil present. Samples 
from a fourth-stage heater in another unit, operating under the 
same conditions, were obtained. These had the same analysis, 
and an infrared analysis indicated that there was approximately 
2.2 per cent oil present. An oxidizing solution was pumped 
through the second heater and circulation was continued for 1 
hr, following which the solution was displaced to the sewer with 
water. Inhibited hydrochloric acid was then added. This time 
the heater was clean. 

The same types of deposits in high-pressure feedwater heaters 
have been encountered in several power plants. Oftentimes one 
stage of the oxidizing agent followed by an acid solvent is not 
sufficient. On some heaters as many as four stages of each type 
of solvent have been necessary. 

Some interesting performance data on feedwater heaters chemi- 
cally cleaned are contained in Table 2 

Steel Mill Coke Plan's (Wash-Oil Coolers). 
of light oils from coke-oven gas, the gas is scrubbed with a high- 
boiling petroleum oil called wash oil. The wash oil picks up 
light oils in a light-oil scrubber, goes to the light-oil recovery 
plant, where the light oils are distilled out, then back to the 
scrubber. On the way back, it goes through wash-oil coolers 
which cool it with water to the appropriate temperature for effi- 
cient pickup of light-oil vapors. 

The coolers consist of cast-iron sections arranged in columns 
and rows with a system of water spray nozzles overhead and catch 
basins underneath. The outer surfaces of the cast-iron sections 
were covered with iron oxides formed as a result of corrosion of 
the cast iron. Between the outer corrosion products and good 
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TABLE 2 TERMINAL TEMPERATURE 


@ Based upon saturated steam temperature. 


DIFFERENCES OF 
WATER HEATERS BEFORE AND AFTER CHEMICAL CLEANING 
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metal underacath, was layer of partly corroded metal 
which is typical of graphitic corrosion on cast iron. This layer 
tends to discourage the sloughing away of the corrosion prod- 
ucts leaving a clean metal surface. 

The procedure for cleaning was to spray warm inhibited acid 
over the coolers through the regular spray system while the stands 
were kept warm by allowing some oil, circulation through 
them. After about 10 min, the acid spr:y was stopped, the 
stands allowed to soak a short time, and then were washed down 
with high-pressure water hoses to help slough away the heavy 
iron-oxide layers. This cycle was repeated until the coolers were 
Only part of the coolers could be treated 
From 3 to 5 hr were 


sufficiently clean. 
at one time while the others were in use. 
required for each part. 

After cleaning, the temperature of the oil leaving the coolers 
was 13 to 14 deg F lower than before cleaning, with the same rates 
of water and oil flow to the coolers. 

Refinery Equipment. Few industries use more heat-exchange 
equipment, have more trouble with fouling, or more interesting 
chemical-cleaning problems than the petroleum industry. The 
deposits found in cooling-water systems do not present an unusual 
or peculiar problem, but the product systems present many prob- 
lems. The deposits are essentially sulphides of the heat-ex- 
changer metals, and organic matter in various states of decom- 
position and polymerization. Iron sulphides are soluble in 
inhibited acid, but the H.S evolved is a very poisonous gas. 
The copper sulphides and polymerized organic matter are not 
readily soluble. When the latter occur on the shell side of a tube 
and shell exchanger the problem is aggravated by the possibility 
of the spaces between the tubes being plugged solid so the solvent 
cannot come in contact with the deposit, and by the difficulty of 
removing material which sloughs loose but does not dissolve. 

Heat Exchangers. Following is described a case in which a 
mixed organic-inorganic deposit was found in the tubes of a hori- 
zontal tube and shell exchanger. A desalted Illinois crude oil 
passes through the tube side; in at approximately 275 F and out 
at 310-320 F. An attempt was made to clean the tube side with 
alternated stages of detergent solution and acid, but without 
success. 

Tests conducted in the laboratory on the deposit showed it to 
be a mixed organic-inorganic material. The results of the tests 
may be shown as follows: 


Organic matter soluble in carbon tetrachloride, per cent..... 31 
Organic matter insoluble in carbon tetrachloride, per cent. 8 
Inorganic matter soluble in hydrochloric acid, per cent... ... 49 
Inorganic matter insoluble in hydrochloric acid, per cent.... 12 
The total soluble in hydrochloric acid and carbon tetrachlo- 


TURBOGE NERATOR FEED- 


—-Unit 8 ——-Unit 9—— —-Unit 10—~ -——Unit 12—~ 
4 Before After Before After Before After Before After 
Actual steam temp, deg F 646.9 629.6 (Not taken) 620.5 669.5 633.4 574.2 562.7 
ep tai pete Avg steam press, psia. .. 209.9 200.0 221.2 214.1 219.9 221.5 152.1 Tat] 
Temp water leaving htr, deg F 378.8 380.0 383.1 387.4 386.5 390.2 352.7 
Terminal temp diff,¢ deg F.. +7.0 41.8 +2.2 +0.1 +3.0 +0.2 +6.9 
Actual steam temp, deg . 504.3 486.7 (Not taken) 471.3 513.5 499.7 394.2 
So able: Wish Avg steam press, psia. 96.2 91.9 100.4 97.1 101.0 101.5 47.7 
Temp water leaving htr, de F 311.4 316.8 318.3 324.2 313.0 324.2 269.7 
te Terminal temp diff,* deg F +13.5 +4.9 +9.8 +1.5 +15.5 +4.7 +7.8 
BBs Actual steam temp,degF... 314.2 291.8 (Not taken) 315.6 335.9 309.8 180.2 177.8 
nes Avg steam press psia........ 39.3 36.0 40.2 38.1 40.8 39.4 7.9 Bu , 
Temp water leaving hr, F 259.3 259.1 259.3 263.9 254.0 265.0 173.2 
erminal temp diff,* deg +6.9 +1.8 +8.3 +14.5 +1.3 +9.1 +10.8 
ww 14th-Stage heater: 
 Aetual steam temp, deg F. 183.6 182.5 (Not taken) 184.4 201.8 186.3 (Not 
Avg steam press, psia....... 8.8 8.2 8.2 9.2 9.1 (Not taken) 4 
emp water leaving htr, deg F 178-2 176'9 71:7 176.2 167°8 18010 
ad Terminal temp diff,* deg F +9.0 +7.0 13.4 7.8 (Not fot taken) 
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4th-Stage heater: 
Nominal over-all] heat transfer, Btu per hr 
Turbine-throttle steam flow, |b perhr.... 
8th-Stage heater: 
Nominal over-all heat transfer, Btu per hr 


bay wr 


1ith-Stage heater: 


The method of cleaning decided upon was to use an emulsi- 
fied solvent containing both inhibited hydrochloric acid and or- 
ganic solvent. Two batches of emulsified solvent were circu- 
lated through the unit, then it was flushed, neutralized, and put 
back in service for another complete run. 

It is interesting that, in the same system, in the exchanger fol- 
owing the one just described, where crude-oil temperature rises 
to 400 F, the deposit was quite different: 


Organic matter soluble in carbon tetrachloride, per cent... . 30 
Organic matter insoluble in carbon tetrachloride, per cent... 32 
Inorganic matter soluble in hydrochloric acid, per cent...... 17 
Inorganic matter insoluble in hydrochloric acid, per cent.... 21 
Total soluble in hydrochloric acid and carbon tetrachloride, 


Tubes taken from this unit were treated with the emulsified 
solvent in the laboratory by circulating through a single tube 
with a laboratory pump. The tube did not clean up. There 
was not sufficient material soluble in the solvent to permit the 
insolubles to slough away. This is pointed out merely to illus- 
trate that a method which may be quite successful on one unit 
may fail on another operating under different conditions. 

Gasoline Condensers. 


In a Texas refinery a heavy calcium- 
carbonate scale was removed from the cooling-water side of gaso- 
line condensers with inhibited hydrochloric acid. The results 
reported are interesting: After chemical cleaning, the gasoline 
leaves the condensers 20 deg F cooler than when the units are 
mechanically cleaned. The operator reported that this 20 deg 
F lower temperature will reduce evaporation losses to the extent 
that the cost of chemical cleaning will pay out in less than 2 weeks 
of operation. 

Marine Lubricating-Oil Coolers. The lubricating-oil coolers 
on many ships need frequent cleaning to remove from the oil 
side a heavy greaselike material which is primarily hydrocar- 
bons with some sulphur containing organic matter (8). + 

The usual procedure is to use an emulsion, consisting of an 
organic solvent emulsified with an aqueous alkaline solvent. The 
solvent is used at elevated temperatures and from 2 to 4 hr con- 
tact time are usually sufficient. Occasionally it is necessary to 
follow the emulsion with an acid stage if corrosion products have 
been formed in or carried into the coolers 

Synthetic-Rubber Plant. An interesting operation conducted 
during the war was the chemical cleaning of all the heat-exchange 
equipment in a synthetic-rubber plant. The plant was designed 
with a rated capacity of 90,000 tons of synthetic rubber per year. 
It was laid out in three identical production lines designated A, 
B,and C. Each line consisted of 24 jacketed reactors plus sup- 
§ Ply, circulating and overflow lines, with a total estimated volume 
» of 16,000 gal; circulating-water system with two 3-stage con- 
densers, two booster condensers, with supply and return lines 
with an estimated total volume of 4700 gal; refrigerated water 


TABLE 3 DESIGN DATA ON HEATERS IN TABLE 2 


Foster-Wheeler 
1340 


18.31 108 
Turbine-throttle steam flow, lb per hr... . 280000 


Unit 8 Units 9 and 10 Unit 12 
Foster-Wheeler Foster-Wheeler Foster-Wheeler 
1340 1340 2830 
1924 108 20.65 X 108 od 
280000 280000 570500 


Foster-Wheeler 


F oster-W heeler 
1340 2820 
18. 90 x 108 
280000 


41.65 108 


Total area, sq ft.. 1363 363 2100 
Nominal over-all heat transfe or, “Btu pe rhr 21.36 108 2.80 x 106 108 
1%. Turbine-throttle steam flow, Ib per hr. . 280000 280000 0500 ty 
Total area, sq ft 025 1025 
Nominal over-all heat transfer, Btu per hr 21.42 x 108 20.68 x 105 aay ; 
Turbine-throttle steam flow, lb per hr. . 280000 280000 


system with two aftercoolers on the 3-stage condensers, two les 


coolers on the booster condensers, two butadiene condensers — 
(shell side) and two other heat exchangers, with supply and re- 
turn lines, total volume estimated as 3000 gal. 

The deposits were essentially iron oxides and were removed 
with dilute inhibited hydrochloric acid. Approximately one 
8000-gal tank car of concentrated hydrochloric acid was required 
on each line. Three tank cars were used in the entire cleaning © 
operation. It will not be necessary to describe the details of the — 


work as this illustration is intended to show the large amount | 


of cleaning that can be done in a relatively short time. The first 
line was cleaned between 8:00 a.m. Monday and 8:00 a.m. Tues-— 
day. It was put back into operation. The second line was 
cleaned on Wednesday, and the third line was cleaned on Fri- 
day. Each line was put back into full production in less than 
48 hr. 


Heating System. In an automobile plant the hot water for heat- 
ing the plant and office building is supplied by using exhaust 
steam from the forges in Alberger heaters. The heaters are ver-_ 
tical, two-pass, tube and shell exchangers, designed for a heat | 
transfer of 60,000,000 Btu per hr at 3 psi saturated-steam pres- 
sure and a water flow of 4000 gpm. The original copper tubes — 
had been replaced by Admiralty-metal tubes. It was estimated — 
that this would reduce the normal heat-transfer rate from 60,000,- 
000 to 46,000,000 Btu per hr. 

Oil and grease from the forges had gotten past the oil separator, 
and the shell side (steam side) of the heaters was fouled until 
grease stood 6 to 8 in. deep on the lower tube sheet. The tube 
side was fouled with a readily soluble water-deposited scale. 

The treatment consisted of using an organic solvent to remove 
the 6 to 8-in. layer of grease on the tube side, then an alkaline de- 
tergent to remove the oil film from the entire shell side, finally an | 
inhibited acid solution to remove the wate 
side. The acid solution was circulated through the unit first in 
one direction, then in the opposite direction. The whole opera- — 
tion was completed on each heater in 6 hr. 
from the unit were thoroughly clean inside and out. 


Perform- 
ance data on both heaters are given in Table 4 


TABLE4 


EXCHANGERS J 

Outside Temp of Temp of Steam press - 

tomp, water to heater, water leaving on shell side, 
Heater no, 1 — eg F heater, deg F psi bly 
Jan. 15 145 160 2.5 

larch 13. 5 
rea 


Heater no. 2 


31 
Cleaned unit 


r scale from the tube 


Tubes later taken 


PERFORMANCE DATA ON AUTOMOBILE-PLANT HEAT - 
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Unfortunately, data on rates of flow of water through the units 
are not available. Before cleaning it was necessary to operate 
both units continuously; since cleaning it has not been necessary 
to operate more than one heater at any time. Also, the supply 
of steam from the boilers, which is used when the forges are not 
operating, has been reduced materially. 

Salt Manufacture. Multiple-effect evaporators are used in the 
salt industry to concentrate the salt brine. The chemical clean- 
ing of these evaporators is well illustrated by experiences in a 
plant in Michigan. The deposits in the first effect are almost 
pure calcium sulphate. Those in the second effect are mixtures 
of calcium sulphate and calcium carbonate. The deposits in the 
third and fourth effects are almost pure calcium carbonate. 
Manual cleaning generally requires a crew of 8 to 12 men to 
clean one set of pans in approximately 8 days. In chemical clean- 
ing, inhibited hydrochloric acid is added, filling to slightly above 
the upper tube sheet. Where heat is required, steam is vented 
into the solvent. Within 4 to 6 hr the third and fourth effects 
are free of scale, the second effect is almost clean, but the first 
effect still contains considerable calcium sulphate scale. The 
tubes in the first and second effect are then turbined in 6 hr with 
a two-man crew. Salt production is increased several tons per 


day following the cleaning. 
One consideration which has not been discussed and which is 
difficult to approach satisfactorily in a general way, is the ques- 
tion of the cost of chemical cleaning as compared to the cost of 
other methods of cleaning heat-exchange equipment. Many 
factors enter into comparative costs which vary tremendously 
from one situation to another. The cost per unit depends upon 
how many units can be cleaned simultaneously by the same 
crew of cleaning engineers, and the amount and type of scale 
present. Another factor of cost to the operator is the expense 
of preparing the unit for cleaning. Here, chemical cleaning may 
offer considerable advantage by eliminating the need for building 
scaffolds, dismantling the unit, and so on. Still another very 
important consideration is the saving of time, if down time means 
the lowering of production schedules. In many instances this 
factor alone pays for the cost of chemical cleaning many times 
over. In other instances it does not represent a saving. 


CLEANING SCHEDULES 


When heat-exchange equipment is to be dismantled and cleaned 
manually, it is natural to let it go as long as possible even though 
its inefficient operation is costing dollars every day of operation. 
If the unit is going to be dismantled ard cleaned manually, the 
time and cost are about the same whether the unit has '/¢ in. 
of deposit on the metal surfaces or 4 times that much. So the 
job is put off as long as possible. 

Suppose the deposit is a calcium-carbonate scale accumulating 
at the rate of 1/q in. every 6 months. The deposit will be 1/1. 
in. at the end of 2 years. If the unit is to be cleaned chemically, 
the amount of solvent required is directly proportiona! to the 
amount of scale, so whether '/« in. is removed every 6 months 
during the two years, or ‘/e in. at the end of the 2 years, the 
amount of solvent used would be approximately the same. But 
by applying one quarter of the solvent every 6 months, the over- 
all average efficiency of the unit is much greater than it would be 
if the deposit accumulates for 2 years. There are, to be sure, 
other costs for chemical cleaning than the cost of chemicals, but 
that is usually the largest single item. 

With chemical-cleaning programs, it is well to consider the ad- 
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vantages of cleaning at intervals such that the cleaning can be 
done quickly and easily, and the unit kept at high average 
operating efficiency. When units are allowed to become badly 
fouled, tubes may become plugged and spaces between the tubes 
become packed solid so solvent cannot get to the deposit. The 
cost of chemical cleaning may appear excessive and the results 
may be unsatisfactory. Then if the operator has to dismantle 
the unit and rod-out plugged tubes and finish the cleaning job, he 
is quite likely to feel that someone has misrepresented the ad- 
vantages of chemical cleaning. 


CONCLUSION 


It is hoped that this discussion has covered the primary appli- 
cations of chemical cleaning to heat-exchange equipment. This 
highly specialized field of chemical engineering is not a cure-all 
for the maintenance department’s headaches, but with chemical- 
cleaning engineers working in co-operation with maintenance 
men, operating engineers, water-treatment engineers, and those 
who design and install heat-exchange equipment, many of the 
existing problems can be solved. It is not a field for patent- 
medicine methods. Rather, it is a challenge te well-trained and 
competent chemists, engineers, and technical-service personnel. 
In its proper applications, it represents a new and better wa 
doing a very old job. 
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Various principles which have been used to combat the 
formation of scale in sea-water distillation equipment are 
outlined briefly. Data on the rate of scale formation in the 
compression type of distillation unit are presented. Re- 
sults obtained by periodic chemical cleaning and low- 
temperature operation are discussed. 


PERATORS of distillation equipment for production of 
fresh water from sca water have been plagued by fouling 
of the heat-transfer surfaces through formation of scale 
ever since the earliest water stills were placed in service. Solutions 
to this problem have been made by use of several distinetly dif- 
ferent principles, or combinations of them. 
as follows: 


These principles are 


1 Periodic mechanical seale removal, 

3 Periodic scale removal by thermal shock which causes dif- 
ferential expansion between the scale and the metallic heat-trans- 
fer surfaces. 

4 Periodic scale removal by temperature change, which in- 
duces bending of the metallic heat-transfer surfaces. 

5 Periodic 


2 Periodic chemical scale removal. 


scale removal by pressure variation, which in- 
duces bending of metallic heat-transfer surfaces. 

6 Continuous scale prevention by vacuum operation at low 
temperatures, which completely alters the scale-forming tenden- 
cies in sea water. 

7 Continuous seale prevention by feedwater treatment. 


The scale-forming tendencies of sea water vary markedly in dif- 
ferent localities, particularly near the shore, and the chemical con- 
stitution of the impurities in sea water is so complex that there is 
often a marked variation in the chemical analysis of the scale 
from different points within ‘distillation equipment. 
quently it is hazardous to predict the exact results which will be 
obtained by application of any of the foregoing principles. How- 
ever, practically all of them have been used successfully at one 
time or another. 


Conse- 


Data Derivep From ScaLte-REMOVAL APPLICATIONS 


The object of this paper is to present data on the results ob- 
tained through the application of some of these principles to the 
removal or prevention of scale in the compression type of distilla- 
tion equipment. This form of still was widely used during the 
war for military water supply and is now in use in several marine 
and industrial installations. All of the data reported below were 
taken on compression stills which used a short vertical tube, natu- 
ral circulation, callandria type of condenser-evaporator with 
boiling inside the tubes. 

These units were designed for periodic mechanical removal of 
scale with conventional hand or power-operated tube cleaners, 
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Dis tillation of Sea Water 


By J. J. CAMPOBASSO! ann ALLEN LATHAM, JR.? 


and the general practice was to use this method of scale removal. 
Consequently the broadest background of experience has been 
with mechanically cleaned units. Under typical conditions, a 
total operating time of 720 hr was obtained before it became de- 
sirable to shut down for cleaning. The characteristic relationship 
between cumulative output of distilled water and scale coefficient 
is shown by curve A in Fig. 1. The labor required for mechanical 
cleaning averaged about 0.4 man-hour per 1000 gal of distilled 
water. 
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Curve A in Fig. 1 is for a typical run on water from the seacoast 
of Virginia where the sea water contained very little contamina- 
tion from inland water. Curves B and C indicate the results of 
special runs on different sizes of the same type of unit operating 
on water from Boston harbor. The differences between B and C 
may be attributed to the fact that unit B was run at 15 deg F tem- 
perature differential, as compared with 10 deg F for unit C. The 
disparity between curves A and B-C is probably partly due to the 
difference between contaminated harbor water and sea water and 
partly due to the difference in tube length, as shown in the follow- 


ing table: <> 
Tube > 
u 
Unit OD in. wall, in. Length, 
A 3/4 0.049 221/4 
B 3/4 0.049 161/4 
Cc 3/4 0.049 161/¢ 


In all three cases the temperature of the boiling sea water was 
approximately 213 F. Allof these units liad been used prior to the 
test and were carefully cleaned and inspected before each test. 
For this purpose, chemical cleaning, supplemented by mechanical 
cleaning, was used. 

These curves are all based upon operation of complete full- 
scale distillation units on which it was not feasible to take such 
measurements as tube-wall temperatures. Over-all temperature 
differential and distillate production were measured and used for 
calculation of over-all heat-transfer coefficients. The resistance 
due to scale formation was assumed to account for the entire dif- 
ference in over-all resistances calculated for the condenser-evapo- 
rator in the fouled and clean conditions, according to the relation- 
ship 
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where - = temperature. A trial unit was operated on sea water from Boston 


U = over-all coefficient 16 
U, = over-all coefficient with clean tubes 


ha = scale coefficient 


No attempt was made to adjust U, for variations in temperature 
different al and heat flux. 

Several different methods of chemical treatment, both continu- 
ous and periodic, were tried with varying degrees of success. One 
of the most reliable methods found was periodic cleaning with so- 
dium acid sulphate. A typical procedure for use of this chemical 
is to circulate a solution of about 2 lb NaHSO, per gal of sea water 
for a period of about 11/2 hr after each 300 hr of normal operation. 
Under some conditions it has been found desirable to flush out the 
spent solution and run a second 1'/,-hr treatment with fresh solu- 
tion. This may be carried out without even cooling the equip- 
ment below operating temperature and no lost time is involved in 
restarting the unit. By this method, only about 1 per cent of the 
time is devoted to scale removal. Runs of several thousand hours’ 
duration have been made without shutdown for mechanical 
cleaning. Inhibited muriatic acid can be used in place of sodium 
acid sulphate to accomplish substantially the same results. Av- 
erage consumption of chemicals is 1.5 lb of NaHSO,, or 0.5 lb of 
HCI per 1000 gal of distillate. It has been found advantageous to 
conduct this periodic cleaning when the degree of fouling corre- 
sponds to a scale coefficient of about 1700. Ses 


One of the most effective ways to prevent scale formation in 
sea-water meee equipment appears to be neenen at low 


Low-TEMPERATURE OPERATION 


harbor for a period of about 1200 hr, with practically no evidence 
of seale formation. As compared with normal operation at a boil- 
ing temperature of about 213 F, this run was made under partial 
vacuum to give a boiling temperature of 150 F. Although the 
amount of experience available on this method of scale preven- 
tion in compression stills is meager, hearsay evidence on corre- 
sponding experience with other types of sea-water stills tends 
to confirm the foregoing indication that when the boiling tempera- 
ture is held down to 150 F, scale formation is prevented. Al- 
though low-temperature operation appears to eliminate scale 
formation, it permits a film of slime to form, giving a scale coef- 
ficient of about 1300, which remains constant. 


CONCLUSIONS 


1 The rate of scale formation in current models of compres- 
sion sea-water-distillation units is such that 200 to 300 gal of dis- 
tillate can be produced per square foot of evaporation surface be- 
fore it is necessary to clean the surface. 

2 Periodic treatment with solutions of sodium acid sulphate 
or hydrochloric acid can be used to obviate the need of mechani- 
cal cleaning. 

3 Vacuum operation to give boiling temperatures of 150 F 
offers a good possibility for prevention of any significant forma- 
tion of scale. 
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By P. F. DOUGHERTY’! anp C. H. 


A discussion is presented covering various methods 
available for cleaning tubular heat-transfer equipment, 
with particular emphasis on the use of an emulsifying oil 
for “‘in-place’”’ cleaning, and on the use of sandblasting. 
The relative merits of the in-place and the mechanical 
methods are outlined as well as the factors to be considered 
in selecting a particular procedure for a given application. 


INTRODUCTION 


HE cleaning methods for tubular heat-transfer equipment 

fall into two general classes. One class consists of those 

methods which perform the cleaning without dismantling 
the equipment, by means of the circulation of a solution which 
chemically and/or physically removes the fouling material. The 
other class includes all those methods where the equipment is 
partially or wholly dismantled, and the fouling agent removed by 
a purely mechanical means. 

The adaptability of the in-place methods must be deter- 
mined by physical and chemical examination of the fouling sub- 
stance. Laboratory solubility tests must also be made of the ma- 
terial. A plant scale test under close supervision should then be 
made, if it be found in the laboratory that a significant portion of 
the fouling material be soluble. 

If no suitable method is found for cleaning in place, one of the 
various mechanical methods must be used. The selection here 
will be determined by the nature of the deposit and extent of the 
deposit, as well as other factors which will be discussed later in 
the paper. 

It is obvious that the efficiency of cleaning and the frequency 
with which it must be performed, can be determined only by 
periodic heat-transfer surveys. In many cases, however, it should 
be possible to establish certain criteria which may be used by the 
operators, without the necessity of performing a complete survey 


CLEANING IN PLACE 


In order that equipment may be cleaned in place the fouling 
material must be capable of removal by one of the following 
methods: 


1 Chemical reaction with, and subsequent solution in, an 
acidic or alkaline solution. 


2 Solution of a portion of the fouling material, i.e., a binder, 
in an aqueous cleaning fluid, thus permitting the undissolved por- 
tion to be flushed out. The cleaning fluid may be hot or cold 
water or acidic or alkaline solutions. The flushing agent may be 
the cleaning fluid used, or another liquid, or emulsifying oil. 


3 Suspension of the fouling agent in the cleaning fluid. 


4 Complete solution of the fouling agent or of the binder in 
4n organic solvent. 


5 Combinations of the foregoing methods. 


eincering Division, Manufacturing Department, Sun Oil Com- 
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Our experience indicates that cleaning in place has the following 
advantages: 


1 Down time for equipment is reduced. 

2 Dismantling of equipment with resultant damage and high 
labor cost, is avoided. In those cases where tube bundles cannot 
be removed, no other methods are available for cleaning the shell 
side. 

3 Cleaning is more thorough. The solution will clean parts 
which would be difficult or impossible to reach with cleaning 
tools. 

4 Cleaning is more uniform. There are no small particles of 
scale remaining on the surface. On the contrary, mechanical 
cleaning usually leaves small particles of scale on the surface, 
which act as nuclei for the rapid formation of new scale. 

5 There is practically no loss of metal. 

6 The metal surface is left smooth in contrast to mechanical 
cleaning which frequently results in scoring which provides a 
place for lodgment of fouling material. 


As just pointed out, laboratory tests should be made to deter- 
mine the feasibility of the use of a particular in-place method. 
This work should be followed’ by closely supervised plant scale 
tests to confirm the laboratory results and to develop the actual 
procedure to be followed, if the method be adopted. 

Our experience has indicated that the normal procedure of 
steaming the equipment for extended periods prior to cleaning 
should not, as a rule, be followed when cleaning in place is planned. 
In one case it was found that the tubes appeared almost 
clean when the equipment was opened without steaming, whereas 
they were almost completely plugged with a rubbery mass after 
steaming for several hours. Prolonged steaming, in most in- 
stances, results in the removal of the more volatile components of 
the fouling material and the production of a residuum which is far 
less soluble than the original fouling substances. 

Prior to the adoption of an in-place method of cleaning a 
particular piece of tubular equipment, investigation should be 
made to determine the following: 


(a) Whether there be evidence of severe corrosion or deep 
pitting. The removal of the scale may uncover actual perfora- 
tions in the tubes, which are plugged with scale. 

(b) Whether, in the course of normal service, any portion of 
the tubes becomes plugged completely. If such be the case, the 
equipment must be opened and the tubes unplugged prior to in- 
place cleaning. Otherwise, the solution will be unable to contact 
the fouling material and the equipment will not be thoroughly 
cleaned. 


Solution Cleaning. The use of inhibited acid has been described 
and discussed at length by others. We have found that the use 
of this technique is most advantageous on the water side of 
coolers. It should be noted that, in at least one instance the 
fouling material was only partly soluble in the acid. The solution 
of this portion, apparently acting as a binder, permitted the re- 


mainder to be flushed out by the circulation of the acidic solu- — 


tion. 

Solution of Scale Binder. The basis of this method of cleaning 
is the solution of sufficient of the fouling material to loosen the 
remainder, at the same time that a sufficiently high circulation 
rate is maintained so that the loosened material is mechanically 
carried out of the equipment. In many cases it is advantageous 
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to intersperse a boiling of the solution, by steam applied to the 
other side of the tubes, as well as to reverse the flow of circulating 
medium. 

An alkaline solution was used to clean certain exchangers in a 
solvent refining unit, with the results shown in Table 1. An ab- 
normally high circulation rate is believed to have assisted the 
cleaning in this case. In addition, no steaming was used prior to 
cleaning. 


TABLE 1 RESULTS OF EXCHANGER CLEANING TESTS 
Solvent Gas oil- Absorp- Gasoline 
refining crude tion feed- 
unit ex- ex- oil ex- bottoms ex- 
changers changers changers changers 

Example A B Cc D 
Cold end difference, 
deg F 
Before cleaning Pe ee 185 46 40 
After cleaning......... 146 2 12 
Hot end temp. difference 
Before cleaning eR See 155 115 91 
After cleaning......... 94 91 75 
38 35 
Over-all oot, Btu/ 
h12/ft?/deg 
Before cleaning. 13.5 16 7.3 36.4 
After 37.0 46 30.2 51.1 
Design. . 35 60 
Pressure pst: 
Before cleaning....... 90 
After cleaning......... ee 20 


Another example of the efficacy of dissolving a binder from the 
fouling material is given by a set of “gas oil-crude”’ exchangers in 
a catalytic cracking unit, which was fouling rapidly on the crude 
_ side. Steaming-out had proved insufficient to remove the fouling 
material, which was approximately 70 per cent salt, with balance 
insoluble organic and inorganic material. Circulation of boiling 
- water at a very low rate produced the results shown in Table 1. 
Cleaning With Emulsifying Oil.? The use of an emulsifying oil, 
available in our refinery, is applicable where the fouling material 
is (a) completely soluble in the oil, or (b) can be held in suspension 
in the oil, and thus removed from the equipment. 

This method was primarily developed for the cleaning of the oil 
~ (shell) side of absorption oil coolers. The fouling material was an 
- emulsion with a greaselike consistency, composed of water, oil, 
_ resins, and inorganic solids. The use of heat or solvents broke 
this emulsion, allowing the resins and inorganic solids to settle out 
_ behind the baffles where they could not be removed by flushing 
with water or high or low-viscosity oils. Experience indicated 
that the presence of these solids accelerated the formation of the 
emulsion after cleaning. Hence a method to remove both the emul- 
sion and the solids was required. Experiments indicated 
that mixing concentrated emulsifying oil, i.e., without dilution 
with water, with the fouling emulsion and then heating to obtain 
the desired fluidity, would permit these objectives to be attained. 

After isolation of the equipment, the oil (shell) side was filled 
_ with emulsifying oil. The oil was heated to approximately 150 
_ F and circulated until the:e was no change in the appearance of 
_ material entering the circulating tank. Circulation was then 
_ stopped, and the contents of the shell heated until a pressure of 
_ 50 psig was reached. The contents of the shell were then blown 
through the drain valve into the circulating tank. After washing 

_ with water, ‘ie unit was drained and returned to service. The 
improvement is indicated in Table 1. 

Substantially the same procedure was followed in cleaning the 
 feed-bottoms exchangers on a light gasoline-distillation tower, 
7 with the result shown in Table 1. 


2 The use of emulsifying oil as a cleaning agent for tubular equip- 
_ ment 1s covered by an application for U. S. letters patent. 
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MECHANICAL CLEANING 


qui 
When the various in-place methods prove to be inadequate, sm 
resort must be made to the mechanical methods which include ( 
the following: lab 
(a) Lancing with air, steam, or water. fac 
(b) Drilling or “rodding”’ the obstructive material from the fe, 
(c) Sandblasting. yy f I 
All of these methods require that the exchanger be at least met 
partially dismantled for cleaning, as distinct from the in-place rem 
methods, where any dismantling is only for inspection purposes, wal 
mal 


The selection of the method depends upon the nature of the 
fouling material. It should be noted that it is decidedly advan- 
tageous to steam both the tube and shell sides for as long as time 
will permit, prior to mechanical cleaning. This steaming removes 
the tarry or oily components of the fouling material, thus in- 
creasing the effectiveness of a given cleaning method. 

The discussion which follows is confined to cleaning the ‘‘tube” 
side of tubular heat exchangers. 

Lancing. This general method employs a relatively smal) 
high-velocity jet of steam or air and occasionally water. It is 
applicable only when: (a) a low percentage of the tubes are com- 
pletely plugged; (5) the fouling material is not tightly bound to 
the tubes; and (c) the fouling agent is not of a gummy or tarr 
nature. 

Drilling and Rodding. Drilling and rodding consist of forcing 
a closely fitting rotating drill or a closely fitting rod through the 
tube. These methods are used when: (a) a high percentage of the 
tubes are completely plugged, (6) preliminary steaming leaves 
considerable tarry or gummy material in the tubes, or (c) if the 
fouling material is tightly bound to the tubes (drilling only). 

These two methods have certain serious disadvantages wh 
are common to any method, e.g., wire-brushing, which in esse 
scrapes the fouling material from the surface. These di: 
tages include the following: 


(a) 

(b) Frequently a necessity for removing the tube bur 
fore it can be cleaned. 

(c) Metal loss as a result of cleaning is excessive and/or 
evenly distributed. Scoring of the tubes, which sometimes occur 
seems to accelerate the fouling rate. 

(d) Small amounts of the fouling agent are left on the tu 
surface, which act as nuclei for the rapid build-up of the foulins 
agent. 


Excessive down-time and labor costs. 


Sandblasting. Sandblasting can be used to clean the inside 
either steel or admiralty tubes when the fouling material is 2 
removable by any of the previously discussed methods. Sut! 
fouling material, in most cases, is composed of mixtures of ta’ 
resins, inorganic solids, and carbon. Its physical and chemics 
nature is such that an insufficient amount will dissolve in any“ 
the solvents or solutions previously outlined to permit the sc 
to be removed. 

The procedure which has been followed successfully, with ™ 
measurable metal loss, is as follows: 


(a) After isolation and draining of the exchanger, it is steam 
for at least 6 hr, and longer if possible, to vaporize, or solidify 
oily, tarry, or gummy materials. Otherwise, the sand will te 
to stick to the surface, thus reducing its effectiveness. 

(b) The exchanger is opened and any plugged or partis 
plugged tubes are opened by lancing, drilling, or rodding. Tow 
the sandblast method effectively, an opening through the ¢' 
tube length, large enough to allow free passage of sand, i 
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quired. In general, the harder or more brittle the scale, the 
smaller may be the opening. 

(c) Sandblast the tubes. It has been found that ordinary 
labor, with reasonable care, can perform this operation satis- 
factorily without special equipment. 

(d) Excess sand is blown from the tubes 
and the unit closed and returned to service. 


, the tubes inspected, 


It should be emphasized that we have not found a measurable 
metal loss in a sandblasted tube. Sandblasted tubes have been 
removed from bundles, split longitudinally, and found to have a 
wall thickness over their entire length which was within normal 

manufacturing tolerances. 


It is our opinion that the heat transfer in a sandblasted tube 
equals that for a new tube. In addition, qualitative, and scanty 
quantitative data indicate very definitely that, in many cases, the 
fouling rate is less for a sandblasted tube than for one cleaned by 
more conventional mechanical methods. This is believed to be 
due to the perfectly clean surface which is produced. 

In our opinion, sandblasting as a supplementary procedure 
should be considered when rodding, drilling, and other processes 
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are the primary cleaning methods required. The reduction in 
fouling rate due to the complete removal of scale of course must 
be balanced against the additional cost, due to longer down time, 
and greater man-power requirements, as well as the necessity for 
additional cleaning equipment. 
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elinery Heat xchangers 
e 
By R. C. BUTLER! ann W. N. McCURDY, JR.,! LINDEN, N. J. 
The three phases of heat-exchanger operation and main- 

0.020 T T T T 
tenance which are covered in this paper are: rate of fouling | | 
(operating data from exchangers in various refinery serv- 2 0.01s}——L- ~~ = | 
ices are used to correlate rate of fouling with time); re- « | | 
duction of fouling (the use of pressure and temperature 2 oo1o | | | | 7 
control, blanketed feed tankage, feed stripping, and in- 3 ° | | | = | | | 
jection of additives as means to reduce fouling rates is “, 0005 at nn eee se 
discussed, as well as results obtained by refineries); clean- g ; 
ing methods (the mechanics and effectiveness of some 


methods of cleaning heat exchangers are discussed, 
the methods described being sandblasting, mechanical 
cleaning, and chemical cleaning). 


INTRODUCTION 


OULING of exchangers and other refinery equipment costs 

refineries considerable sums each year in decreased capacity 

and lost heat, in addition to the actual cost of cleaning the 
equipment. Refinery experiences with rates of fouling, means of 
reducing fouling rates, and methods of cleaning exchanger equip- 
ment in various services are studied in determining the correct 
equipment design for new plants, and in solving fouling problems 
in existing plants. 


CoRRELATION OF FOULING Resistance Witru TIME 


Since the economic optimum amount of heat-exchange surface, 
and the choice of providing block valves and by-passes to permit 
cleaning during plant operation are functions of the amount of 
deposits to be expected from the fluids undergoing heat exchange, 
it is essential that the designer have an idea of the rate at which 
the deposits will form under various conditions. To obtain this 
information, operating data from exchangers in various refinery 
services have been used as a basis for correlating fouling resistances 
with time. 

Since it was not possible to determine from the data the exact 
amount of fouling occurring on each side (shell side or tube side) 
of the exchanger, a proportional amount of fouling was assigned 
to each side dependent on the appearance of the exchanger when 
it was taken down for cleaning. In most of the exchangers the 
fouling was almost entirely on one side only, and for the less dirty 
side, unless otherwise mentioned, the fouling has been assumed 
to be equivalent to a heat-flow resistance of 0.002 at the end of a 
tun. Heat-flow resistance is the reciprocal of heat-transfer co- 
eficient. The units are (hr)(deg F)(sq ft) /Btu. 

The fouling curve shown in Fig. 1 is for a pipestill exchanger in 
which a heavy naphtha sidestream is being used to heat whole 
crude from 130 F to 180 F. It illustrates the small amount of 
fouling material which deposits out when the temperature is be- 
low the point where water in the crude will vaporize. The start- 
ing point on the graph is 21 months after cleaning. At the time 
the last data were taken the exchanger had not been cleaned for 
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TIME SINCE CLEANING - MONTHS 


. 1 CorreLation or Fouttnac Resistance Time, PIpe- 
STILL ExcHANGER, Heavy NaPpHTHA—WHOLE CRUDE 
(Feed in tube side heated from 130 F to 180 F.) 


36 months, and the coefficient of heat transfer was only a few per 
cent lower than immediately after cleaning. ; 
Fig. 2 shows the fouling curves for a furnace oil reflux-whole PD 
crude exchanger on a crude pipestill over two 3-month periods. 
The fouling shown here, as in all of the figures, is over-all fouling, 
i.e., the sum of the shell-side and the tube-side fouling. Inspec- 
tion after a run showed that the shell side (furnace oil reflux) was 
essentially clean, and most of the fouling had occurred on the tube 
(crude) side. The shell-side fouling resistance is assumed to be 
0.002 after 6 months. Here the feed is being heated from 275 F 
to 330 F, and it fouls much more rapidly than it did at the lower : 
temperature in Fig. 1. Although pressure is being held on the 
crude to prevent vaporization, some of the water in the crude 
flashes off at these temperatures, leaving a salt deposit in the ex- 
changer tubes. 


The two curves in Fig. 3, for a light gas oil to flashed crude ex- 
changer, in which the flashed crude was heated from 315 to 355 
F, show a decrease in fouling rate as compared to the whole- 
crude exchangers in Fig. 2. Flashed crude is whole crude which 
has been passed through a flash drum at reduced pressure (about 
35 psi), where most of the water in the crude is flashed off. 
Following the flash drum, the salt in the flashed crude becomes © 
practically dry, with the result that salt deposition at ascending —__ 
temperature in hotter exchangers is minimized. It may be noted = 
that after 3 months of operation, this exchanger showed an over- on 
all fouling resistance of 0.0085, as compared to a value of 0.0250 ar 
after 3 months for the whole-crude exchanger just ahead of the o 
flash drum. 

Curve A in Fig. 4 shows the rate of fouling for this same _ 
flashed-crude stream as it is being heated on to 450 F by reduced 
crude. The fouling rate in this exchanger is slightly higher than 


the 


it was for the light gas-oil-flashed crude exchanger because the — Piet 


temperature of the flashed crude is higher. This exchanger was ie 

on stream for slightly more than 8 months before cleaning - 
was necessary. 

Curve B in Fig. 4 shows considerably less flashed-crude foul- 

ing than either Fig. 3, or curve A in Fig. 4, although the tem- y = 
perature (480 F outlet) is higher. This probably is due to de- Bp 3 
creased salt deposition, since the residual water present in the _ 
crude after leaving the flash drum is largely flashed out by the | 
time the flashed crude is heated to this temperature. In the re _ 
duced-crude exchangers, the reduced crude (about 0.98 specific _ 
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gravity at 60 F), which is being cooled, although it is a heavy oil, 
fouls only slightly In general, it has been found that liquid 
heavy oils when below their coking point do not foul appreciably 
upon being cooled. 

The three runs shown in Fig. 5 are representative of the 
fouling rate of a gas-oil feed which is being heated from 100 F 
to 200 F. These graphs indicate that this comparatively light 
gas-oil stream actually fouls more than heavier streams at higher 
temperatures. 

Fouling in this case was caused primarily by the presence of 
dissolved oxygen in the feed stock which is pumped from open 
tankage. Where the feed tankage cannot be inert-gas-blanketed, 
stripping the feed stock to remove dissolved oxygen or the use of 
additives to control gum formation, as described in a later section, 
may be desirable. 

The fouling curve for a slurry-feed exchanger on a catalytic- 
cracking plant is shown in Fig. 6. Here, as in Fig. 5, the fouling is 
believed to be due primarily to the presence of dissolved oxygen 
in the feed stock, which is heated from 185 F to 360 F in the shell 
side of the exchanger. The tube catalyst-in-oil (slurry) side of 
this exchanger does not foul appreciably in operation. The 
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absence of fouling on the tube side is believed due to the scouring 
action of the slurry. It should be stated that in recent oy 
tions, as the slurry temperature has been increased to values 
675 to 700 F out of the desuperheating section of the tower, s 
difficulty with coke deposits on the tube sheets and in the tubes 
of the exchangers has been experienced. 

Fig. 7 shows the fouling in one of the lean oil-fat oil exchangers 
at a gas-absorption plant. This particular exchanger was on 
stream for slightly over 21 months between cleanings. By the 
end of that time the fouling resistance had become 0.070 and the 
over-all coefficient had dropped to about 40 per cent of the value 


immediately after cleaning. 


In this portion of the paper, experiences by refineries with 
various fouling services, and the methods used to reduce the 
fouling are described. The methods used in one case may not 
apply directly to another case. Use of laboratory facilities 
determine the nature of the deposits is desirable. 

Fouling From Caustic Soda. The feed preheater of an isobutane 
tower was fouling. Analysis indicated caustic-soda deposits. 
Local water washing of the light hydrocarbon feed stream greatly 
decreased the rate of fouling. 


REDUCTION OF FOULING 
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Fouling From Salt in Crude. Salt deposited from crude, due 
primarily to vaporization of the water, has been a cause of de- 
creased heat exchange and increased pressure drop in exchangers. 
Settling in feed tankage is desirable to reduce the quantity of salt 
solution, but is not economical beyond a certain point owing to 
the tankage required. Desalting by mechanical separation, such 
as brine addition to the crude to secure coalescence, followed by 
settling, or water addition followed by bed filters, is an accepta- 
ble process for some crudes. Good results may be secured by 
electrical desalters. Competition is resulting in decreased costs 
of the electrical method. 

In view of the initial investments and operating costs involved 
in designs for new plants, studies must be made to determine if 
desalting equipment should be provided, or if pressure-tempera- 
ture control of the crude is the economic choice. The latter 
method has been used in a number of refineries. Sufficient pres- 
sure is imposed on the crude to minimize vaporization of water 
and consequent salt deposition in the heat exchangers preceding a 
flash drum. When the crude has been preheated to a tempera- 
ture of 300-350 F, the pressure is reduced immediately preced- 
ing the drum, and in the drum a large portion of the water is 
vaporized, Hot feed pumps are then used to pump the flashed 
crude through the subsequent exchangers and the furnace. By 
this procedure the fouling which otherwise would occur is greatly 
reduced. Calculations and refinery experience have been used 
in determining the optimum pressure-temperature relationship. 

Fouling From Leached Brickwork. In an isobutylene-extraction 
plant, the sulphuric acid was being reconcentrated at about 300 
F in a brick-lined concentrator. Subsequently, acid is mixed with 
hydrocarbons. Heat of reaction is removed by emulsion coolers. 
The coolers fouled so seriously that cleaning was necessary every 
2 to 3 weeks. Analysis of the deposits indicated iron and alu- 
minum salts resultant from leaching of the brickwork and from 
corrosion products. Emulsion velocities in the tubes were not a 
factor, as in test equipment fouling occurred at emulsion veloci- 
ties of 16-18 fps. Reynolds numbers were about 2 cycles above 
the transition region. After equipment was installed to permit 
vacuum concentration of the acid at about 175 F, fouling of the 
exchangers greatly decreased and the interval between cleanings 
was extended to more than 3 months. 

Fouling From Oxidation Products. Plant feed streams which 
previously have been processed, such as gas oils and naphthas, 
readily pick up oxygen in tankage. These streams deposit gums 
on the heat-exchanger surfaces, particularly when being heated 
through the region from 250 F to 450 F. In a hydroformer plant 
running a 200 F-270 F boiling range naphtha, it had been neces- 
sary to clean the feed exchangers every several weeks, as the pres- 
sure drop would increase to 100 psi during that time. To im- 
prove this situation, natural gas was used to blanket the feed 
tankage, and as a result it was feasible to extend the interval be- 
tween cleanings to 60 days. 

In some cases the feed to a unit consists of several mixed 
stocks, and blanketing of all feed tankage is not practical. 
Further, experience has indicated that blanketing with natural or 
inert gas is not totally effective, nor is the use of floating roof 
tankage. Stripping the unit feed, as it is charged to the unit, 
with an oxygen-free gas, including steam, is effective. 

In determining if stripping is desirable,? the potential gum 
content and the oxygen content of the oil feed are important fac- 
tors. The combination of these factors is an indication of the 
fouling tendency of the feed. The amount of deposit resulting 
from passing a sample of the feed through a glass coil submerged 
in a hot oil bath is a dependable means of determining if fouling of 


*“‘Non-Fouling Refinery Charge Stocks,” by L. F. Schimansky, 
Petroleum Refiner, vol. 25, no. 12, 1946, pp. 119-121. 


the plant heaters would be expected, and if feed stripping should 
be considered. 

Relative to oxygen content, it was found that naphtha and 
gas oil in normal refinery handling could dissolve oxygen readily 
up to about 0.002 per cent by weight, and tests showed that this 
amount of oxygen would cause severe fouling. If the oxygen con- 
tent is reduced to below 0.001 weight per cent in an oil, otherwise 
free from gums or sediment, little difficulty will occur from ex- 
changer fouling. In one gas-oil-feed stripper, 24 ft of 3/,in. 
Raschig rings were used. Stripping with 10 to 20 cu ft of natural 
gas per barrel of feed reduced the oxygen content from 0.002- 
0.005 weight per cent down to less than 0.0004 weight per cent. 
Prior to stripping, it was necessary to reduce the unit feed rate 
at the end of a month due to pressure-drop limitations. After 
the feed stripper was put in service, the first year’s operation 
resulted in negligible exchanger fouling. 

Use of Bleed-Off in Recirculating Systems. In one type of gas 
absorption plant, the absorption oil consists mostly of recircu- 
lated oil, with small percentages of make-up oil as required. 
Lean (low-vapor-pressure) oil is contacted with wet gas, the 
heavier components of which are absorbed. The enriched oil is 
then passed through heat exchangers to stills where the absorbed 
gases are removed and recovered. The hot stripped oil is re- 
turned through heat exchangers to the absorption tower. Con- 
siderable fouling difficulties are often experienced in this type of 
recirculating absorption plant. Extensive laboratory and plant 
studies have been made. The fouling compounds form as a result 
of thermal oxidation of the unsaturatesin the incoming-gas stream. 
The oxidation is stepwise. In the intermediate stages of the 
oxidation, the partially oxidized materials are soluble in the ab- 
sorption oil and have similar distillation characteristics, which 
makes it difficult to separate them by distillation. These par- 
tially oxidized materials are readily soluble in concentrated sul- 
phuric acid but not in caustic. As oxidation progresses, ma- 
terials are formed (probably salts of organic acids or resin) which 
precipitate and adhere to metallic surfaces, particularly to the 
heating and cooling surfaces of the exchanger equipment. 

Studies indicated that fouling was materially reduced by the 
following: 


1 Eliminating oxygen or unsaturates from the system. 

2 Contacting the recirculated absorption oil with concen- 
trated sulphuric acid to remove the partially oxidized materials. 

3 Maintaining a high make-up rate and discard of absorption 
oil to remove the partially oxidized materials before the oxidation 
has progressed to a point where precipitation takes place. 


The refinery found that it was not economically feasible to 
remove oxygen or unsaturates owing to the large amount of 
equipment and chemicals required (about 25 lb of sulphuric acid 
per bbi of oil). Contacting the absorption oil with strong sul- 
phurie acid to remove the partially oxidized materials was effec- 
tive but expensive. For this particular refinery, it was feasible 
to use the third method of a high make-up and discard rate, since 
the discarded oil could be used efficiently as reflux in an adjacent 
pipestill. The discard rate is 700 bbl per day. It should be 
mentioned that the use of inhibitors was not successful. 

Use of Additives. No definite information is available on the 
efficacy of adding gum inhibitors. It is reported that one 
company, by the injection of an inhibitor, secured reduced 
fouling of the feed side of the slurry-feed exchangers of a 
catalytic-cracking plant. 

Addition of Chiorine to Cooling Water. Coolers and condensers 
foul on the water side causing increased pressure drops, inability 
to pass sufficient water through the exchangers, and decreased 
heat-transfer coefficients. Frequently fouling is due to algae 
growth. The algae growth adheres to the tube walls and forms a 
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structure for the accumulation of silt. Control of the marine 
growth also is desirable relative to the performance of cooling 
towers. Various chemicals, including discarded sulphuric acid, 
copper sulphate, sodium hypochlorite, and chlorine have been 
employed to control bacteria activity and marine growth. Of 
these chemicals, chlorine is considerably preferable. Heat- 
transfer coefficients before and after chlorination for a sheil-and- 
tube-type overhead naphtha condenser at a catalytic-cracking 
plant are indicated in Table 1. 


TABLE 1 EFFECT OF CHLORINATION 


Before chlorination--—— After chlorination——— 
_ Days since Btu/- Days since Btu/- 

cleaning (hr sq ft deg F) cleaning (hr sq ft deg F) 

0 42 0 43 

8 30 16 36 

53 25 36 41 

100 23 64 42 

153 22 112 41 


From Table 1 it can be seen that there was practically no de- 
crease in the heat-transfer coefficient during 4 months when the 
rater was chlorinated. The water velocities in the tubes normally 
are 3 to5fps. Experience before and after chlorination in various 
refineries has shown that, in general, the benefits to be derived 
from chlorination justify the investments and operating costs 
necessary. New refineries usually include chlorination facilities, 
and in many existing refineries means of chlorination have been 
installed. In recirculated water systems, chlorine is added con- 
tinuously to result in a residual chlorine content (in the water 
returning to the cooling tower) of 0.5 to 1 ppm. In once-through 
systems (such as salt-water systems) satisfactory control and 
economy of chlorine are obtained by intermittent injection. 
During the injection period of about 1 hr every 8 hr, sufficient 
chlorine is injected to result in about 1.5 ppm residual chlorine. 
pH Control of Cooling Water. In recirculated (cooling-tower) 
water systems, the formation of carbonate scales may occur. 
Salt deposits of this type may be controlled by the addition of 
various chemicals. One refinery employs caustic and Hagan 
phosphates. Another has found that sulphuric acid is better for 
its type of water. In general, control of pH to a value of about 8 
is desirable to control salt-seale formation. 


CLEANING METHODS 


Tube bundles are cleaned in place, and by withdrawing them 
from the shell. When the outsides of the tubes are to be cleaned, 
in-place cleaning requires the circulation of a solvent. Solvent 
circulation has limitations, since the correct fluid must be circu- 
lated to secure effective cleaning. Usually, a local or portable 
tank and pump and connecting lines are required. The major 
advantage frequently is that this method reduces down time of 
the plant. An extra 6 to 12 hr down time of a large plant will 
mean considerable monetary loss. Another advantage is that 
usually cleaning in place is less expensive with regard to labor and 
material costs. The disadvantage of solvent in-place cleaning is 
the uncertainty of results. When the inner surfaces of the tubes 
are to be cleaned, in-place cleaning may be done using either 
mechanical or chemical means. 

When tube bundles are cleaned by withdrawing them from 
the shell, the plant down time may be kept to a minimum by 
having a spare tube bundle ready to install in the place of the 
dirty one. The fouled bundle then may be cleaned locally, or 
transported to a cleaning shop. Many methods are used for out- 
of-shell cleaning. These methods include mechanical cleaning 
with cleaning bars, scrapers, rods, drills, and brushes; also in- 
cluded are cleaning by immersion in a tank of solvent, sandblast- 
ing, the use of hydraulic jets or steam jets, and controlled burn- 
ing when the deposit is mostly carbon. The choice of in-place or 
out-of-shell cleaning depends upon the nature of the deposit, the 
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degree of suecess with the method when previously used, and the 
local preference of the cleaning-gang foreman and supervising per- 
sonnel. 

One refinery has classified deposits into seven types, and 
employs a recommended cleaning method for each type, as indi- 
eated in Table 2. 


TABLE 2. TYPES OF DEPOSITS AND CLEANING PROCEDURES 


Type of deposit Recommended cleaning procedure 

\ Contact with 90-98 per cent sulphuric acid in 
~ vat for 2 hr at 175 F 200 F; follow by ecold- 
/ water wash 

{Soak in circulating hydrocarbon solvent at 
Lelevated temperatures 


Diolefin polymer on steel- 
tube bundle....... 


Residuum or tar....... 


\ Soak in hot gas oil (6-8 hr), followed by 8 hr in 
- 0.5 per cent water solution of Oakite Railroad 
‘Cleanser; final removal by 175-psi water jet 


High carbon low oil 
content 


Soak in 98 per cent sulphuric acid at 150 F, 
Low carbon high oil content i) followed by water wash; finally soak in 
on steel-tube bundle : ) 0.5 per cent water solution of Oakite railroad 
cleanser 
(Inhibited HCl followed by soaking in 0.5 
~ percent Oakite Railroad Cleanser at 210 F for 
12-18 hr 
Varsol (hydrocarbon solvent) at atmospheric 
pressure 
{ Inhibited HCl at 109 F to 150 F for 2-6 hr; 
(periodic addition of acid if necessary 


Iron, sulphur, carbon 
deposits. 


Water scales.... 


A study of this refinery’s recommended methods indicates that 
the principles may be used for either in-place or out-of-shell 
cleaning, with the exception of the use of water jets. 

For out-of-shell cleaning of nonferrous bundles, one refinery 
prefers acid-pickling for general use. The acid bath consists of 
3000 gal of hot salt water and 800 gal of 35 Bé sulphuric acid, i.e 
Tube bundles are im- 


a 10 per cent concentration of acid. 
mersed in this bath for a period of 16 hr during which time the 
bath is kept at 150 F by steam heat. Bundles are then washed 
with water to remove acid. On one test the interior of the tube 
bundles after immersion and wash showed 75 per cent bright metal 
exposed. It costs approximately $150 to clean a 400-sq ft bundle 
by this method, exclusive of removal cost. 

Metal loss based upon weighing two pieces of Admiralty metal 
tubing, one new and one used indicated a metal loss of 0.0042 
grams per sq in. when immersed in the same acid as the bath for 24 
hr at 160 F. 

Some refineries have found crude sodium sulfonates effective 
as cleaning agents. 
may be used. The emulsifying agent is effective in cleaning ex- 
changers and other equipment which are fouled with oil, oily resi- 
dues, or deposits composed of carbon or mineral matter bound by 
oil or oily residues. In general, the crude sulphonates are mixed 
in varying concentrations with water containing 2 or 3 per cent 
sodium carbonate and circulated through the equipment. (The 
crude sulphonates are produced as a by-product from residual 
acid oil remaining after heavy acid treatment of a coastal distil- 
late phenol extract. The residual acid oil is neutralized with 
sodium hydroxide at 210 F, and the crude sulphonate, composed 
of approximately equal parts of oil, water, and sulphonates, is 
separated from the bulk of the oil by the addition of 5-10 per cent 
of water.) The refineries feel that considerable savings are ef- 
fected by the use of this method because it eliminates removing 
the tube bundle and the resultant down time. 

In-place cleaning by the solution method has been tried but 
has not proved satisfactory in all cases. Before in-place cleaning 
is attempted, it is necessary to have a thorough knowledge of the 
exact deposit to be removed. A comparison of solution cleaning 
and mechanical cleaning would favor the solution method, assum- 
ing the solution employed was effective. 

Seale deposits from cooling water are removed readily by in- 
place solution-cleaning methods. Either an outside company 
or the refinery facilities may be employed. The method is to 
circulate inhibited HCl at about 150 F through the tubes of the 


With sulphonate detergents, in-place cleaning 
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condenser or cooler. This is continued for from 2 to 6 hr, or until 
CO, evolution is small. After the acid treatment, water wash is 
employed. 

During comedown of a plant, it is sometimes possible to accom- 
plish partial cleaning by circulating a hot fluid having solvent 
action through the exchangers before they have cooled off and 
the deposits become dry. 

Means of out-of-shell cleaning which employ hydraulic jets 
and controlled oxidation of the carbon deposits have not been in- 
vestigated completely. One refinery reports that 300 to 400-psi 
water jets do an excellent job of outside tube cleaning. The ex- 
changer bundle is placed on a car and moved slowly on tracks past 
the high-pressure water jets. Another refinery has reported suc- 
cessful cleaning of a tube bundle covered with hard thick coke. 
The bundle was moved into an oven, and the earbon burned off 
successfully. It is indicated that careful control of oxygen and 
burning rate will be necessary when the burning method is re- 
sorted to. 

Sandblasting is a cleaning method which is finding increasing 
favor. It may be used to clean the inside of the tubes of an in- 
place bundle, or either side of the bundle when it is withdrawn 
from the shell. It is faster and more effective than the old 
method of washing with hose streams, punching, and drilling. 
A good sandblasting job on a badly fouled bundle will clean the 
unit so effectively that it will perform like new. 

A sandblast team normally consists of two men, i.e., a nozzle- 
man and a machine attendant. Two or more teams can work 
effectively on one exchanger bundle without interference. A 
team can be taught the fundamentals within a few hours, and 
within a few days the average man will be well qualified. No 
special skills are prerequisite for the training of sand blasters and 
these men are obtained from the labor gangs. 

The nozzle is usually held from 2 to 14 in. from the object to be 
blasted. Experience indicates the proper ‘shooting distance.” 
A sweeping rotary motion is generally employed until bright 
metal appears. In cleaning the internal surface of exchanger 
tubes, the nozzle is placed at the end of the tubes so that the bore 
of the nozzle is concentrie with the inside diameter of the tube. 
Experience has shown that it is seldom necessary to blast from 
both ends of «a bundle to remove all foreign matter. It is im- 
portant that coke and carbonate-type scales be dry to prevent 
plugging. When a tube is plugged, as sometimes happens, the 
sand can usually be removed by air pressure, punching with a rod, 
or, in rare cases, drilling. Weather conditions have little effect on 
operations, but it is mandatory that the abrasive be thoroughly 
dry and the object to be blasted reasonably dry. 

An average of one hundred °/s-in-OD X 16-BWG X 144-in. 
tubes (on square pitch) can be cleaned by a two-man team in 1 
hr. The length of a tube does not greatly influence cleaning 
time in so far as internal surface is concerned. 

The abrasive recommended for optimum results in cleaning ex- 
changer tubes, internally and externally, is a sharp, angular sand 
equal to washed Colorado River (Texas) sand which is screened 
through a !/,in. mesh. All sand must be thoroughly dry to re- 
duce the inherent tendency of the hose to plug. A gas-fired 
rotary-kiln drier may be used, and the dry sand stored in hoppers 
for distribution. The practice of using reclaimed sand is not 
generally permitted owing to the presence of carbonates, oxides, 
sulphides, oil, and coke. Compressed air at about 100 psi is used 
at the rate of 200 efm per team. 
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Ra ates s of Fouling _ 


By J. H. WEILAND, JR.,! R. C. 
@e 

This paper presents heat-exchanger performance data 
and describes exchanger cleaning procedures during the 
period 1943-1947 at the Port Arthur Works of The Texas 
Company. The performance data are presented in the 
form of tables and graphs which show the rates of over-all 
heat-transfer and exchanger fouling, and the changes in 
these rates after bundle cleansing. 


N an effort to provide useful data on fouling and methods of 
cleaning of unfired heat-exchange equipment, data were de- 
veloped from test runs and survey periods. The types of 

heat-exchange services which were considered are as follows: (1) 
Cycle fuel-oil-heated naphtha reboilers; (2) depropanizer reflux 
(3) absorption oil coolers; and (4) gas oikcatalyst 
slurry exchangers. 

The operating data and the calculated values of the heat duties, 
over-all heat-transfer film and total 
fouling resistances are presented in Tables 1 to 4, inclusive. 
Graphical presentations of the over-all heat-transfer coefficients 
1 to 4, inclusive. In 
all cases, only data with comparable operating conditions were 
used. The flow rates and entering temperatures, as well as unit 
conditions, were maintained as constant as possible throughout 
the report data. All calculations were made on the basis of cor- 
relations available to the authors’ company. 


condensers; 


coefficients, resistances, 


and fouling resistances are shown in Figs. 


Types OF FOULING 


A brief discussion of the types of fouling in each of the services 
mentioned is given as follows: 

Cycle Fuel-Oil-Heated Naphtha Reboilers, 
coke is deposited in loose form, and usually may be removed by 
punching, blowing, sandblasting, and washing. The shell-side 
deposit is usually not heavy and does not result in plugging be- 
tween tubes. 


Inside the tubes, 


Water which may enter the shell side of the reboil- 
ers has caused rust formation. 
Depropanizer Reflux Condensers. 
main fairly clean as long as sufficient clean water is available. 
During prolonged periods of dry weather the sediment content 
resulting in additional tube-side 
Light hydrocarbons leaking into the cooling-tower re- 
turn streams give rise to a stable emulsion which tends to plug 
the tubes. 


The insides of the tubes re- 


of the cooling water increases, 
fouling. 


This is usually removed by washing each tube indi- 
vidually with a stream of high-pressure water. 

The shell-side deposit consists of a loose flaky scale, composed 
mainly of metal sulphides. Although fairly easily removed from 
the outside of the bundles by washing, the scale plugs the spaces be- 
tween the tubes and must be removed by hand-scraping methods. 

Absorption Oil Coolers. The sediment deposits in the tubes are 
usually removed by washing each tube separately with a stream 


‘The Texas Company, Port Arthur Works, Port Arthur, Texas. 

* The Texas Company, New York, N. Y. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., November 28—December 3, 
1948, of Tue AMERICAN SOCIETY OF Mec HANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—A-112. 
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Heat-Exchanger Equipment 


of Unfired 


McCAY,? J. E. BARNES! 


of high-pressure (150-psi) water. The shell-side fouling material 
is a loose scale which is removed to a large extent by washing, and 
the remainder is removed by scraping. The shell sides of the bun- 
dles are washed with water one time between semiannual test 
and inspection down periods. This prevents the scale from 
plugging between the tubes. 

Gas Oil-Catalyst Slurry Exchangers. The fouling material on 
the shell side of the bundles consists of a viscous gummy sludge 
which is held tenaciously to the surfaces of the tubes. This 
sludge is acidic in nature, but if washed with caustic solution, 
the acidic components are neutralized, and the sludge disperses 
into hard particles which may be removed by caustic circulation 
and subsequent water washing. If the sludge is allowed to re- 
main on the tubes over an extended period it tends to harden and 
seemingly is more difficult to remove by caustic washing. The 
practice at the Port Arthur Works is to caustic-wash at monthly 
intervals. 


CLEANING PROCEDURE 


With but one exception, the exchanger-bundle cleaning meth- 
ods were and still are mechanical. The general cleaning proce- 
dure is outlined briefly as follows: 

After the unit has been shut down or the exchange equipment 
by-passed, and before the exchanger shell is unheaded, the shell 
side of the bundle is washed thoroughly with water and steamed. 
This serves to wash away most of the loose and soluble deposits, 
and to soften the remaining deposits. When both sides of the 
exchanger have been drained and the shell side washed, the ex- 
changer heads are removed, and the bundle is withdrawn from 
the shell. 

If the tube side is partially fouled or plugged, an exchanger- 
tube scraper is used to ream the tubes. This scraper consists of 
a hollow shaft with an outer diameter slightly less than the inner 
diameter of the exchanger tubes. A steel cutting bit is welded 
to one end of the shaft, and just below this bit are wire springs 
which the walls of the tube. Either liquid (oil, or 
water), or gas (steam or air) may be charged through the shaft 
The flushing medium is discharged 
through the shaft at the points where the springs are attached. 
The shaft rotates at about 700 rpm while it is being pushed 
through the tubes. In the event that a tube is plugged to such 
an extent that the tube scraper cannot be forced through, special 
vibrating equipment is attached to the shaft. The shaft rotation 
is increased to 3500 rpm while, at the same time, light hammer 
blows are applied to the shaft at the rate of 1900 times a minute. 

For cleaning the shell side of the bundles, hand scrapers are 
utilized. These scrapers are thin bars of steel, 1 in. wide, 1/3 in. 
thick, and long enough to extend through the bundle. They 
usually are serrated on one side. The scrapers are inserted be- 
tween the rows of tubes and are worked back and forth the length 
of the bundle. The deposits are scraped off and fall onto baffles 
or other tubes. The bundle is blown with air or steam periodi- 
cally during the scraping operation in order to remove the loos- 
ened deposit. The scraping and blowing are continued until all 
moved from the shell side of the 


scrape 


as the scavenger agent. 


scale and deposit have been re 
tubes. 
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The one example of chemical cleaning which is covered in this 
paper is the use of sodium-hydroxide solution (5-10 deg Baumé) 
in cleaning the shell side (gas oil) of gas oil-catalyst slurry ex- 
changers. The four exchangers are cleaned, two at a time, with- 
The caustic 
is circulated through the shell, while steam is passed through the 


out shutting down the unit or pulling the bundles. 


After the caustic circulation, the bundles are washed and 
that if the 
caustic temperature were kept near its) boiling point better 


tubes. 
steamed water-dry in about 1'/2 hr. [It was found 
cleaning resulted. The washing period was originally 24 hr long, 
but was gradually reduced to 6 hr. 

An inspection of the graphs of the rates of fouling and changes 
in heat-transfer coefficient reveal the expected general trends, 
i.e., increase in fouling and decrease in transfer coefficient with 
time. 


CONCLUSION 


In conclusion, it should be stated that the mechanical methods 
of cleaning which have been used appear to be adequate, consider- 
ing the structural characteristics of bundles. The man-hour re- 
quirements for cleaning the outside of the tube bundles by serap- 
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TABLE 1 


CYCLE FUEL-OIL-HEATED NAPHTHA REBOILERS (2) 


Plow Rates - Terminal Te Overall Film Resistances Overall** 
Plow Materials Barrels/Hr. of Pluid Stream Heat Trfr. Shell- Tube- Pouling 
Shell- Shell Tube- 


ube- Shell- Tube- Corrected Coeff, BTU/ side side _, Resistance Feat Duty 
Date side side side side side side LMTD, Hr/Pt</°r (BTU (BTU aru 


11-9-42 Exchangers Cleaned __ 

11-10-83 Crkd. CPO 585 285 BOS £37 62.8 51.6 00530 -00327 .01082 17,815,000 
Naph. 

11-28-42 Crkd. CPO 620 286 3292 680 aS .00520 00328 .01368 18, 862,000 
Napt 

1-21-44 Crkd. CPO 622 §35 488 119.0 27.8 00520 00290 -02790 18,206,00¢ 
Naph 

2-20-44 Exchangers Cleaned 

2-19-8K Crkd. CFO 324 60.0 47.0 .00580 .00270 -01220 15,518,000 
Raph. 

Crkd. CFO 578 246 wm 67.7 42.6 .00530 -01806 16,288,000 
Naph 

Crkd. CPO E72 420 B19 40.8 .00520 -00301 -01688 16,899,000 
Naph 

5-25-44 Exchangers © leaned 


+ Pty 1 2 Plow Materia) Properties 


Tube Passes 10 10 CFO Nephthe 
Shell Passes 1 1 Avg.Gravity, CAPI 5.0 58.0 
| Tubes: No 900 Ave. Viscosity, 
Centipoises® oa -- 
Size 1"x12' 1"x12" 
Gaug 14 14 *At Average Pilm Temperature 
Area 2676 2827 Pts 
Baffle Space 2'10" 2'10° 
6-02-81 
Installation Dates 2-18-88 12-5-28 
Material Steel Steel 


**Includes Tube Thermal Resistance of .00028 


TABLE 2 DEPROPANIZER REFLUX CONDENSERS (6) 
Terminal Temp- 
aera Rates eratures of 
Pluid Streams, Overall Fi Re tances Overall** 
Plow Materials of Barrels Op Heat Trfr. She 
Shell- Tute- Cu Ft/Hr Tube- @ll- Tube- Corrected Coeff ,BTU/ side esistance Heat Duty 
side side Cas Reflux _GPM side side LYTD, Shoe 


11-12-4°: Nos. 17, 18, 19; 8-30-86: No. 20; 12-15-86: No. 21; 8-19-86: No. 22 
Ca-Co Water 361 700 110-98 10774 §.96 164 -0012 -00129 200351 12,275,000 


Water 1080 111.5¢99.5 108 7.323 136 -0011 00097 00528 12,889,000 
1-31-47 Water 305 580 662 118e99.5 111~ 73 9.60 104.8 0011 00185 -00702 12,588,000 
Exchangers Cleaned 
A 
2-22-87 Ca-Co Water 571 686 116101 112.6076.5 8.60 115 00105 00129 -00626 12,360,000 
3-1-47 C3-Co Water 581 738 115~98.5 11176 9.63 106.7 -00105 001323 00701 12,855,000 


8-92-87 Exch rs Cleaned 
ange 


All Flow Material Properties 
= 
Tube Passes Avg.Los/MCPH OH Gas = 99.5 
Shell Passes 1 Avg.Lbs/Bb1. Reflux 172 
Tubes: No 88a 
Size 
Gauge 16 
Pitch 15/16"° 
Outside 
Area 2083 
Baffle Space 6-7/16 17 18 19 20 21 


Installation Date 7-24-45 3-18-46 10-30-45 12-15-85 8-20-46 10-2 


Admiralty 


Material 3 
Lined Steel Cu-Ni Cu-Ni Cu-Nt Cu-Ni 


®* Includes Tube Thermal Resigance of .00039 
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"3-13-44: 


Lean O11 Water 
Lean 011 Water 
Lean 011 Water 
3-14-45 for 
Nos.30, 21 


Lean 011 Water 


Lean O11 Water 


Lean O11] Water 


38° 
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Nos. 


side 


TABLE 3 


ABSORPTION OIL COOLERS (6) 


Terminal Temperatures 


of Fluid Streams 


106 


Shell- 
side 


Nos. 30 


106 


106.5e8€ 


90. 


Tube- 
side 


31; 5-19-83: 


78.6 


Exchangers Cleaned 
103,0&929 85.8 
105.0%936 94,.9—@ 87.0 


yam 


Exchangers Cleaned 


TRANSACTIONS OF THE ASME 


Nos. 


10.8 


7.55 
7.70 
12.0 


re Filo bance 
Corrected BTU/ 
_LMTD, OF _ 


OCTOBER, 1949 


Heat Duty 
TU 


3,440,000 
2,550,000 


3,320,000 


1,860,000 
1,970,000 
2,063,000 


(ef 


TABLE 


low Meter, als 
ube- 
side 


Che.Gas. 
011 


Chg.Gas 
Chge.Gas 
Chg.Gas 
oil 
Chg.Gas 
O11 


Che.Gas 
O11 


Chg .Gas 
011 
Chg.Gas 
011 
Chg.Gas 
Chg.Gas 
011 


Chg.Gas 
oil 


Chg.Gas 
011 


Chg.Gas 
011 


Slurry 


Slurry 


Slurry 


Slurry 


Slurry 


Slurry 


Slurry 


Slurry 


Slurry 


Slurry 


Slurry 


Slurry 


Slurry 


GAS OIL-CATALYST 


Terminal Temperat: 
of Fluid 


Mat 


res 
Streame 


Shell- 
side 


105 - 235 


105 320 


100 = 340 


OT 225 


95 286 


90 273 


430 


90 368 


234 


100 220 


105 299 


95 287 


90 OS7 


Tube- Corrected 
side _LMTD,° 


Installaticn __ 


250 


509 


461—+ 507 


505 


508 


537 


— 528 


Exchangers C leaned 


588 


475 560 


483 561 


558 


500 + 558 


500 556 


28 


Tute Passes 
Shell 
Tubes: 


Baffle 


Installation Date ©-1-41 
erial 


SLURRY EXCHANGERS (4); 


Film Resistances 
t Trfr. he 
Coeff,BTU/ side gid 


259 


246 


256 


204 
275 
298 
308 
318 


330 


234 


Exchangers Cleaned 


4-18-81 


ludes Tube Thermal Resistance of 2 /Op)-1 


PRECAUSTIC WASH 


(Brute 


Arsorption O11 Properties 
Ave.Gravity, 


1.5 


Temperature of 95°R, 


4-18-81 


Heat Duty 


26,200,000 


25,400,000 


22,885,000 


23, 300,000 


25,580,000 


2’ ,700, 000 


4&6, 200,000 
38,900,000 
33, 300,000 
28,800,000 
26,500,000 


26,000,000 


26,250,000 


Tub 
Prior 
Cleani 
10-16- 2 BE 24.5 .010€ .0024%2 01646 
11-28- 5 481 22.6 20.6 .0115 0032148 .02870 
7-5-5 5.7 .0112 .00272. 014 
31 
4 
2 1 Ave .Viscosity,C 
q 
Water 27 28 9 
Red Brass 
arrels/H1 ling 
Date ide sic 
33+! 
9-1- 27.5 .00655 00688 02302 
ing m 
12-3 MM 819) 23.0 00680 00668 03086 meth: 
limite 
1-2- Mmmm 861 18 21.8 .00662 03208 
bya 
3-13 8102000 63.6 00518 00965 00092 
4-15 2160 39.7 00553 00865 .01102 
5-15 8502060 31.3 00593 .00885 .01722 
| 6-15 Mmmm (22 26.2 .00616. 00825 02379 
fe 
8-14 Mm 823! 23.3 .00615 00725 02950 
. 
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TABLE 4(6) 


RATES OF FOULING, CLEANING OF UNFIRED HEAT-EXCHANGER 


GAS OIL-CATALYST SLURRY EXCHANGERS (4); 


CAUSTIC WASH 


Terminal Temperatures Overall j= 
Plow Rates - of Flyid Streams Heat Trfr. Film Resistances Overall** 
Flow Materials Bar ir P Coeff. Shell- Tube- Pouling 
Shell-  Tube- Shell- Tube- Shell- Tube- Corrected BTY/Hr/ side Resistancg Heat Duty 
Date side side side side side side _LMID,“F_ 7t</OF (Bru 
3-9-4 Unit Started Up After Test and Inspection 
3213-46 Chg.Ges Slurry 1130 1778 135-442 228 73.6 .00418 -00985 60,000, 0000 
C11 
(3-22-86 Slurry 1245 1635 128-420 490-6628 272 59.4 -00417 -00965 -00303 57,600,000 
011 
-46 Chg.Cas Slurry 888 1625 115-416 505—©670 262 -0051 -00965 -00590 45,200,000 
011 
4-14-46 Chg.Gas Slurry 1339 1632 140-346) 657 348 26.6 .00416 .00825 01494 45,500,000 
O11 
15-46 Caustic Washed 
4-18-46 Chg.Gas Slurry 1561 140-401 30 50.7 094320 ~01005 .00538 52,550,000 
O11 
Chg.Gas Slurry 1105 1570 400 kof 64 294 -01005 00652 49,950,000 
012 
6 
Chg.Ges Slurry 1080 153 505 625 302 00848 -01005 00907 45,750,000 
O11 
6-20-46 Chg.Gas Slurry 1120 1490 125 512 214 40.0 00500 00985 -01015 && 950,000 
O11 
6-22-46 Caustic Washed 
Tube Passes 2 
Shell Passes 1 
Tubes: No 175 
Che. Gas 011 1-1/8"x15.6 
jeuge 
Piteh 1-9/16 
Outside 
Area 892 2 
s 5-2/4" 
— Baffle Space 
Installation Date 3-3-44 
**Includes Tube Thermal Resistance of .000%5 (Bp (my 
( Flow Materials P rties 
4 Gas Catalyst 
2 4 011 Slurry 
Ave. Gravity, CAPI 30.2 19.0 
q Avg .Viscosity,Centipoises® 1.1 1.0 
= Average Film Temperatures of: 
Gas 011 237°F. 
Slurry 469°P, 


ing methods are high, but it is usually necessary to employ these 
methods in order to obtain satisfactory results. We have found 
limited application for cleaning the shell side of heat exchangers 
by caustic-washing. The gas oil-catalyst slurry exchangers are 


t 


4 


cleaned by this method. The use of caustic solution in maintain- 
ing clean gas-oil preheaters without pulling the bundles has re- 
sulted in decreased idle unit time for cleaning and inspection, 
and at the same time a higher level of heat transfer. 
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The paper emphasizes the importance of making due 
allowance for fouling and cleaning in the initial design of 
heat exchangers for naval service. It describes briefly the 
design and construction of marine-type heat exchangers 
lubricating-oil and jacket-water coolers, steam conden- 
sers, steam- and thermal-compression distilling plants and 
fuel-oil heaters), in addition to various design and operat- 


ing procedures which affect fouling characteristics. 


INTRODUCTION 


N order that the maximum striking or defensive power of a 
task force can be realized during a naval assignment, it is 
nportant that the design, construction, operation, and main- 
tenance of major machinery components aboard naval vessels 


be standardized to the greatest extent possible so that each ma- 
chinery component can be assured of operating at its peak effi- 
ciency. In other words, if there were no high degree of uniform- 
ity then certain machinery components, having different fouling 
characteristics, would be forced to shut down for cleaning or 
operate at reduced power and/or lowered efficiency. Toward 
this end the practice of the Bureau of Ships is to submit new de- 


signs of heat exchangers proposed by industry to governmental 
laboratories for the purpose of conducting performance tests in 
addition to evaluating fouling, cleaning, repair, aud maintenance 
characteristics under conditions simulating actual shipboard 


operation before final approval is granted. 


aboard a naval 
vessel presents an ever-changing picture because, 


Heat-exchanger operation and maintenance 
dependent on 
the vessel's operation in waters varying between the arctic and 


tropical regions, aside from operation in contaminated rivers and 
harbors, different marine growths and organisms and variations 
in chemical constituents are experienced, with the result that 
cleaning and operating methods must be varied to suit particular 
circumstances. Furthermore, 


naval vessels arriving in foreign 
ports of call often encounter different inferior grades of fuel and 
lubricating oils that adversely affect the performance of the re- 
lated heat exchangers. 

As regards heat-exchanger design, it safely can be assumed 
that there is a relatively fair degree of uniformity 
facturers in the 


among manu- 
establishment of clean-tube heat-transfer rates as 
the result of the efforts toward standardization on the part of 
the Heat Exchange Institute and Tubular Exchanger Manufae- 
turers’ usually de- 
termined from velocity versus heat-transfer-rate curves adjusted 
for viscosity and temperature plus other physical variations, 
eg. baffle type and pitch, tube length, diameter, and material, 
ete., in the case of simple installations such as steam condensers, 
feedwater heaters, fuel-oil heaters, ete. In the case of complex 
installations the temperatures of both fluids 
handled vary, such as liquid-to-liquid exchangers, gas-to-liquid 
exchangers, gas-to-gas exchangers, etc., it is customary to employ 
the resistance method wherein the over-all clean-tube heat-trans- 
fer rate is equal to the reciprocal of the sum of the film resistance 


Association, among others. These rates are 


wherein being 


Principal Marine Engineer, Bureau of Ships, Navy Department. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., November 28—-December 3, 1948, 
of THE AMERICAN SocleTY OF MECHANICAL ENGINEERS. 

Note: The opinions expressed herein are those of the author and 
0 not necessarily represent the opinions of the Navy Department 
or the service at large, nor of the Society. Paper No. 48—A-145. 


Fouling of Marine-T ype xchangers 


By H. E. BETHON,' WASHINGTON, D. C. 
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on the shell side plus the film resistance on the tube side plus the 
metal resistance. 

However, very little has been done to establish a standard 
method for determining fouling resistances normal to the opera- 
tion of the heat exchanger, with the result that a manufacturer 
may Offer a design which does not allow adequately for a reasona- 
ble degree of fouling, either through lack of knowledge as to the 
fouling characteristics of the fluids being handled or to a strong 
endeavor to secure the contract. The result is that the purchaser 
finds it necessary to resort to frequent shutdowns of the plant for 
cleaning operations or to continue operation at reduced capacity 
and/or lowered efficiency. The initial design of a heat exchanger 
to meet the rated or designed capacity under the specified tem- 
perature and pressure conditions is important, but the ultimate 
successful operation of the unit is dependent primarily on the 
factors allowed for fouling and cleaning. 

The heat exchanger should be designed so that the rated capac- 
ity will be realized after a specified number of hours under nor- 
mal operating conditions has elapsed, thereby directly reflecting 
the period of satisfactory performance before cleaning becomes 
necessary. Under all circumstances the heat-exchanger manu- 
facturer should indicate both the clean-tube and over- 
transfer rates. 


all heat- 
The Bureau of Ships has for years adopted this 
procedure in connection with distilling plants whereby the rated 
capacity of the plant is understood to be the output of the plant 
after 30 days of continuous operation, with clean-tube capacity arbi- 
trarily established at 30 per cent in excess of rated capacity. 
Fouling-resistance rates are a function of the characteristies of the 
fluids being handled, velocity, tube material, 
size, among other items. 


tube 
Other factors besides fouling 
due to normal operation that must be considered in arriving at 
the optimum heat-exchanger design are weight, 
power, 


temperatures, 
viscosity, 


space, man 
For example, in the case 
where weight and space are at a premium, it is 
desirable to design a heat exchanger with reduced allowance for 
fouling, with consequent frequent cleaning periods, in order to 
keep weight and space at a minimum, whereas in the case of 


time outages, load factor, ete. 


of a submarine, 


larger vessels where weight and space are not as critical, a greater 
allowance can be made for fouling, with the result that pro- 
longed operation at rated capacity can be expected before clean- 
ing becomes necessary. 


Design Considerations 


In order to establish the proper design of heat exchanger which 
will be capable of sustaining the required capacity for the desired 
period operation between cleaning periods with minimum 
maintenance and repair, the designer must give serious considera- 
tion to the selection of materials which offer maximum resistance 
to corrosion, to the fouling characteristics of the fluids being 
handled, and to the provision of adequate means for either manual 
In the 
case of heat exchangers, whose performance is greatly affected by 
fouling, the purchaser should be given as much information as 
possible on the proper chemical and/or mechanical methods to be 
employed in the cleaning of these units, in order that their maxi- 
mum useful service life may be realized. By the same token the 
purchaser should acquaint the manufacturer fully with informa- 
tion as to the approximate period of storage under atmospheric 
conditions before installation, in order that the proper allowance 
for atmospheric corrosion can be made; as to conditions existing 


or chemical cleaning of the unit when found necessary. 
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TRANSACT 


during installation that may result in unsuspected internal foul- 
ing of the unit from an outside source which, if serious enough, 
may justify the adoption of a removable tube-bundle design or 
special cleaning features; as to possible abnormal sources of 
fouling or contamination not expected during normal operation 
of the unit which may be present, such as, seaweed, kelp, fish, 
barnacles, and the like. 
apparent to the manufacturer, which may have a strong bearing 
in determining the proper design of heat exchanger should be 
noted, particularly those items which will result in prolonged sat- 
isfactory service life with minimum maintenance, repair, and 
overhaul. 


Other circumstances, not ordinarily 


Causes of Fouling 


Fouling of a heat exchanger may occur from the following causes 
among others: 


(a) 
tion, such as deposition of scale, accumulation of slime, sludge, 
carbon deposits, ete. 

(6) Fouling of transfer surfaces resulting from internal corro- 
sion of ferrous subcomponents such as baffles, tubes, shell inte- 
riors, ete. 

(c) Fouling of transfer surfaces resulting from foreign matter 
being carried into the heat exchanger by the circulating sea 
water, fuel oil, etc., from carelessness during the installation pe- 
riod, and from inadequate methods of cleaning the system be- 
fore operation is started. 


Fouling of transfer surfaces resulting from normal opera- 


Design Factors That Minimize Fouling Problem 


Aside from the importance of designing a heat exchanger with 
proper attention being paid to adequate allowance for fouling, 
selection of suitable materials, and to effective cleaning methods, 
every consideration should be given to establishing basic design 
requirements which will minimize the fouling or scaling problems. 
The following examples are cited: 


(a) Design of distilling plants on the basis of vacuum opera- 
tion wherein the last-effect shell vacuum is specified at 26.5 in. 
of mercury, and the desuperheated steam to the first effect is 
maintained at subatmospheric pressures through the use of an 
orifice in the steam line. In this manner the temperatures 
throughout the system are held at low levels, thereby reducing 
scale formation. 

(b) Adoption of satisfactory feed-treatment systems, such 
as the introduction of boiler compound and cornstarch, with the 
result that the formation of scale is greatly retarded, and the 
nature of the scale deposit is radically changed from a type 
which adheres rigidly to the tube surface and defies removal, to a 
type which is soft and powdery whose removal can be easily ac- 
complished by means of a hosing-down operation. Current in- 
vestigations are being undertaken on other methods of evaporator 
feed treatment such as ion exchange of the self-regenerating type, 
carbon-dioxide removal, electrolytic-cell installations, introduc- 
tion of different types of chemicals, ete. It must be determined 
carefully beforehand that these feed-treatment systems will not 
result in accelerated corrosion or deterioration of the heat ex- 
changer, or adversely influence the successful operation of the 
plant. 

(c) Installation of a fresh-water-cooled lubricating-oil system 
for Diesel engines whereby the engine-jacket water, which has 
been treated by the introduction of an inhibitor, is employed to 
cool the engine lubricating oil, while the jacket water in turn is 
cooled by sea water. This arrangement requires only one sea- 
water-operated heat exchanger, thereby reducing the fouling and 
maintenance charges. 

(d) Introduction of chlorine or chlorine compounds, the pro- 
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vision of a chlorine generating cell in sea-water piping systems or 
resorting to the periodic flushing of piping systems, including heat 
exchangers with heated sea water will reduce the contamination 
from marine growths and organisms. 

(e) 
the operating temperatures necessary for proper atomization, 
with the result that less fouling of fuel-oil heaters is encountered, 

This paper deals with fouling problems in connection with the 
of heat aboard naval 
Lubricating-oil and jacket-water coolers, steam con- 


The use of low-viscosity high-grade fuel oils will reduce 


following types exchangers installed 
vessels: 


densers, fuel-oil heaters, and distilling plants. 
LUBRICATING-OIL AND JACKET-WATER COOLERS 
Construction of Coolers 


All main- and auxiliary-turbine lubricating-oil coolers installed 
aboard surface vessels are of the shell-and-tube type, better known 
as type A, with the lubricating oil circulated through the shell, 
and with the sea water circulated through the tubes. 
turbine coolers, varying in size between 300 and 1600 sq ft, are of 
the fixed tube-sheet design, as illustrated in Fig. 1 and are con- 
structed of §/-in-OD 70:30 copper-nickel tubes, and 70:30 
copper-nickel tube sheets, with cast bronze water boxes and with 
steel shell and baffles, wherein the baffles are either welded or 
Owing to difficulties experi- 


The main- 


bolted to the interior of the shell. 
enced with the corrosion of the steel shell and baffles and, since it 
was impossible to inspect and/or clean these parts without re- 
tubing the unit completely, the Bureau of Ships, in 1944, required 
that the shell and baffles be made of nonferrous material and that 
the baffles be supported by tie rods and spacers attached to one 
tube sheet. Thus the entire baffle assembly could be with- 
drawn after the tubes were removed, for the purpose of cleaning 
the shell interior. 
tions for main-turbine oil coolers have been changed to require 4 
withdrawable tube-bundle design, based upon an outside packed 
floating tube sheet provided with telltale openings so as to detect 
immediately either a lubricating-oil or a sea-water leak. The 
auxiliary-turbine coolers, being much smaller in size, are either 
of the fixed or floating tube-sheet design and are usually con- 
structed of %/s-in-OD 70:30 copper-nickel tubes and with non 
ferrous shell and baffles. 


Recently, for new construction, the specifica- 


The main and auxiliary Diesel-engine lubricating-oil and 
jacket-water coolers installed aboard all submarines and aboard 
the majority of Diesel-driven surface craft, one notable exceptiou 
being LST’s, are known as type B units with the lubricating oi 
or jacket water circulated through the tubes, and with the se 
water circulated through the shell. These units are manufactured 
by the Harrison Radiator Division of General Motors Corpor 
tion and are furnished in many different sizes and models either 
of two basie groups, the largest unit being equivalent to a shell 
and-tube unit containing approximately 400 sq ft of cooling sur 
The two basic groups are plate-tube type and strut-tube 
Fig. 2 illustrates the general principles of construction of 4 
strut-tube-type for emergency Dies 
engine generator set. 

The plate-tube-type cooler consists of a stack of plate-typ 
tubes connected in parallel with the oil supply and enclosed ins 
cast-bronze housing through which sea water is circulated. In 
this design the plate assembly is removable. The fabricated 
strut-tube-type cooler comprises two different designs of strut 
tubes, one for water cooling and the other for oil cooling. The 
water tube is from 2 to 3 in. wide and is composed of a male and 
female section, each containing a series of formed dimples, which 
are copper-brazed together in a hydrogen furnace. The oil tube 
is 1 in. wide and is fabricated in the same manner as the plate 
type tube, wherein the male and female sections, which encloe 
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Fic. 1 Marin-Tursine LusricatinG-Oin Fic. 2. Harrison JACKET- Fic. 3. Luse-O1, anp JAcKET-WATER 
70:30 Cooter, ALco Propucts Warer CooLers CooLinG SysTEeM 
| with 
ed 4 an internal distributor strip, are copper-brazed together in a On arrival at the yard with the port unit secured, the bearings 
— hydrogen furnace. in the port engine were inspected and found filled with abrasive 
nee it The material of the plate- and strut-type tubes is 70:30 copper- rust, and many journals scored and bearings wiped. All upper 
ul Fe nickel. The plate-type tubes are copper-brazed to a 70:30 gears were removed and sent to the shop for regrinding and re- 
quired copper-nickel header plate as an entire assembly. The strut- sizing to common dimension; all bearings were remetaled. The 
4 that type tubes are soldered into a 70:30 copper-nickel header plate — lubricating-oi! coolers were taken to the shop with instructions to 
toon F which in turn is soldered to the frame of the cast-bronze casing. open up and retube. When the tubes were cut out and coolers 
with- All strut-tube-type models except Model HI24 are of the fixed opened, excessive corrosion was found inside the wrapper sheet 
— tube-bundle design. In the ease of new construction, the shell and on the baffles. The coolers were pickled thoroughly and 
cifica: or casing and oil or jacket-water heads or covers will be of brazed baffles replaced. 
panes copper-nickel plate construction in lieu of castings, whereas the This casualty was caused by the corrosion existing inside the 
racked strut-type tubes will be silver-brazed in lieu of soldered to the — lubricating-oil coolers, which had not been eliminated by cleaning 
detect header plates, and the tube-bundle assembly will be of the re- | with trichloroethylene. This corrosion was occasioned by the 
The movable type. two previous floodings of the engine-room spaces, wherein sea 
either 7 water may have been introduced into the coolers. Cleaning with 
7 Piping Arrangement _trichloroethylene did not remove this old rust. Fig. 4 shows the 
h not Diesel-engine installations aboard submarines and surface ves- exterior of the aft-end tube bundle of the port lubricating-oil 

sels are based upon the lubricating-oil and jacket-water cooling cooler. The baffles in the shell were badly corroded and coated 
i and system as illustrated in Fig. 3, wherein the lubricating oil is | with iron-oxide grit. 
aboari cooled by the engine jacket water which is in turn cooled by sea U.S.S. Pensacola (CA24). Due to damage and submersion in 
pe ption water. In this system sufficient by-passes and thermostatic sea water, all machinery units, piping, and lubricating-oil coolers 
ting ail controls are provided for the purpose of maintaining optimum _ in the after engine room were removed for cleaning and repairs. 
the ses lubricating-oil and jacket-water temperatures, regardless of en- |The two lubricating-oil coolers were completely disassembled, 
actured gine loads and injection temperatures. | shells cleaned, tube sheets cleaned, and then the coolers were re- 
orpor- = tubed. The coolers were reinstalled on board ship in March, 
s either Performance of Type A Coolers . 1943. About September 1, 1943, an examination was made of 
a shell The following cases are cited to illustrate the seriousness of — the oil and water sides of all coolers. Coolers in the forward en- 
ing Sul fouled main-turbine lubricating-oil coolers of the fixed tube sheet gine room were found to contain much sludge and grit in the oil 
uut-tube and baffle design installed aboard various types of naval vessels — side of the shell. Coolers in the after engine room were found to 
jon of Which occasioned a large amount of additional work that would contain rust and fine grit in sufficient quantity to warrant re- 
Dies hot have been necessary had these coolers been of a design which cleaning after having been installed about 5 months. 

permitted access to clean them without retubing, or had they been All coolers were taken to the shop, tubes removed, shells 
ite-tYP’ FS constructed of noncorrosive material throughout. cleaned, reassembled, and retubed. After retubing, all coolers 
sed in U.S.S. Shaw (DD873). This vessel was damaged during the were tested to 150 psi with oil. All oil piping in both engine 
red. I Pearl Harbor attack on Dee. 7, 1941, and the engine room flooded. | rooms was taken to the shop, cleaned, annealed, and reinstalled, : 
bricated The vessel was later run aground. Among other spaces, the engine followed by an extensive flushing schedule. Fig. 5 shows the ex- 
of strut room was flooded for the second time. Piping was thoroughly _ terior of the tube bundle of the cooler in the after engine room. 
ig. The cleaned and lubricating-oil coolers were sent to the shop, cleaned The baffles were badly corroded and heavily coated with iron- 
nale a with trichloroethylene solution, and tested afterward only oxide grit. 
s, which hydrostatically. On completion of machinery work, the system Numerous similar instances can be cited wherein main-turbine 
oil tube was flushed thoroughly with oil several times, and the bearings oil coolers were fouled to the extent of rendering them inopera- 7 
ne Were inspected and found satisfactory. After 6-hr full-power tive. Internal corrosion of the steel shell and baffles was caused 
1 enc 


operation at sea, the lubricating-oil pumps failed on the port unit. | by atmospheric conditions during prolonged periods in storage 
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prior to installation aboard ship. Fouling was also caused by the 
lodgment of foreign matter such as rust, rags, weld beads, exces- 
sive dirt, chip drillings, ete., in the shell of the oil cooler, resulting 
from careless installation procedures. In some extreme cases 
the cooler tubes had to be removed completely in order to provide 


access to the shell side for cleaning purposes. 


Performance of Type B Coolers 

In the case of type B (Harrison) lubricating-oil and jacket- 
water coolers wherein the flow passages are exceedingly small 
(less than '/s in.), strainers having a fine-mesh screen are usually 
provided in the sea-water circuits ahead of the cooler. No un- 
usual fouling difficulties, except for rust scale, have been ex- 
perienced in the lubricating-oil and jacket-water sides of these 
coolers during normal operation inasmuch as any foreign matter, 
the entry of which occurred during the ship construction period, 
will be deposited at the entrance to the tubes owing to the small 
flow passages, the removal of which can be readily accomplished. 

In May, 1947, three Model 27 Harrison lubricating-oil cool- 
ers serving one main-turbine unit of the cruiser U.S.S. Rochester 
(CA124) completed over 4300 operating hours of satisfactory 
service performance without any leakage or fouling difficulties 
being encountered throughout the entire period. The three units 
were arranged in parallel on the oil side and in series on the sea- 
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_units over the standard */s-in-OD tube unit was particularly 
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water side. No strainers were installed in the cooling-water sys- 
tem, and these units were not given any more operating attention 
than the standard shell and tube unit serving the adjacent main 
The great savings in weight and space of the Harrison 


turbine. 


noticeable. 

Just recently, the Harrison units were removed from the 
U.S.S. Rochester (CA124) and in their place has been installed 
one Ross '/,-in-OD tube cooler, provided with a removable tube 
bundle, for the purpose of observing the fouling characteristics 
of this unit under actual operating conditions. This cooler, along 
with a 3/s-in-OD tube cooler of the same design and construc- 
tion, recently passed performance tests at the Engineering bx- 


periment Station, Annapolis, Md. 


Fouling of Coolers 


The fouling of heat exchangers aboard naval vessels depends 
to a large extent on the sea-water characteristics in the region of 
the vessel’s operations. Reports of considerable fouling of Har- 
rison type and of small shell-and-tube-type heat exchangers 
serving auxiliary machinery units have been received from the 
destroyer tenders U.S.S. Dirte (AD14) and U.S.S. Piedmont 
(AD17). Approximately 300 hr of operation were obtainable 
between cleanings. 

The warm and highly polluted waters of the operating area 
contributed to the rapid growth of fouling agents, which consist 
primarily of hydroids, shellfish (mussels), algae, and a mossy 
In both eases, strainers of 


substance similar to fine grass roots. 
sufficiently fine mesh are installed ahead of the heat exchangers 
Fouling apparently is caused by embryo shellfish passing through 


the strainers and adhering to.the interiors of the heat exchangers 
Within 12 days after entry, the embryo fish grow to such propor- 
tions as to cause complete disruption of the flow of cooling water 
with the resultant effect that in some cases machinery units have 
been rendered inoperative until cleared of the fouled condition 
The cleaning methods employed in the cases cited are strict] 
Low-pressure steam was employed to 


mechanized and manual. 
dislodge the growths and clean the surfaces down to bare metal 
A diver was also sent overside periodically to remove the mass of 
The fouling is not exces 


marine growth from the sea strainers. 
sive when there is a reasonably rapid flow of water through the 


heat exchanger. 

In general, submarines have reported practically no fouling 
and very little scale on the sea-water sides of heat exchanger 
even after long hours in use; several instances have exceeded 
5000 hr with the result that these units vielded their full capacity 
output until they failed in service. It is believed that chemical 
action during acid-cleaning performed at a naval shipyard wa 


responsible for their failure. 

The submarine tender U.S.S. Orion (AS18) reported that the 
submarines under her care operated as much as 5000 hr without 
cleaning and, except in the case of one ship which operated in the 
Mississippi River, no unusual operating conditions were él 
countered. Operations in the river caused mud to be deposited 
on the cooling surfaces, sufficient in some cases to cause complete 
Main motors and main engines overheated at norms! 


stoppage. 
cruising speed on two engines. The major part of the mud fou 
ing was cleared by submerging to 300 ft and opening the cooler 
drains and later by blowing through with air at 225 psi. 

The submarine tender U.S.S. Nereus (AS17) reported tha 
upon removal of the eight main-engine jacket-water coolers a! 
of the eight main-engine lubricating-oil coolers, both of which . 
of the shell-and-tube design (#/s-in-OD), for cleaning and testi 
after the main engines operated an average of 2055 hr each, 
proximately 20 per cent of the tubes were found to be plugged 
and the interior of all tubes was coated with a white hard s 
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wits: 
averaging about '/g in. in thickness. The zines were inspected 
and cleaned monthly and renewed when 50 per cent deteriorated. 
In addition, a considerable amount of marine growth and sedi- 
ment was also present, despite the fact that strainers are installed 
in the sea-water lines ahead of all heat exchangers. Low and high 
sea-suction lines were found to be badly fouled throughout with 
marine growth. No ill effects or abnormal temperatures were 
noted due to the 20 per cent plugging of tubes or marine growth 
found in the heat exchangers. During the same overhaul period, 
the four auxiliary-engine jacket-water coolers and the four aux- 
iliary-engine lubricating-oil coolers were removed for inspection. 
These units are of the Harrison design. The zines were in- 
spected and cleaned weekly and renewed when 50 per cent de- 
teriorated. No unusual operating conditions existed other than 
the use of harbor water for protracted periods while at anchor. 
Upon inspections, these coolers showed small amounts of marine 
growth and sediment; no scaling was in evidence. There have 
been no ill effects or abnormal temperatures experienced due to 
sealing or marine growth. 
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Operation of Coolers 


Particular care must be taken in the operation of lubricating- 
oil coolers to avoid chilling the lubricating oil, which may result 
from full flow of cooling water and from by-passing the lubricating 
oil, in order to eliminate sludge precipitation which reduces the 
heat-transfer rate, thus necessitating frequent cleanings. Fur- 
thermore, too low an oil temperature (below 130 F) may result 
in getting condensation into the bearing housings and gear cas- 
ings. This entry of water into the lubricating-oil system sooner 
or later will prove troublesome. The cruiser U.S.S. Topeka 
(CL67) reported the failure of worm-gear casings on the conden- 
sate and booster-pump units due to operating with too cold an 
oil temperature. 

In order to minimige the fouling and corrosion of the sea-water 
side of the Harrison type jJacket-water coolers installed aboard 
the LSM’s (landing ships, medium), it was found desirable to 
provide built-in air-separating tanks, connect the salt-water side 
of the main-engine fresh-water coolers in parallel, coat the inte- 
riors of the sand traps and air-separating tanks and all surfaces of 
the strainer screens in the sand traps with antifouling paint, and 
install water-actuated sand eductors in the sand traps among 
other corrective measures. 


Fig. 6 illustrates the extent to which a small marine Diesel- 
engine water cooler was plugged with lint and rags on the water 
side in the vicinity of the zine pencil, which probably was caused 
by careless installation procedures. 

Fig. 7 illustrates the fouling of a Model H424-362 Harrison 
strut-tube-type lubricating-oil cooler removed from the seaplane 
tender U.S.S. Barnegat (AVP10) after being in service over 3 
years. The fouling on the inlet-water side with stones, mud, and 
silt can be seen plainly. 

Fig. 8 illustrates the fouling of a Model 60 Harrison plate- 
tube-type lubricating-oil cooler also removed from the seaplane 
tender U.S.8. Barnegat (AVP10) after being in service over three 
years. The fouling of the plate tubes on the water side with 
marine growth can be observed readily. 

Fig. 9 illustrates the fouling on the lubricating-oil side with car- 
bon sludge of a Model HE124-250 Harrison strut-tube-type 
lubricating-oil cooler removed from the tug Sheila Moran after 

ing in service approximately 15 months. 

STEAM CONDENSERS 
Construction of Condensers _ 

The main condensers installed aboard combatant naval vessels 

and the majority of large turbine-driven auxiliaries are of single- 
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tubes 
wherein the circulating water is provided by a scoop injection 
system. A circulating pump, taking suction from a separate sea 


pass construction employing ‘/s-in-OD  copper-nickel 


chest, is provided for low speeds and for astern operation. The 
main condensers installed aboard vessels built to the specifica- 
tions of the U. S. Maritime Commission which were later con- 
verted to naval auxiliaries are, in general, of two-pass construction 
employing */,-in-OD aluminum-brass tubes, in which the cir- 
culating water is provided by a circulating pump. The main 
condensers vary in size from 3,800 sq ft to 28,000 sq ft, the latter 
size being installed aboard the CV B41 class aircraft carriers. 

Fig. 10 illustrates the main condenser provided for the BB61 
class battleships The water boxes are of nickel-copper (monel) 
welded-plate construction of the sectional type, the tubes and 
tube sheets are of (70:30) copper-nickel material, whereas the 
shell-and-tube support plates are of steel plate. The main con- 
densers are installed either athwartship or fore and aft dependent 
upon whichever location bests suits the arrangement of machinery 
in the engine rooms. The dynamo or auxiliary condensers are 
of two-pass construction employing the same materials as in the 
case of the main condensers, except that the water boxes are of 
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cast bronze in lieu of monel metal. Fig. 11 illustrates the auxil- 
iary condenser provided for the DD445 class destroyers. 


Fouling of Steam Side 


Ordinarily the fouling of the steam side of the condenser under 
The 
removal of any grease or dirt is periodically accomplished by boil- 
ing out with a strong solution of Navy standard boiler compound 
at intervals of every 2 or 3 years. In order to eliminate atmos- 
pheric corrosion of the shell interiors, the Bureau of Ships, in 1944, 
required that a coating of corn oil and Japan drier or an equiva- 
lent protective coating be applied to the inside of the steel-plate 
shell and to the steel tube-support plates. Under these circum- 
stances it is possible to maintain condensers satisfactory in open 


normal operating conditions presents no undue difficulties. 


storage for extended periods without incurring any serious corro- 
sion of the condenser shell. Fig. 12 illustrates the foreign ma- 
terials removed from No. 1 dynamo condenser aboard the U.S.S. 
Wichita (CA45) resulting from a casualty to No. 1 turbogenerator. 
The foreign materials comprise primarily pieces of turbine blading 
and of carbon packing ring. 


= 


Fouling of Water Side 

On the other hand, it is extremely important to maintain the 

inside of the condenser tubes free from fouling inasmuch as the 

service life of the condenser tubes is greatly dependent thereon. 
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Under normal operating conditions, the fouling is not severe 
enough to affect seriously the operating efficiency of the prime 
mover but usually results in accelerated tube failures which re- 
quire the turbine to be secured for the purpose of plugging or re- 
placing the leaky tubes. Owing to the low circulating-water 
temperatures and to the favorable scaling characteristics of 
copper-nickel tubing, the amount of scale formed on the inside 
surface of the condenser tubes is practically nil. Hence the 
fouling of condenser tubes is occasioned mainly by the entry of 
foreign matter entrained with the incoming circulating water. 
The lodgment of foreign matter in condenser tubes causes two 
types of tube failure, dependent upon the size of the foreign 
particles entering the tubes. A foreign particle large enough 
to have appreciably obstructed the flow of water through the 
tube may cause failure at the point of contact due to corrosion, 
or the failure may occur in the area just downstream from the 
point of lodgment due to erosion. Lodgment of small foreign 
particles usually takes place when the condenser is being operated 
at a very low rate of sea-water circulation or when an idle con- 
denser is allowed to remain flooded with polluted harbor or river 
water. 

The draining of the sea-water side of an idle condenser may 
prove more dangerous than leaving the condenser flooded with 
polluted water, unless care is exercised that the condenser. is 
properly cleaned at the time of draining and the tubes left dry. 
In the event the condenser is drained and allowed to stand without 
cleaning, polluted water in low points along the tube will evapo- 
rate gradually, concentrating the impurities which are left behind 
as the evaporation proceeds. Thus highly polluted water, con- 
centrated in small areas along the bottom of the tubes, corrodes 
When condensers are 
drained in port, it is highly desirable that the sea-water side be 
washed out thoroughly with fresh water. If ample fresh water 
is available, the most desirable method is to water-lance each 
tube, using fresh water. 

During the summer of 1944, the Philadelphia Naval Shipyard 
was very much concerned with the serious water conditions in the 
Delaware River resulting from the generation of hydrogen sul- 
phide fumes arising from the decomposition of untreated sewage 
and waste. As a result of this contaminated water condition, 
the Bureau of Ships issued separate instructions requiring the in- 


and grooves the tube wall in these areas. 


spection and cleaning of condenser tubes in the case of vessels 
proceeding to sea from ports such as Philadelphia where several 
hours of operation in a relatively shallow channel through polluted 
water is necessary. The cleaning is to be undertaken at the first 
available opportunity occurring after the vessel reaches clear 
water. 


Examples of Condenser Fouling 


Numerous cases are on file wherein main-condenser tubes 
have been fouled by marine life such as fish, eels, “Japanese 
worms,” ete., to the extent that the condenser vacuum suddenly 
dropped to a point at which the efficiency of the main turbine 
was adversely affected. The main-injection sea chest is not pro- 
vided with a strainer but is provided with strainer bars, spaced 
about 2-3 in. apart, with the result that marine life enters the 
main injection system and fouls up the condenser-tube entrances. 
Fig. 13 illustrates a severe case of fouling at the inlet tube sheet 
of No. 1 main condenser installed aboard the aircraft carrier 
USS. Saipan (CVL48). This view was taken on December 3, 
1947, and judging from the diameter of the belled ends of the 
plastic condenser-tube inserts, it can be seen readily that these 
fish are on the average about 10—12 in. in length. 

The destroyer U.S.S. Fullam (DD474), on June 17, 1945, re- 
ported that after completing 78 days’ steady steaming in the 
Ryukus Area the No. 1 main condenser was drained and opened 
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and thousands of living, white squirming “worms” were found 
sticking to the sides of the water box, tube sheets, and, most im- 
portant, inside the tubes themselves. None of this marine 
growth was found in an attached condition on the discharge side. 
It is estimated that these organisms were found in 40 to 50 per 
cent of the tubes. Samples of this marine growth were forwarded 
to the Bureau of Ships and were chosen to show progressive stages 
of growth which varied from infinitesimal white spots to a growth 
approximately */s in. diam and 3 to 4 in. long. In the advanced 
stages of growth the parasite begins to resemble a snail; the living 
end beginning to harden and having whorls similar to a snail. 
The outstanding point of this growth is the adhesive pad of 
fibrous material by which the growth attaches itself to the con- 
denser, necessitating that the growth be scraped or peeled from 
the condenser surfaces. Samples of this growth were later 
identified as a Japanese barnacle known technically as Concho- 
derma Auritum. 

The condenser was first steamed to kill the growth, the surfaces 
were then cleaned carefully using a light scraper on the water 
box. A serubbing brush and fresh water were used on the tube 
sheets, and then the tubes were steam-lanced, followed by air- 
lancing from the discharge side. The debris was cleaned, porta- 
ble blowers were rigged, and the condenser was allowed to set 
overnight. In the morning the air-lancing was repeated. With 
the completion of this process, investigation showed less than 5 
per cent of the tubes had any obstruction remaining. Instruc- 
tions were issued to effect the periodic overheating of the con- 
denser circulating water to a temperature of about 5 deg F above 
the maximum growth-environment temperature, with the intent 
of killing the barnacle, thus promoting subsequent rotting and 
washing away of the remains while under way. 

During wartime operations, unusual fouling of the main-in- 
jection circulating-water systems and of the distilling-plant-in- 
let sea chests with fuel oil and its resultant by-products were ex- 
perienced, especially after a naval vessel passed through a heavy 
oil slick, resulting from the previous sinking of an oil tanker. In 
the case of one tanker, a tarry substance approximately !/, in. 
thick covered the inlet tube sheet over large areas and conse- 
quently blocked the flow of circulating water throagh the con- 
denser tubes. In the case of distilling plants, the evaporator 
tube nests became fouled with a heavy coating of oil, and the units 
had to be boiled out thoroughly before the resumption of normal 
operation. 


HEATERS 


Construction of Heaters 


Since 1938, all naval vessels have been furnished with type B 
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fuel-oil heaters wherein the heating steam passes through the 
inner tubes which contain external fins, and the fuel oil passes in 
a counterflow direction along the fins between the outer tubes and 
the inner tubes. Since the resistance to heat transfer is pre- 
ponderantly on the oil side, it is therefore economical to provide 
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Fie. 14. Sectionat G-Fin Heater, 


extended finned surface in order to keep the weight and space at a 
minimum. Fig. 14 illustrates a sectional G-fin fuel-oil heater 
manufactured by the Griscom-Russell Company. In this design 
the inner tube sections are removable for the purpose of replace- 
ment or mechanical cleaning. In general, the fuel-oil heating in- 
stallation is divided between two or more sections operating in 
parallel so that each section performs at its maximum capacity 
under varying load demands, thereby reducing unnecessary foul- 
ing of the heaters. Before type B fuel-oil heaters are accepted by 
the Bureau of Ships, they must pass exhaustive tests at the Naval 
Boiler and Turbine Laboratory to determine their performance 
and fouling characteristics in addition to weight and space eval- 
uations. Conventional shell-and-tube type fuel-oil heaters, 
known as type A, are installed aboard naval vessels built prior to 
1938, and aboard merchant vessels converted to naval auxiliaries. 


Fouling of Heaters 

The rate of fouling on the oil sides of fuel-oil heaters is governed 
by three factors, namely, the rate at which oil passes through 
the heater, the temperature to which the oil is heated, and the na- 
ture of the oil itself. Overheating of the oi is probably the 
greatest single cause of fouling. ‘‘Cracked’’ oils, particularly, 
break down under heat and deposit carbon residue; such oils are 
more reduced in viscosity for a particular rise in temperature 
than straight-run oils. Under these circumstances, it is especially 
important that cracked oils should not be heated beyond the 
temperature which gives the correct viscosity for efficient at- 
omization. Care must be taken when heaters are being operated 
at reduced capacity to insure that excess oil temperatures are not 
reached. Since the normal rate of operation is low, the fact that 
heavy fouling exists may not become apparent before an attempt 
is made to operate the heater at its full rated capacity. To de- 
termine the state of fouling during operation at reduced rates, 
the curves shown in Fig. 15, which were devised by the author in 
1935, should be used for predicting fuel-oil-heater performance 
at full power. When performance checks indicate that a heater 
has fouled, it should be cleaned at the first available opportunity. 

Several destroyers which have just recently returned from 
operations in the Mediterranean reported a serious fouling condi- 
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tion in the case of Griscom-Russell G-fin type fuel-oil heaters. 
In each instance much lint had collected on the fins which were 
visible from the header. Also a thin carbonaceous deposit had 
collected on all surfaces in contact with the fuel oil. These 
heaters had not been cleaned since their installation 3 to 4 years 
ago. The cause of fouling can be attributed directly to the type 
of oil received in the Mediterranean area. This fuel oil con- 
tained much water and insoluble material, some of the latter 
showed up in the fuel-oil trunk screens in the form of large wads 
and had to be removed to continue fueling. This oil also had a 
high viscosity, with the result that it had to be heated to a higher 
temperature, approximately 180 F. The heaters would not have 


been so fouled if a strainer had been installed ahead of the unit. 
The oil strainers located on the discharge side did not become 


excessively fouled with foreign matter. 

Owing to the improved grades of fuel oil employed by the 
Navy, very little difficulty has been experienced with the fouling 
of the oil sides of fuel-oil heaters. - 


DISTILLING PLANTS 
Construction of Distilling Plants 


In general, distilling plants installed aboard all steam-turbine- 
driven naval vessels since 1922, have been of the multieffeet, low- 


pressure submerged-tube type, designed to operate on auxiliary 


exhaust steam at pressures below 5 psi. These plants vary in 
size from 4, 8, 10, 12, and 20,000 gpd double-effect units to 20, 
30, and 40,000 gpd triple-effect units. In the case of Diesel- 
driven surface vessels and submarines, motor-driven vapor- 


compression distilling plants, in capacities of 1000 and 2000 gpd 
have been installed, except for a small number of Diesel-driven 
auxiliary vessels which are provided with low-pressure distilling 


plants in which the steam is supplied by small auxiliary steam- 


generating units. 

With the exception of the CV9 and CVB41 class carriers, the 
majority of low-pressure distilling plants installed aboard naval 
vessels are of the combined shell construction whereby certain 
heat exchangers are incorporated within a single-unit assembly. 
Various different arrangements of distilling-plant combinations 
have been designed by Griscom-Russell Company, Foster-Wheeler 
Corporation, New York Shipbuilding Corporation, and Bethile- 
hem Steel Company. 

Fig. 16 illustrates a double-effect ‘solo-shell’’-type distilling 
plant that is furnished in the 4, 8, 10, and 12,000-gpd_ sizes 
The only external unit not shown in this assembly is the conden- 


sate cooler. The first- and second-effect evaporators, vapor feed 


heater, distilling condenser, and vapor baffles and separators are 
all contained in a single shell with a vertical division plate sepa- 


rating the two effects. The air ejectors, air-ejector condenser, 
flash chamber, and drain regulators are supported externally by 
the shell. 

Fig. 17 illustrates the 40,000-gpd_triple-effect separate-shel 
distilling plant provided on the CV9 and CVB41 class carriers 
The evaporators (3), vapor feed heaters (2), distilling condenser, § 
air-ejector condenser, and condensate cooler are all independent 


units which are separately piped up to complete the assembly o! 
the distilling plant. The vapor baffles and separators are incor 
porated within the evaporator shell for each effect. 

The material of the evaporator shells is cast bronze or navi 
rolled brass, except that in the more recent units, welded copper 
nickel plate is employed. The material of the tubes and tube 
sheets in the condensate cooler, distilling condenser, air-ejecto 
condenser, and vapor feed heater(s) is 70:30 copper-nicke: 
Admiralty tubes and naval brass tube sheets were employed ! 
the construction of the evaporator tube bundles but the Bure! 
of Ships is now requiring 70:30 copper-nickel for these compone! | 
parts. 
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Fic. 16 DovusLe-Errect SOLOSHELL Di1s- Fic. 17 


TILLING PLANT, GRISCOM-RUSSELL 


KLEINSCHMIDT S Vapor-Compression DIstTiLi- 
ING UNIT 


Fia. 18 


Fig. 18 illustrates the ‘‘Kleinschmidt” model ‘“S’” vapor-com- 
pression distilling plant which was installed aboard submarines 
and Diesel-driven surface craft from 1940 to 1943, whereafter the 
“Badger” model ‘X”’ plant, as shown in Fig. 19, was substituted 
in its place. In the model S plant the evaporation-condensa- 
tion and feed heating-condensate cooling are accomplished in 
the same unit. In the model X plant these functions are handled 
by two independent units known as the evaporator and the heat 
exchanger. In the case of the model X plant straight-tube 
construction is used throughout, which permits mechani- 
cal cleaning, whereas, in the case of the model S plant chemical 
cleaning is favored, although the unit can be mechanically 
cleaned. However, considerable time is required to dismantle 
and clean the ten conical-shaped coil assemblies. The material 
employed throughout the construction of both model 8S and X 


The principal cause of fouling in distilling plants is the deposi- 
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tion of seale on the tube transfer surface of the evaporators and 
The rate of scale formation is af- 
fected by the operating temperatures, brine density, and nature 
of the solids in the feed among other factors. In order to 
keep scale formation at a minimum, the design of the low- 
pressure steam distilling plant is based on producing the rated 
capacity with subatmospheric steam pressures (below 212 F), and 
on maintaining a brine density in the last effect shell not over 1.5 
thirty seconds. In addition to these design requirements, the 
Bureau of Ships has required the installation of a continuous corn- 
starch boiler compound feed-treatment system. It is recognized 
that one of the best ways to eliminate or reduce scale formation is 
through the process of evaporator feed treatment, and numer 
research and development projects as hereinafter described h 
been established toward achieving this goal. 

Rear Admiral Thorvald A. Solberg, now Chief of the Of 
of Naval Research, conceived and initiated the idea of treating the 
evaporator feed aboard United States naval vessels. During 
1941, while he was Force Engineer of the Battle Forces, Pacific 
Fleet, actual experimental shipboard installations were made. 
Prior to this period, he conducted numerous laboratory tests on 
board ship in an attempt to arrive at the most practical method 
of treating evaporator feed that would obviate the need of carry- 
ing enormous supplies of chemicals aboard naval vessels. As & 
result, a mixture of boiler compound and cornstarch was adopted 
as the most satisfactory solution for low-pressure-steam distilling 
plants. 

In a recent survey, the Boston Naval Shipyard reported that no 
unusual scaling was noted in vapor-compression or low-pressure- 
steam distilling plants. However, it was indicated that certain 
ships currently in the yard for overhaul have scale of appreciable 
thickness, about '/, in. Other ships operating under similar 
circumstances and with like periods of cleaning and overhaul of 
their evaporators, namely, three years, have relatively clean 
plants. The evaporators on most of the ships mentioned have 
never been removed and cleaned since their original installation, 
3 to 4 years ago. A physical inspection revealed that the scale 
ranged from '/3. to '/, in. thick, the thicker layer being on the 
shell, which is usually the case. One ship reports that the evapo 
rator capacity was not seriously impaired by this scale. All ships 


stated that they have followed the shipboard procedure of using 
cornstarch boiler compound and cold-shocking the tubes for pre 
ventive maintenance. 
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Vessels operating in the Mediterranean area reported that 
due to the temperature and high carbonate content of the evapo- 
rator feed, the tubes become fouled in a very short time. One 
submarine, after returning from a 108-day patrol in the Pacific 
area, reported that the distilling plants were operating at near 
capacity after being in use for about 80 days of the patrol. Since 
adequate strainers are provided in the circulating-water supply 
lines of both low-pressure-steam and vapor-compression distilling 
plants, no unusual conditions of fouling due to entry of foreign 
matter or marine growth have been experienced. 

An excellent argument against the use of ferrous material in 
the construction of distilling plants is indicated in Fig. 20, 
(photographed in May, 1938), which shows the condition of the 
interior of the steel-plate shell of the combined distilling-conden- 
ser unit installed on board the destroyer U.S.S. Clark (DD361). 
It should be mentioned that this extensive corrosion took place 
within less than 2 vears after completion date of the vessel and 
occurred on the fresh-water side of the unit, since the sea water is 
circulated through the tubes. The condition of the combined 
distilling-condenser units installed on the other destroyers of this 
class was essentially the same, indicating that this condition was 
general. As a result of this experience, the Bureau of Ships 
authorized the replacement of all steel-plate distilling-condenser 
shells aboard the DD356-363 class destroyers and aboard the 
U.S.S. Brooklyn (CLAO) class cruisers with shells of cast-bronze 
construction, and in addition required nonferrous construction 
for all future distilling-plant installations. 

Figs. 21, 22, and 23 illustrate the progressive degree of tube 
fouling of the air-ejector after condenser, inner feed heater 
and vapor feed heater, respectively, comprising the No. 1 dis- 
tilling plant installed on board the cruiser U.S.S. Brooklyn 
(CL40). These revealing views were taken in September, 1944, 
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before the installation of the cornstarch-boiler compound evapo- 
rator-feed treatment system. The total months in operation since 
the last cleaning of the after condenser, inner feed heater and 
vapor feed heater were 20, 24, and 19, respectively, out of 
which 11.7 months constituted operation in Mediterranean waters. 


Evaporator Feed-Treatment System 


During the summer of 1944, extensive tests to determine the 
value of pretreating evaporator feed with cornstarch and Navy 
boiler compound were conducted on distilling plants installed on 
board the destroyer tenders U.S.S. Altair (AD11) and U.S.S. 
Hamul (AD20). These tests were conducted during anchorage at 
Great Sound, Bermuda, under the direct supervision of Mr. 
Ray L. Clapper, head of the Service Department of the Griscom- 
Russell Company. The sea water in Bermuda Harbor was found 
to be 1.25 thirty-seconds density and supersaturated with calcium 
carbonate. Before the tests were started, the distilling plants 
were cleaned thoroughly and placed in a satisfactory operating 
condition. 

The results of these tests indicated that the capacity of the 
plant operating on straight sea-water feed was about equal to the 


Fic. 21 Tuse or Arr-Esyector CoNDENSER— 


U.S.S. ““Brookiyn”’ (CL40) 


F13.22  Tuse Fourtne or INNer Feev Heater—U.S.S. “Brooxk- 
Lyn”’ (CL40) 
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plant operating with a pretreatment of 0.2 lb cornstarch plus 
0.2 lb boiler compound per 1000 gal up until 465,000 gal of water 
were distilled, after which the capacity of the plant employing 


pretreatment of feed exceeded that of the plant operating on 
straight sea-water feed. However, the rate of heat transfer in 
gallons per hour divided by the temperature difference for both 
tests varied between 14.2 at the start and an average of 11.2 at 
the end of the production of 600,000 gal, equivalent to a 30-day 
period, thus resulting in a fairly flat rate of heat-transfer versus 
production characteristic. 

Operation with untreated evaporator feed yielded a brittle, 
porous, and easily cracked scale; whereas, in the case of the plant 
operated with pretreated feed, there was no scale formation but 
instead an even coating of white powder was formed on the tube 
surface, principally on the first effect. The use of all boiler com- 
pound (0.4 Ib per 1000 gal) resulted in the same conditions just 
outlined for the cornstarch-boiler compound pretreatment. test. 
The use of all cornstarch (0.4 lb per 1000 gal) was not effective 
and normal capacity could not be maintained owing to rapid scale 
formation on all three tube nests. Also, the introduction of the 
feed-treatment compound through the tubes of the distilling con- 


U. S. S. ALTAIR - #1 Evaporator - lst 
effect scale from tubes after 340,000 
gal. No treatment used. 


U. S. S. ALTAIR - l Evaporator - lst 
eff. scale from tubes after 600,000 
gal. treatment used. 


U. S. S. ALTAIR ~ #1 Evaporator - 2nd 
effect scale from tubes after 600,000 
gal. treatment used. 


U. S. ALTAIR #1 Evaporator 3rd 
effect scale from tubes after 600,000 
gel. Ho used. 
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U. S. S. HAMUL - #4 Evaporator - list 
effect scale from tubes after 370,000 
gal., uging .4 lb. cornstarch and .4 
lb. Navy boiler compound per 1,000 gal. 
produced. 


0. S. S. HAMUL - #4 Evaporator - 2nd - 
effect scale from tubes after 600,000 
gal., using .4 1d. cornstarch and .4 
lb. Navy boiler compound per 1,000 gal. 
produced. 


U. &. 3. HAMUL - #4 Evaporator - 3rd 
effect scale from tubes after 600,000 
using -4 1b. cornetarch and .4 1b. 
Navy boiler compound per 1,000 gal. 
produced. 


U. S. S. HAMUL ~ #3 Evaporator - 
burned scale from cross-over feed 
pipes between lst-and 2nd effects 
and between 2nd and 3rd effects. 


.25 SaMPLes OF ScaLeE REMOVED FrRoM No. 3 AND No. 4 EVAPORATORS— 


(Seale divisions at bottom of photograph = 0.1 in.) 


denser and vapor feed heaters was not effective and probably was 
responsible for the deposition of solids which clogged and heavily 


coated tube walls with paste material as well as hard scale. 


Figs. 


24, 25, 26, and 27 illustrate the various types of scale and /or de- 
posit accumulated during the afore-mentioned distilling-plant 


tests. 


The Bureau of Ships, in the summer of 1944, authorized the 
Installation of the cornstarch-boiler compound feed-treatment 
system for low-pressure distilling plants installed aboard all naval 


vessels in commission and under construction. 


Reports received 


from more than fifty vessels indicated the results were beyond all 
expectations. The mixture was injected into the bottom of the 
first-effect shell through a perforated pipe by means of “vacuum 


drag.” 


The introduction of cornstarch-boiler compound not 
only resulted in the removal of existing scale but retarded scale 
formation during normal operation of the distilling plant. One 
destroyer reported that the distilling plant was in operation for 
nearly 18 months before the unit was shut down for cleaning. 
An auxiliary vessel reported that existing scale began to fall off 
after feed treatment was initiated and within a short period 


U.S.S. “Hamu” (AD20) 


better than 80 per cent of the old scale had fallen off, and that the 


same quantity of water could be distilled in one half the time. | 


British Experience 


Lieut. (E) A. L. Benke, RNR, in a paper before the Institute 
of Marine Engineers,? cited an interesting distilling-plant ex- 
perience. The distilling plant consisted of two double-effect 
“soloshell’’ units installed aboard an American-built escort 
carrier, having a normal designed output of 44 tons per day. 

“In November, 1944, two Admiralty pattern starch-injection 
units were supplied and fitted, one to each evaporator. Some 
U. S. Navy boiler compound was added in solution with the 
starch, in the proportion of 4 lb of starch and 1 lb of compound 
to each evaporator daily. The result has been that since July, 
1944, the tube nests have not required cleaning or scaling. 
Today there is the finest possible scale only on one effect coil. 
The ship left home waters on July 7, 1945, and has since opera- 


2 “Starch Injection and Evaporator Output,’’ by A. L. Benke, 


Proceedings of the Institute of Marine Engineering, vol. lvii, 1946, 
pp. 161-162. 
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U. S. S. HAMUL ~- #3 Evaporator - lst 
effect ecale from tubes after 143,000 
gal., using .4 1b. cornstarch per 1,000 
gel. produced. 


U. 3. S. HAMUL - #3 Evaporator - 2nd 
effect scale from tubes after 143,000 
gal., using .4 1b. cornstarch per 1,000 
geal. produced. 


U. S. S. HAMUL - #3 Evaporator - 1st 
effect deposit from tubes after 540,000 
gal., using .4 1b. Navy boiler compound 
per 1,000 gal. produced. 


Us S. S. HAMUL #3 Evaporator - lst 
effect light ecsale removed from tubes 
after 540,000 gal., using .4 1b. Navy 
boiler compound per 1,000 gal. produced. 


Fic. 26 SampLes or ScaLe Removep From No. 3 Evaporator—U.S.S. “Hamu” (AD20) 
(Seale divisions at bottom of photograph = 0.1 in.) - 


ted in waters around the coasts of India, Ceylon, Malaya, 
Sumatra, and in the China Sea, in all of which waters, tem- 
peratures rarely fall below 82 F, and seem to contain more 
than a normal quantity of scale-forming matter but due to the 
injection of the starch and boiler compound, none deposits on 
the tubes. As an indication of the efficiency of the plant opera- 
ted in this way, a total of 7801 tons have been distilled during 
an aggregate of 4878 working hours between July 1 and Novem- 
ber 10, 1945, which gives an approximate daily average of 77 
tons.” 

The British Admiralty has also experimented with the intro- 
duction of acid sodium sulphate and “Belloid T.D.,’’ which is 
actually the sodium salt of a dinaphyl methane, disulphonic acid, 
and to date very satisfactory results have been obtained. Full- 
scale tests were made in standard evaporator equipment aboard 
the aircraft carrier H.M.S. Jmplacable over the past 2 years. In- 
stead of preventing the deposition of scale, the aim is to control 
the physical form of the deposited matter so that hard and ad- 
herent scale is unlikely. The foregoing tests include comparisons 
between untreated sea water, sea water plus cornstarch-boiler 


compound treatment and sea water plus various concentrations 
of “‘Belloid T.D.” injections The average feed treatment is 12 
oz for 10 tons of water distilled. The resultant scale is softer and 
less adherent, thus permitting it to be easily cracked from the 
tube surface under conditions of operation of the evaporator. 


Research Now in Progress 


Considerable investigations into the causes and prevention 0! 
scale and corrosion in both low-pressure and vapor-compressiol 
types of distilling plants, employing sea water as the evaporator 
feed, are now in progress. The Navy, in collaboration with the 
Coast Guard, has placed a contract with Armour Researeh 
Foundation, whereas the Army has awarded a contract to the 
University of California for the purpose of trying to find a satis 
factory practical solution to this problem. The Bureau of Ship: 
is also investigating other methods of scale prevention, such 4 
a continuous ion-exchange system with a counterflow brine 
regenerative arrangement, removal of carbon dioxide, and the 
installation of a specially designed electrolytic cell in the evap 
rator-feed circuit. 
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Qld scale revoved from evaporatcr Scale removed from inner eurfece of lst 


headers and from bottom of tubes - effect vapor feed heater tubes - was 
was formed when using cornstarch treat- formed during use of cornstarch treat-— 


ment. ment. 


Scale deposit removed from feed heater Vapor feed heater tubes solidly plugged 
tubes in paste form - accumlated dur- with hard scale - formed during use o: 
ing use of cornstarch treatment. cornstarch treatment. | “2 
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Fic. 27 SamMpLes or Scate Removed From AvuxXILIARY UNITS 
(Seale divisions at bottom of photograph = 0.1 in.) 


. . . 
12 It is anticipated that good results will come out of the various requiring the design of vacuum-operated plants, both of the low- 
al research and development projects concerned with the prevention pressure and vapor-compression types, for new construction, in 


of evaporator scale, but, in the interim, the Bureau of Ships is order to hold operating temperatures at a minimum. 
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The Fouling and C 


This report summarizes the proceedings of the panel 
discussion meeting of the Symposium on Fouling and 
Cleaning of Heat Exchange Equipment.'! Fouling in water 
circuits, in steam power plants, in marine power plants, 
in the process industries, and the effect of fouling upon the 
design of equipment are covered by the papers of the panel 
leaders. Topics brought up during the general discussion 
include fouling by calcium-sulphate scale, the suitability 
of certain ‘‘cleanliness factors’’ used in marine-equipment 
specifications, the use of additives to reduce fouling by fuel 
oil, and the effect of manufacturing tolerances and design 
upon the rate of fouling. 


INTRODUCTION 


He fouling of heat-exchange surfaces presents problems of 

great practical importance, but these problems are so com- 

ex that little progress has been made toward their solu- 
tion. The problems are common to many branches of industry 
and therefore the Heat Transfer Division of the Society, in its 
role of furthering progress in the art and science of heat transfer, 
sponsored a Symposium on Fouling and Cleaning of Heat Ex- 
change Equipment.! 

The general purpose of the Symposium was to furnish a survey 
of the field and encourage the presentation of data on fouling. It 
was felt that such information would be immediately useful to 
those engaged in the practice of heat transfer, and ultimately 
would enhance the value of data now being obtained under non- 
fouling conditions. 


~aning of Surfaces in 
Unfired Heat Exchangers 


PREPARED By O. P. BERGELIN, UNIVERSITY OF DELAWARE 
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Panel Discussion | 


to obtain nor is it ordinarily of a nature to permit generalization 
or justify publication. In the past it has been accepted generally 
that surface fouling takes place under such widely varying con- 
ditions and involves so many variables that each case should be 
treated specifically. Most problems have been studied from this 
point of view, and many techniques have been developed by 
which fouling can be reduced or the cleaning of fouled surfaces 
can be facilitated. Further extensive studies will be needed to 
clarify the many perplexing problems in this field, but it was felt 
that an important step in the study of fouling would be to bring 
to light some of the elusive factual data which are known to exist 
in fragmentary form throughout industry but which have never 
been published. 

The proposal of a Symposium to accomplish this purpose was 
well received, and a number of papers on fouling were obtained. 
In addition to the formal papers, a panel discussion was arranged 
to promote a general interchange of ideas and bring forth addi- 
tional topics which might not be considered suitable for formal 
presentation but which would be worthy of discussion. The panel 
discussion was arranged so that the five panel leaders discussed 
specific phases of fouling and answered questions pertaining to 
these phases. During the open discussion the participants re- 
corded their remarks for use in the preparation of a report of the 
meeting. The present report consists of a summary of the re- 
marks of the panel leaders, a brief coverage of the material pre- 
sented during the open discussion period, and the written discus- 
sion received after the meeting. The presentation is arranged by 
sections, each covering the topic of a panel leader, including the 


However, information on fouling is not easy 


questions and discussion pertaining to that topic. 7 


in Water Circuits and Evaporators 


| 
By L. F. COLLINS,? PANEL LEADER 


“‘Sludges” are amorphous deposits and seldom are bonded 
to the supporting surfaces. Thus they are considerably less 
The depositswhich — effective than scales in preventing contact of the surrounding 
originate through precipitation are usually referred to as scales fluid with the surface. 

or sludges, while those originated by biological organisms (c) 
are commonly called slimes or barnacles. More complete defi- 
hitions are as follows: 


fen deposits formed from or by “fresh” water constitute (b) 
the origin of a large number of fouling problems which are 
similar throughout the process industries. 


, 


“Slimes” are gelatinous deposits resulting from the multi- 
plication of microscopic organisms or the products of their life 
processes. 


(a) “Seales” are dense deposits so firmly bonded to their sup- (d) ‘“Barnacles’” are nodulelike deposits having semigranular 
porting surfaces as to allow virtually no contact between the outer shells bonded to the supporting surfaces and enclosing a 
surrounding fluid and the covered surfaces. slurry of putrifying micro-organisms. 


Seales are produced in water circuits through precipitation of 
mineral solids present in the influent. Sludges may be produced 
either by the precipitation of minerals present in the influent or by 
corrosive attack, which usually is originated by chemical reaction 
between the metal of the confining surfaces and deleterious gases 
present in the influent. Whether or not scales or sludges will form 
is dependent upon the nature and quantity of the foreign ma- 
terials present in the influent, and the physical conditions to 
which the water is subjected in use. The carbonate and sulphate 
salts of calcium are the most prolific scale producers because 
these salts are less soluble in hot water than in cold. In Figs. 1 


‘Papers presented in this Symposium appear in this issue of the 
Transactions, pp. 825-869. 

* Detroit Edison Company, Detroit, Mich. 

Panel discussion contributed by the Heat Transfer Division and 
Presented at the Annual Meeting, New York, N. Y., November 28- 
December 3, 1948, of Tue AMERICAN Society oF MECHANICAL ENaI- 
NEERS. Chairman, H. B. Nottage, Research Associate, American, 
Society of Heating and Ventilating Engineers, Cleveland, Ohio. 
Mem. ASME. Recorder, O. P. Bergelin, Associate Professor, De- 


_aaae of Chemical Engineering, University of Delaware, Newark, 
el. 


Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 
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and 2 their solubilities are shown as functions of temperature 
and pH value. 

No comparable criteria have been developed for predicting the 
sliming potentialities of a given water supply. Most slime- 
forming organisms are not of the type which cause disease, and 
thus when a water is subjected to a biochemical analysis for the 
purpose of evaluating its slime-producing characteristics, tests 
widely different from sanitary bacteriological tests must be made. 

_ Reasonably accurate procedures have been developed for isolating 
and identifying fouling organisms, but establishing their presence 
does not establish whether prohibitive amounts of slime will or 
will not form. As a result it is usually prudent to assume that 
any natural water is a potential source of slime unless sterilized 
by chemicals or by heating. A rough classification of the organ- 
isms most often responsible for slime is givenin Tablel, 


PREVENTION OF FOULING IN FRESH-WATER 
CIRCUITS 


The expedient to be adopted to prevent fouling in a fresh-water 
circuit depends upon the “type” of water used. The analyses in 
Table 2 attest the types of water usually available to industry in 
the United States. The “hardness” of a water is an index of its 
scaling potentialities, and as shown in Table 2, some waters con- 
tain very low concentrations of hardness imparting salts even 
though they may be highly mineralized (1). Such waters are 


3 Numbers in parentheses refer to the Bibliography at the end of 
the Panel Discussions. 
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TABLE 1 COMMON SLIME FORMERS 


ALGAE 


Single celled, sometimes form slimy sheets. 
Many celled, form either sheets or fronds. 
FuNGI 


Bacteria (Schizomycetes) frequently form slimy surface coatings. 

Slime molds (Myzxomycetes) form slimy sheets as one state of their 
life history. 

Sac fungi (Ascomycetes) of which one division, the yeasts, occasionally 
form slimy aggregates. 

Algalike fungi (Physomycetes) and stalked fungi (Basidomycetes) 

~ rarely form slimes but their filaments may hold together the slimes 

_ of other organisms. 


™ 


TABLE 2. MINERAL ANALYSES OF MUNICIPAL WATER SUP. 
»LIES (1) 


I 

Substance Unit [1] {2] (3] [4] [5] 
ta SiOz 2 12 10 9 22 
Ca 6 36 92 96 3 
Magnesium............. Mg 1 8 34 27 2 
Sr Na 2 7 8 183 215 
ee K 1 1 1 18 10 
Bicarbonate............ HCO; 14 119 339 334 JAY 
SO« 10 22 84 121 ll 
Chloride. . . Cl 2 13 10 280 22 
Nitrate. . NO; 1 0 13 0 l 
Dissolved solids... . ey 31 165 434 983 564 
Carbonate hardness... . CaCO; 12 98 287 274 5 
Noncarbonate hardness. CaSO, 5 18 58 54 


[1] Catskill supply, New York City. 
[2] Niagara River (filtered), Niagara Falls, New York. 


[3] Well waters, public supply, 30-60 ft, Dayton, Ohio. 01 
4 Well water, 2090 ft, Maywood, Ill. le 
5] Well water, 330 ft, Smithfield, Va. 
Nore: All values are parts per million of the unit cited to nearest whole 
number. 
unlikely to cause scale unless concentrated as by evaporation. 
For any given water, at temperatures up to about 200 F, the 
tendency to form a calcium-carbonate scale can be judged b) 
means of the graph and nomogram reproduced in Fig. 3. By com 
means of these data it is also possible to calculate the amount 0! © true 
acid which should be added to a water to thwart the deposition o/ fung 
solid calcium carbonate. forn 
In some instances it is possible to prevent scale deposits b fed | 
employing “threshold treatments” (2, 3), and dispersive agents 7 rare 
Where temperatures exceed about 200 F, complete softening, ® mea 
by zeolites or precipitation, provides the only guarantee of free 7) mea, 
dom from scale. However, complete softening of most natura 7 have 


waters, unless supplemented by air elimination (4), or the use 0! A 


inhibitors (5), actually may accelerate corrosion to such an er @ the. 
tent that fouling will result from the accumulation of corrosio®” 7 imm 
products. dicat 


In spray ponds and cooling towers of the open type, especial) 
those having areas accessible to sunlight, light-loving alge — 
growths are likely to cause blocking of the distribution piping a0! 
troughs with a slime that is usually stringy in character. For tht 
control of such slimes the chemicals commonly used are chlorit 
gus, sodium and calcium hypochlorites, the sodium salts © 
chlorinated phenols, potassium permanganate, and copper sv 
phate. Neither the phenols nor copper sulphate will remov 
slime that has already formed, but chlorine gas can be used {tt 
this purpose. In open recirculating systems, continuous use “ 
small quantities of chlorine is generally most satisfactory, but" 
once-through systems where large quantities of water are use 
intermittent treatment a few times each day usually will result # 
satisfactory slime removal and chemical economy. After su 
cleaning the other chemicals may be used to prevent the re-ests? 
lishment of slime in the system. 

The removal of green algae from a cooling tower should nev® 
be used as an indication that the slime-forming organisms on ‘ 
heat-exchanger surfaces have been removed. The more resist# 
slime formers which so materially reduce heat-transfer efficien 
often will be unaffected by treatment which eliminates al 


[TRANSACTIONS OF THE ASM 

| 

Gs show 
type 
whicl 
Phot 
t] 
} De 10 
de 
lepos 
60 tu 
- er, 


49 BERGE 


IN—FOULING AND CLEANING OF SURFACES IN UNFIRED HEAT EXCHANGERS 


873 


COLUMN 2 COLUMN 3) COLUMN 
25 
12.5 
28 
1044 
> 7 1.0 3 
ry 4 
2 6.0") (Data required for determining 
ally 9.5 to pil saturation. 
3 3.55 9.0 Ss (1) Total alkalinity, as parts per million im 
tes) 7 20 CaCOs. 
25 (2) Calcinm in parts per million. 
3.0 30 
2 st ao (3) Total dissolved solids. in parts per 
UP. 4 4 = (4) Temperature, in degrees centigrade, 
> 7 7.0 | at which plIl saturation is desired. 
4 100= 
(3) 7 150 
34 6.0 200 
3 10 300 
215 ° 200 300 400 S00 600 700 800 5.0 400 
10 TOTAL DISSOLVED IN PARTS PER MILLION 
JAY 45 
ll 800 
2. 1000 
wis GRAPH AND NOMOGRAM FOR DETERMINATION OF PH SATURATION BY LANGELIER'S FORMULA 
= 
0 (Applicable within pH! Range 7.0—9.5) 
*Based on article in Oct. 1936 issue of American Water Works Association Journal and later corrections for Tables 2 and 4. Prepared for Charles P. Hoover of the Columbus, aan 
Ohio, Water Softening and Purification Plant by M. I.. Riehl. : 
Instructions fer Using Chart: 3. pane ot wr point on Pivot Line with given alkalinity on Col. 5; read pH saturation > 
whole 1. Knowing temperature and total dissolved solids, find temperature and total Saturation index is pH actual minus pH saturation. 
solids constant on Col. }. E. G.—pH actual. pif saturation. Saturation index. 
2. Align this constant with given value of calcium on Col. 3 of Chart. then locate : 7.6 8&1 —0.5 (corrosive) 
point on Col. 2 of Chart (Pivot Line). R4 738 +0.6 (scale forming) 
tion, 
, the Fic. 3 NomMoGRaM FOR DETERMINATION OF PH SaTURATION 
d by 
By |} completely. In equipment where light is excluded, and this is Various solvents for CaSO, were studied, but the internal 
{uly 
int of true of most heat-transfer surfaces, slime formations are due to economy of the plant indicated the use of sodium hydroxide which 
ono! 7} fungi. Bacteria form a thick soft slime, while yeasts and molds _ is a fairly good solvent, but not in low concentration as stated in 
form tough rubbery slimes. Chlorine and hypochlorite solutions Perry’s Handbook. In this case 50 per cent caustic was used and 
ts by | fed intermittently are used to prevent such slimes, and only on reacted with the scale to form lime and sodium sulphate. A 
gents “rare occasions does shock treatment with chlorine fail to yield peculiarity of this concentration is that neither the lime nor 
1g, & 7 measurable benefits. While ultraviolet light has been tried as a sodium sulphate is soluble in caustic. In one cleaning test the 
"free |} means to prevent slime formation, no satisfactory installations evaporator was filled with 48 to 50 per cent caustic and kept at 
ituri |} have been reported. 230 F for 5 days with constant circulation. In the first part of the 
use 0! A considerable amount of research has been done, especially by treatment, which lasted 3 days, the concentration of NaOH 
in ei @the marine services, to discover antifouling paints and metals dropped from 49.6 to 47.6 per cent, and reaction products in the 
rosie!’ “immune to fouling. No information has yet been published in- form of suspended particles of lime and Na,SO, amounted to 15 
dicating that such a paint has been formulated or that a non- per cent by weight of the total liquid. This suspension was 
scially fouling metal which is resistant to corrosive attack has been pumped to a settling tank, fresh 50 per cent NaOH solution was 
alg @ found, although some progress has been made (6), (7). put into the evaporator, and the circulation continued for 2 more 
ng and days. Inspection between stages showed that the deposit had 
‘or the in Di : qme> = = 4 been removed to some extent but the tubes were far from being 
ilorint ISCUSSION “a - clean. 
ts 0 : : The second stage was continued for 2 days, during which the 
F. M. Arquist.4 The problem of fouling by solutions con- 
er sur concentration of NaOH dropped to 45.4 per cent. The concen- 


taining large amounts of calcium sulphate is still unsolved as 
shown by the following example: The case in mind was a cone- 
type steel-shell brine evaporator with 4100 ten-foot-long 2-in. 
copper tubes rolled into a steel tube sheet. This piece of equip- 
ment held 50,000 gal of brine, loaded with calcium sulphate, 
which deposited a scale that varied from '/; to */,in. in thickness. 
Photographs and inspection showed that there were variations in 
the thickness and nature of the deposit, but analysis showed it to 
tbe 100 per cent CaSO, with just traces of silica and iron. The 
eposits were hard and the use of a turbine to cut the scale re- 
sulted in cutting the copper tubes. Sometimes as many as 50 to 


%) tubes were cut in trying to remove the deposits in this man- 
er, 
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* The Dow Chemica] Company, Midland, Mich. “yay ton 


tration was then increased to 48.2 per cent by evaporation and 
more 50 per cent NaOH was added. In the next day and three 
quarters the concentration dropped to 46.9 per cent. The clean- 
ing was stopped at this point when it was observed that there was 
a large increase in the amount of sludge in a sample, the am- 
perage to the circulating pump increased from 170 to 220 amp, 
and there was a temperature difference above and below the tubes 
indicating poor circulation. The suspension was removed and 
the increase in solids was found to be 14 per cent, similar to the 
first stage. 

Inspection of the evaporator showed that approximately 90 
per cent of the deposits had been removed, but deposits still re- 
mained on certain parts of the tubes, indicating that the deposits 
were not laid down evenly. The same condition exists in boilers 
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where, with the same water, there will be more fouling in one 
tube than in another. There are of course different temperature 
conditions, which probably sums up our present knowledge of the 
problem. The samples of scale taken at the start were 100 per 
cent CaSO,, but the deposits remaining after the second stage 
were 85 per cent calcium hydroxide, which is one of the products of 
the reaction. In the first stage 98,500 Ib of solids were removed, 
and in the second stage 92,000 lb, or a total of 190,500 Ib. The 
evaporation increased 45 per cent to 50 per cent and the rate 
of steam condensation from 55,000 to 85,000 Ibs per hr, indicat- 
ing that good efficiency was obtained by the cleaning process. 
However, this method of cleaning is not satisfactory. A better 
solvent and a shorter cleaning time are desired. The method 
requires entirely too much outage, and the people who are inter- 
ested in doing research on fouling still have a problem with cal- 
cium sulphate. 


E.J. Large mercury-are electric current rectifiers 
require cooling which is usually furnished by recirculating water 
through the water jackets of the rectifier and a water-to-water 
heat exchanger. Corrosion within the recirculating system, 
which is largely made of iron, is minimized by using distilled 

5 Electrical Engineer, The General Electrical Company, Schenec- 
tady, N. Y. 


Fouling in Steam Power Plants 


By W. L. WEBB,* PANEL LEADER 


ECAUSE of their effect upon the capacity and economy of 

steam power plants, plant operators are particularly con- 
cerned with the performance of surface condensers, feedwater 
heaters, and evaporators. Surface condensers usually present the 
most serious fouling problem, with waterside deposits more 
common than steamside fouling. 

Most feedwater-heater fouling apparently occurs in a feed 
temperature range of 300 F to 450 F, with most of the fouling on 
the water side. Fouling of one heater in the cycle results in 
greater heat absorption in the succeeding heater, thereby increas- 
ing the flow from the next higher pressure bleed point at the ex- 
pense of the lower bleed point. The fouling of the highest pressure 
feedwater heater in the cycle conceivably might increase the 
turbine output, but the cycle efficiency always will be affected 
adversely. 

For a given plant, after the economic and practical limits of 
steam and feedwater quality control have been established, it 
appears probable that the rates of fouling of both water and 
steam sides of heaters and the steam side of condensers are be- 
yond the control of the plant operator. 

Except in plants where evaporator capacity has little margin 
over make-up requirements, evaporator fouling on the water side 
normally presents no serious problem. The crackability of scale 
produced by evaporator feedwater in some instances has been 
adjusted satisfactorily by internal chemical treatment. Pre- 
softening the feedwater and employing continuous blowdown 
usually entirely eliminate scale. The requirement of limiting to a 


minimum the admission of sludge and scale-forming contaminants 
to the cycle calls for best possible evaporator vapor quality which, 
in turn, materially reduces the problem of evaporator-condenser 


fouling. 


Service Corporation, New York, N.Y. 
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water containing 0.1 per cent sodium chromate as an inhibitor, 
or by using an approved tap water containing 0.5 per cent sodium 
chromate. Ten years of service without appreciable fouling has 
been reported by installations using distilled water When tap 
water is used, adequate control of fouling is obtained by flushing 
out the system to remove sludge approximately every 5 years. 
The water-to-water exchanger is installed with the raw water 
flowing through the tubes in anticipation of considerable fouling 


from most raw waters. Experience has shown that among the 


tvpes of deposits which often occur are loose calcium-carbonate 


sludges, hard calcium-sulphate scale, magnesium-dioxide  de- 


posits, and voluminous tubercles from corrosion of the iron in the 


system. 
Both mechanical and chemical cleaning have been used sue- 
Removable 


cessfully on the tube side of these heat exchangers. 
end plates are provided to aid in mechanical cleaning. Chemical 
cleaning can be accomplished by using either a solution containing 


5 per cent by weight of oxalic acid, or a solution of hydrochloric 
acid with a suitable inhibitor. The solution is circulated through 
the tubes at temperatures up to 50 C for rapid cleaning. All 
traces of acid must be washed out or neutralized after cleaning. 
A solution of '/, oz of trisodium phosphate per gallon of water is 
Care in the original design and 


suitable for a wash solution. 
planned maintenance have resulted in successful operation with 


raw waters of widely varving cleanliness and mineral content. 


- 


NaTuRE or DEPosiITs 


In condensers the most common waterside deposit is slime 


usually consisting of cooling-water suspended matter attached t 


the tube walls by algae and bacteria or their gelatinous wast 
Periodic sterilization with chlorine or chlorine-con- 


products. 
taining compounds usually prevents slime deposits, the control 
conditions being dictated by the types of growths encountered 
In some instances thin hard scales containing silicates of calcium 
aluminum, and magnesium, iron oxide, and organic matter al 
The main constituents of steamside deposits at 


encountered. 
usually iron oxide and organic matter, frequently ‘including 
oil, 


Waterside heater deposits are commonly iron oxide, copper! 
oxide, and occasionally oil. The mechanism by which iron oxie 
is deposited has not been explained fully, but it seems probable 
that the iron is not in true solution but rather in a colloidal soli- 
tion. Its deposition in certain parts of the cycle seems definite! 
to be influenced by temperature. On the steam side, the de 
posits usually are similar except for the presence of small per 
centages of boiler-water salts. Oil leaving the boiler by stea! 
distillation may undergo partial decomposition and, upon real 
ing a heater, contact with iron and copper oxides brings about the 
formation of heavy metal soaps or metal-organic varnishes. Sue! 


coatings deposited on steamside tube surfaces are highly 


sistant to conventional cleaning solvents. 


In the water phase, iron oxide absorbs oil and deposits it over! 
specific temperature band as a jellylike substance that is col 
It is perhaps significant that the 


paratively easy to remove. 
composition of heater deposits is not influenced greatly by the 
nature and quantity of the contaminants which tend to produ 
boiler scale. Ammonia and carbon dioxide can cause seve™ 
corrosion, and normally, the proper protection is to get rid of the 
gases before they enter the feedwater heaters. Ordinarily this 
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can be done, where evaporators are used, by degassing the water 
thoroughly before it enters the evaporator. A plant deaerator 
also helps in removing gases. Of course during the operating 
period, the feedwater heaters must be vented thoroughly to re- 
move these gases from isolated spots back of baffles, ete. Gen- 
erally, this type of corrosion takes place in dead spots where the 


gases Can accumulate and remain while the reaction takes place. 
METHODS OF CLEANING 


The selection of the mechanical or chemical method to be em- 
ployed for cleaning fouled heat exchangers should be governed 
by its respective effectiveness, cost, and the equipment outage 
time necessary. Chemical methods are often the most economical 
for the waterside of heaters and are substantially the only means 
of cleaning the steamsides of heaters and condensers. Some 
types of loosely adherent deposits can be removed effectively from 
the waterside of condensers by means of metal or bristle tube 
cleaners, or rubber plugs. In certain instances these may be 
more economical than chemical cleaning, particularly where the 
water box and circulating piping require a large volume of solvent 
in proportion to the area of fouled surface. 

Inhibited hydrochloric acid is the customary cleaning solvent, 
although a pretreatment with a caustic solvent occasionally is 

required when the percentage of free oil in the deposit is high. 
) Surface-active agents are helpful and, where oil has not progressed 
to the varnish stage, alkaline oxidizing agents sometimes can be 
used to advantage before acid-cleaning. Acid-solvent tempera- 
tures are adjusted to a maximum of 150 F, and 120 F, where steel 
and cast-iron surfaces, respectively, are involved. Acid con- 
centrations and contact. periods customarily are based upon 


laboratory solvency tests, preferably upon representative tube 
The effect of acid-cleaning 
upon the ultimate tube life has not been determined fully, but in 
one particular case eight or more acid cleanings of feedwater 


specimens with deposits in place. 


heaters apparently have had no effect upon tube life. 

In cleaning exchangers chemically, special precautions must be 
taken against injury to equipment and personnel from contact 
The 
vents from the water sides of condensers should be carried, out of 


With the solvents and from explosions of evolved gases. 


the building, and rapid air circulation provided above the solvent 
level on the steam side by opening manheads and atmospheric 
relief valves, and inducing upward air flow in the exhaust stacks 
by means of a steam jet. 


ESTABLISHING THE NEED FOR CLEANING 


When new feedwater heaters and condensers are installed, 


MN operating engineer in the Fast Carrier Task Forces has 
4 X& ample opportunity to observe the practical operation of 
modern marine heat-exchange equipment. The reliable opera- 
tion of this equipment unquestionably has a direct bearing on the 
ability of the ship’s engineering department to keep the Admiral, 
the Captain, and the crew in a desirable state of contentment and 
'o maintain the morale of the engineer officer at a suitable level. 
The distilling plant is without doubt one of the key factors in this 
Problem. There are no sadder words than those announcing 


; Commander, U.S.N., Bureau of Ships, Navy Department, Wash- 
ington, D.C. The opinions expressed by Commander Kinert are not 


to be construed as expressing the official views of the Bureau of Ships, 
y Department, or the Naval Service. 


The Nav 
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KINERT,’? PANEL LEADER 


their performance characteristics should be checked while the 
equipment is known to be relatively clean. Thus a bogey can be 
set up to which subsequent performance data can be compared. 
Unfortunately, the urgency of getting new equipment in service 
usually precludes such tests. Lacking such initial test data, a 
reliable bogey can be established from specification sheets em- 
bodying TEMA standards for heat transfer, or upon the basis of 
The latter is particularly true of 
old units which, after being thoroughly cleaned, as demonstrated 
by examination of representative tube specimens, may still give 
poor heat transfer in terms of current TEMA standards. Stage 
heaters similarly may operate for long periods at terminal 
differences somewhat greater than design, even though liberal 
allowance is made in heat-transfer surface to permit some 
fouling. 


best obtainable performance. 


Feedwater heaters are cleaned when the terminal temperature 
differences become excessive. Although means of by-passing the 
high-pressure heaters is customarily provided, heater cleaning 
usually is fitted into the schedule when more important work calls 
fora major outage. In some of the newer installations, permanent 
facilities are provided for cleaning the high-pressure heaters 
chemically. 

In order to allow for some fouling of heat-transfer surfaces, 
without affecting plant performance seriously, most modern 
condensers are designed on the basis of a heat-transfer rate 
equivalent to 85 per cent of the rate with commercially clean 
tubes. 
value. 


Actual performance is often 90 per cent or less of design 


In routine practice, the condenser vacuum is compared with 
expected vacuum on the basis of condensate flow, vacuum for 85 
Should 
the difference between actual and expected vacuums exceed the 


per cent tube cleanliness, and rated cooling-water flow. 


value specified for the particular unit, test data are taken to 
determine the heat-transfer rate which then is compared with the 
accepted standard for the unit. Based on previous knowledge of 
probable vacuum gains and their duration for specific methods of 
cleaning, a comparison of the costs of cleaning, and the value of 
unit outage time with the fuel savings, and the probable increase 
in capacity, will permit a decision as to whether cleaning is justi- 
fied and what means can be employed economically. 

If a condenser becomes fouled to the extent that the vacuum is 
reduced by Lin. Hg, the heat requirement will be increased 200 to 
500 Btu per kwhr. If a heater becomes fouled such that the feed 
temperature to the boiler is decreased 1 deg F, the heat require- 
ment will be increased 1 to 2 Btu per kwhr. 
indicate the effects of fouling. 


These rough ruies 


water-conservation measures, resulting from the failure of the 
evaporators to keep up with demand. 

In general, heat-transfer equipment in marine practice chiefly 
handles condensing steam at various pressures, fresh water, salt 
water, fuel oil, lubricating oil, compressed air, or refrigerants. Of 
these fluids, fuel oil, and salt water are generally the most trouble- 
some. While the steamsides of exchangers occasionally are 
contaminated with oil, it is generally susceptible to removal by 
simple boiling-out processes employing detergents. The cor- 
rosion of steamside surfaces is not usually ‘significant. Fresh 
water on board ship is reasonably free of hard seale-forming salts 
because of its production from sea water through distillation meth- 
ods. Where fresh water is used in indirect internaJ-combustion- 
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engine cooling systems, the addition of inhibiting agents gener- 
ally reduces jacket corrosion to a negligible problem. Oil con- 
tamination is removed from such units in the same manner as 
outlined in the foregoing for steam sides of other units. Lub- 
ricating oil is a generally clean product, and the temperatures 
encountered in marine practice are not usually productive of 
excessive fouling. 


Masor Foutinc ProBiems 


Fuel oil is a dirty product full of tars and carbonized particles. 
The fouling problem in fuel-oil heaters increases sharply with 
viscosity since this controls the temperature to which the oil must 
be heated. Low velocities and overheating are particularly 
troublesome. The lighter grades of fuel offer the distinct ad- 
vantage of requiring a reduced heat input coupled with considera- 
ble solvent action. Heaters are generally vastly overdesigned 
in respect to these lighter fuels since the heaters must be capable 
of handling more viscous fuels. As a result, the fouling problem 
is not ordinarily critical, except when the heaviest oils are used. 
Chemical-solvent methods can be used periodically to eliminate 
accumulated deposits, the usual cleaning agent being trichloro- 
ethylene. 

Salt water is the problem child of the marine heat-exchanger 
media, being capable of producing corrosion deposits, or deposit- 
ing directly mineral salts of either the carbonate or sulphate type, 
and of introducing sea life into the heat exchanger. Of all these 
effects, the scale deposits in distilling plants have been the major 
concern. This problem is particularly acute in the vapor-com- 
pression type of distilling plant because of the small margin in 
available temperature difference, and the excessive power con- 
sumption when any large amounts of scale are present. 

It is not intended, however, to minimize the importance of scale 
deposits in the conventional double or triple-effect evaporator 
where, under the best of continuous operating conditions, the 
average output is reduced considerably below the optimum clean- 
tube output. For example, in order to maintain capacity, it is 
customary to employ ‘“‘cold-shock’”’ treatments on a daily basis to 
crack off the scale thermally. This routine in itself results in an 
outage time which reduces the average daily operating time by 
several per cent in order to maintain hourly production rates at 
a reasonable figure. Furthermore, cold shock is not entirely 
effective, thereby requiring outages of considerable magnitude for 
more complete cleaning by laborious mechanical methods, 


ContTINuUOUS TREATMENT OF Raw Evaporator FEEDWATER 


Some success has been achieved through the continuous treat- 
ment of the raw evaporator feedwater by injection of boiler com- 
pound, considerably fortified by ordinary cornstarch. This 
method has shown considerable promise where the treatment has 
been controlled carefully, but there is a definite sensitivity to the 
concentration used. For example, a relatively minor excess of 
starch will result in the deposition of a starch layer on the tubes 
which can be as detrimental to heat transfer as the scale it elimi- 
nates. It is quite probable that more effective treatment agents 
can be devised. 

The characteristics of sea growths make them generaliy vulnera- 
ble to rather small increases in temperature above the normal 
growth environment, and for this reason, many types of marine 
heat exchangers are not subject to this source of fouling. Cer- 
tain shore utility stations near the sea have employed mild chlori- 
nation methods to reduce sea-growth effects in surface-condenser 
systems. The adaptability of this method to sliming problems 
would appear worthy of further investigation. 


RECOMMENDED RESEARCH ON FOULING PROBLEMS 


The foregoing outline covers briefly the usual fouling prob- 
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lems of marine practice, but does not contribute greatly towan( 
raising this subject to a refined technological art. 
backed by reams of data on clean-surface performance hay 


Treatises 


been written concerning practically every important type of heat. 


exchange equipment and combination of fluids, but there js 
almost no information available for the prediction of fouling rates, 
their effect on heat transfer, and methods to reduce fouling. As, 
result, in the marine field there has been a general tendency 
among designers to provide generous fouling allowance. In 
addition, for certain equipment in which fouling is most notice 
able, there have been definite attempts to minimize its occur. 
rence. A typical example is the employment of low operating 
temperatures in distilling plants to avoid the formation of hard 
sulphate scales. 

From the operator’s viewpoint, the designers have done 4 
splendid job of insuring reliable performance of marine heat. 
exchange equipment in spite of any actual fouling encountered 
However, from a broader viewpoint the modern naval or merchan 
vessel can ill afford to have any portion of its installed equipment 
one pound heavier than absolutely necessary for reliable perform 
ance. 
on the available pay load of a vessel whether it is in terms of rang: 
Therefore it is 
recommended that each of the following fields be exploited to 
raise the standards of design knowledge concerning fouling prob 


Excess equipment weight imposes a detrimental effec 


and offensive power, or cargo-carrying capacity. 


lems in heat exchangers: 


(a) 
various types of fouling, particularly as to the effect of surface 
temperature, velocity of flow and heat-transfer rates for the var 
ous heat-transfer fluids, upon the change of heat-transfer co 
efficients with operating time. Essentially, this comprises a 
application of a time factor to basic heat-transfer data, 

(b) 
practical design work with a particular view of establishing ree 
sonable fouling allowances. 

(c) Investigation of practical measures to reduce the rate 0! 


Basic research into the mechanics and chemistry of the 


Translation of these basic data into a form suitable for 


deposition of fouling deposits through the employment of suitable 


design parameters as regards fluid velocities, heat-transfer rates 
and equipment configuration. 

(d) The further development and application of inhibiting 
agents to heat-transfer fluids. 

(e) The further development of simple, economical, and quiti 
means of cleaning heat exchangers with maximum safety to th 
equipment and operating personnel. 


SUMMARIZED DISCUSSION 


A. Devore.’ How can you reconcile the otherwise general! | 
conservative practices in the marine field with the ‘“percentag 
fouling’ usually appearing on United States Coast Guard ani 
United States Maritime 
example, fuel-oil heatérs take a 50 per cent cleanliness facto 
while feedwater heaters generally call for 90 per cent cleanl 
ness factor. 
reversed. 

Commanver Kinert. In my experience I do not think! 
agree with you. Generally, I have noted that fuel oil was mut! 
more of a fouling agent than straight fresh feedwater. 0 
condition to be considered is that the operator has better cont™ 
over the feedwater heaters than the oil heaters which must hant! 
whatever oil is available. 

A. Devore. In the case of a straight-tube fuel-oil healt 
given an allowable pressure drop with an order of magnitude of! 
to 20 psi, an oil-film heat-transfer coefficient in the neighborhow! 
of 20 or 30 is obtainable for the common grade of fuel oil, Bunk 
J 


For conservative practice these figures should l 
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feedwater, but he has no control whatever over his fuel oil. 
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C. Ordinarily, for industrial work you would apply a fouling 
factor or dirt factor of 200, in other words, a correction of 0.005 
on the magnitude of the over-all resistance. Now, if you take 20 
and simply halve it, you are cutting the coefficient down to 10, 
whereas if you apply a correction factor of 0.005, you might cut it 
down to 18 or 19. 
times you have water-film coefficients in the neighborhood of 1000, 
if you have a fouling factor of 2000, you are cutting that film 
down by approximately 33 per cent, whereas if you take 90 per 
cent of 1000, you are taking hardly any correction at 

feedwater heater; so you see the two things are reversed. 


In the case of a feedwater heater where at 


all on the 


These specifications were arrived at, supposedly, in order to be 
leaning over on the conservative side, but they have 
exactly the opposite results. I cannot understand why the Mari- 
time Commission and the Coast Guard do not adopt the common 
practices that have been adopted, for example, by TEMA, which 
are very conservative. 

F. G. Feevey, Jr.? <A factor is involved in this which Mr. 
Armstrong has given us a lead on, I think. I agree with Com- 
mander Kinert very strongly that the steamship operator, or in 
our case the power-plant operator, has some real control over his 
This 
means of course that somehow or other he can contrive to keep 
his feedwater heaters clean but he cannot do much to keep his oil 
heaters clean. Therefore he needs a much greater factor of 
design. The other point is of course that fuel-oil heaters are 
almost invariably made with steel tubes, while feedwater heaters 
are normally made of some nonferrous metal, particularly in 


achieved 
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and Carbon Corporation, 


By R. L. 


HE problems caused by the fouling and cleaning of heat 
exchangers in the process industries are not simple ones and 
warrant extensive research both in design and operation of equip- 
ment. The fouling factors proposed by TEMA, based upon field 
data and good judgment of various designers, are quite commonly 


‘used and generally will provide reasonable cleaning periods with- 


out abnormal interruption of the process. However, abnormal 
dirt factors are often encountered when least expected, and are 
unpredictable and cannot be accounted for in design. They may 
be due to conditions beyond the control of the designer and may 
result in the unbalanced operation of a process with a considera- 
ble Joss of total production or a loss in quality of the product. 
Mangoperators are not accustomed to think in terms of dirt fac- 
tors and often believe that a unit is reasonably clean when in 
reality the dirt accumulation may have reduced the over-all 
transfer rate to a value of 30 to 50 per cent of that guaranteed. 
In many such cases the unit is then thought to be too small for 


the duty. 


Some of the principal causes of abnormal dirt on are as 
ollows: 


Causes OF ABNORMAL Dirt Factors 


Fouling Before Exchanger Is Used. Fouling may be due to 
improper protection of the heating surfaces before the time when 
it is placed in operation. Steel parts will corrode rapidly if mois- 
ture is allowed to accumulate in the unit. Protective coatings 


Head of Service Department, The Griscom-Russell Company, 
New York, N. ¥. 
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marine work, 70-30 cupro nickel or thereabouts. I believe Mr. 
Armstrong intimated quite strongly that you could rely on some- 
what lesser fouling factors with the nonferrous tubes than you 
could with the steel tubes, which means that, as I see it, those fac- 
tors are somewhere nearly in line with the anticipated operating 
conditions. 

A. DEVORE. 
marks. 


I should like to comment on Mr. Feeley’s re- 
His contention is that a much greater factor of design is 
required to keep a fuel-oil heater operating than would be required 
for a feedwater heater. True! There is nothing in my remarks 
implying anything else. TEMA specifies a dirt factor of 0.005 
for fuel oil and 0.0005 for boiler feedwater (velocity 3fps). Thus 
the magnitude of the dirt factor for oil is 10 times that for the 
water. On the other hand, use of 50 per cent CF for the oil and 
90 per cent for the feedwater accomplishes the following undesira- 
ble results: 

1 The fuel-oil heater is too large and therefore too expen- — 
sive. The resulting low velocities cause greater fouling rates so 
that little, if any, time is gained between shutdowns. 

2. The feedwater heater is undersurfaced because the 90 per 
cent CF does not even come close to decreasing the over-all 
coefficient to the same degree that a dirt factor of 0.0005 would. 

The argument that there is very little, if any, control over the 
type of fuel oil is irrelevant. The heater already has been de- 
signed for the worst possible condition by assuming that the oil 
handled is the most viscous grade, Bunker C. The argument 
that ferrous metals rather than nonferrous metals are employed 
to handle these oils is also irrelevant, as the heavily weighted dirt 
factor of 0.005 given by TEMA is based on actual fieid experi- 
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may be applied to the surfaces, but care must be taken to remove _ 
the coating thoroughly before operation begins. No protective | 
coating is known which will prevent fouling during operation and © 
still give a satisfactory heat-transfer coefficient. 

A satisfactory method of protection is to air-dry all surfaces | 
and seal the unit immediately after fabrication. Bags of mois- _ 
ture-absorbing chemicals may be placed inside the unit to take © 
care of any moisture that penetrates the seal. The connections — 
remain sealed until the unit is installed. : 

Poor Design and Arrangement. Heat exchangers should be 
specially designed when liquids or vapors are known to contain 
sediment or to have coking characteristics. Sediment or coke 
will quickly settle out in low-velocity areas, particularly around 
baffles and heads of tubular bundles, and also in the tubes them- — 
selves when small-diameter tubes are used. 


in suspension, such as clay for gasoline treatment, wax-bearing 


This condition may 


7 


be encountered in processes where liquids normally carry solids - 


oils, char water in paper industries, vegetable oils, and heavy fuel 
oils, 


In designing for such oundtibiinn, it is desirable to force liquids __ 


through as few parallel streams as possible in order to maintain _ 
high and continuous velocities throughout the exchanger. Per- 
missible pressure loss often prevents the best possible design, and 
it would be well if, in these cases, the user could be prevailed upon 
to provide higher pumping heads. We have records of properly 
designed units, operating continuously for more than 1 year on 
heavy-duty coking-characteristic fluids, where a conventional 
tubular exchanger would require cleaning within only a few weeks 
on similar duty. A photograph and a section of one type of unit > 


= 
: 
if 
ered 
26 
= 
= 
=¥ 
| 
. 


: TRANSACTION 


designed to combat high rates of fouling are shown in Fig. 4. 

The installation of units in parallel in order to simplify piping 
or make use of a single pump often causes rapid fouling in some of 
the units. In one particular installation, 23 heat exchangers, 
involving several duties, took water from a common header and 
discharged into a common header so that there was a fixed 
pressure drop across all units. Scale accumulated in the hotter 
units and caused lower water cirewation, which in turn accelera- 
ted the formation of scale in these units. | After several months 
some tubes in the hotter units were completely plugged while the 
cooler units were still in good condition. 

Decrease in Liquid Flow. Generally, exchangers are designed 
large enough to meet the maximum operating conditions. As an 
example, a jacket-water cooler must be able to meet the maxi- 
mum cooling requirements with the maximum available water 
temperature. This unit would then be considerably oversized 
for winter operation, and under these conditions, the opera- 
tor might decide to throttle the flow of cooling water in order 
to maintain a reasonable water temperature to the engine jackets. 
Such operation will result in high tube-wall temperatures with 
consequent scale deposits and, due to the low water velocities, 


Fic. 4 (Left above and center)—Onr Type or ExcHanGeR DESIGNED FOR CONDITIONS OF SEVERE FOULING 
(Courtesy of The Griscom-Russell Company.) 
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it also may result in rapid sediment deposits if river wate: 
is used. A reduction of the rate of heat transfer to one half of 
that guaranteed is easily possible. The fouling usually is not 
detected by the operator until the maximum duties of the ey. 
changers are required during the summer when the maximum 
cooling-water temperature occurs. 

To retard the prevention of scale it is necessary to have enough 
water to keep the temperature from rising too high. In general, 
on sea water the outlet temperature from an exchanger should 
not be over 110 F, and for normal fresh water not over 120 F. To 
prevent deposits of mud and silt ina water-cooled unit, the veloc. 
itv should be above 4 fps second and usually, depending upon 
design conditions and the allowable friction Joss, the velocity 
will be less than 9 fps. 

In condensing units, rapid deposition of materials from the proe- 
ess May occur on the outer tube surfaces due to the chilling effeet 
of cold cooling water in winter In oil-cooler units a dewaxing 
of the oil may occur owing to low cooling-water temperature, and 
often the wax will remain on the surface even after warmed cir- 


culating water is available, so that complete chemical cleaning is 


required to restore the cooling capacity of the unit. These condi- 
tions cannot be corrected fully by exchanger design, but multiple 
small units may be used to advantage since one or more ol 
the small units may be by-passed as the cooling-water temperature 
decreases. Full circulation is thus maintained through the units 
in use and prevents sediment deposits. The most desirable 
method to allow for changes in cooling-water temperature is by 
recirculation of water in order to maintain the inlet-water tempera- 
ture near that for which the unit was designed. Recirculation, 
however, generally requires additional pumping and control 
equipment which complicates the piping system and increases the 
cost of the installation. 

Excess deposits of carbon from heavy fuel oils often accu- 
mulate in oi] heaters, particularly in installations where intermit- 
tent heating duties are required. At reasonably high oil veloci- 
ties and continuous flow, the carbon particles will carry along with 
the oil, but at low or no velocity and high oil temperatures, the 
carbon particles accumulate rapidly on the tube surface. This 
condition can be avoided by careful regulation of the oil tem- 
perature and by closing the steam supply entirely when the oil 
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flow is stopped. A properly designed temperature-control valve 
and thermostatic element will accomplish this purpose. 

Excess Pretreatment of Process Fluids. Vapors, gases, and 
liquids are often treated before entering heat exchangers to pre- 
yent corrosion or to remove undesirable materials. In many cases 
an excess umount of treatment is used, with the result that ex- 
ceedingly heavy dirt or sludge deposits accumulate on the ex- 
changer surfaces, decreasing the over-all heat-transfer rate to a 
sometimes 


greater degree than expected and causing concen- 


trated corrosion of the metal. There are cases on record where 
within 5 months a sludge from pretreatment for oxygen elimina- 
tion reduced the over-all heat-transfer rate of boiler feed heaters 
toone third of that guaranteed. In natural-gas treatment simi- 
exchangers and have 
been known to reduce the heat-transfer rate to less: thi an one half 


lar heavy sludges appear in some of the 


that guaranteed. 


CLEANING EXCHANGERS 
The removal of the expected normal dirt accumbilation is 
during the 


generally done, either mechanically or chemically, 


regular shutdown periods of the entire process. For exchangers 
where dirt is expected to accumulate rapidly, multiple units should 
be installed and by-pass lines provided, so the entire process will 
not be interrupted. 
filters, and better 


However, the installation of scrubbers and 


handling of treating systems will in most cases 


eliminate excessive deposits. Cleaning preparations for the 


abnormal, unexpected dirts are generally overlooked until the 
operation of the plant becomes unbalanced, at which time make- 
shift and expensive cleaning procedures are followed int order to 
keep the plant in operation. In many cases the exchangers are 
not provided with by-pass lines, and an entire process unit must 


be taken out of service in order to clean a single heat exchanger. 


TABLE 3 


Process Duty Fouling material 


Mill seale 


Automobile plant Quench oil cooling 


Air 
Vapor condensing 


Gasoline plant Gasoline cooling Sludge, scale chemically clean Provide pumping head to maintain correct water 
x Drill completely plugged tubes flow. 
Solution exchanger Iron-sulphide sludge Air agitate and backwash 


Gas-treating plant 
Scale from water 


Solution cooling 


Oil heating Carbon deposit 


Industrial Wax from oil 


Oi! cooling 
Jacket-water cooling Scale and sludge 
Coke plant 


Vapor condensing Naphthalene 


Paper mill Char water heating 


Power plant Feedwater heating Sludge from treatment | Acid 


Suspended paper 
| 


SURFACES 


TYPICAL FOULING AND CLEANING PROBLEMS IN PROCESS INDUSTRIES 
( ‘leaning method 
Mechanical 


agitate and 


Acid clean 
Circulate solvent 


Chemically clean 


Air agitate chemically clean 


Dissolve by hot water or steam 


Mechanical 
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Sediment deposits often can be removed by backwashing with 
high-velocity water combined with air agitation. With proper 
preparation of the piping for convenient drainage of liquids from 
the unit, and arrangements for circulating cleaning solutions and 
water, the deposition of sediment or solids can be easily kept under | 
control. However, the operators must first be educated to know 
the effect that dirt accumulation has upon the operation, and how : 


often to clean the unit in order to maintain satisfactory over-all 
heat-transfer rates. 

When the dirt is of such nature that washing and air agitation — 
are ineffective, acid-cleaning is often satisfactory and desirable. _ 
However, it must be done at intervals frequent enough to prevent 
complete stoppage of tubes or shell areas and should be handled 
by personnel experienced in its use, in order to protect metals 
and to obtain the best results. When the tubes become com- 
pletely plugged, acid-cleaning is not effective, and each plugged 
tube must be drilled in order to remove the deposit. 

Table 3 summarizes exchanger duties where heavy dirt ac- 
cumulations may When exchangers are first installed, 
sufficient data should be taken to establish the expected tempera- 
tures and pressure drops. Similar data recorded at regular inter- 
vals by the operator will serve to detect any rapid accumulation 
of sediment or scale, and from such data the proper interval be- 
tween cleanings can be established. i 


occur, 


Discussion 


R. C. Utmer.!' 
some of the deposits that have been found in fuel-oil heaters and 
Also, Commander Kinert mentions 


Drew and Company, Inc., New York, 


Mr. Clapper makes considerable reference to 


other oil heat exchangers. 


Technical Director, E. F. 
N.Y. Mem. ASME. 


To avoid excess dirt accumulation 
“Install filter before coole 2 Streamline 22 liquid flow 
passages. 


Aveid many units in parallel. 


backwash 


Remove sediment from gas before treating. Keep 
liquid velocities high. 
Control oil temperature. ” Keep oil velocity high 

at all load conditions. 


Recireulate water to maintain design temperature 
and velocities. 


Remove naphthalene before condenser. Recircu- 
late water to maintain design temperature and 
velocities.a 
Streamline® the liquid flow passages; keep wales ities 

| high. 
Aveia « overtreatment in feedwater stream. 
pletely eliminate treatment whe *n possible. 


Com- 


Food products 


Vegetable-oil cooling = Vegetable-oil deposits Acid tamination of product. 
Exchanger m 3 | : 
anu- Steel baffles and | Air dry all steel surfaces and seal all connections 
facture tubes Iron oxide | Acid | before shipment. 
| Heavy-oil exchanger | Coke deposit | Mechanical | = the flow passages. Keep velocities 
} | 
. Producte of ammonia | Flush with large. volume of 
| Vapor condensing Avoid overtreatment. 
Pe treatment water 
Streamline* the flow passages. Keep velocities 
igh. 
Clay | Mechanical hick 
|—— | - 
| Oil cooling | Wax Dissolve with heat 


Stre amline® oll space to prevent fouling and con- 


Recirculate water to keep velocities high. Provide 


ou and sludge 


‘Streamline’ as used here, signifies flow passages designed to eliminate or reduce to a minimum ssaibaiais changes in velocity or direction of flow, and should 


hot be confused with ‘laminar’ or ‘viscous’ flow. 


Air agitate— 


onid clean | required water quantity under all conditions. 
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that there has been a considerable problem, especially with some 
of the tarry residues, in heat exchangers and oil heaters. 

We have done a little work on the chemistry of this subject and 
believe that such an approach is necessary to obtain success. One 
of the first problems was to set up a laboratory piece of equipment 
which would simulate field conditions. Fig. 5°shows the setup 


TESTS 


EquiepMENT FoR FOULING 


Fic. 5 
— (A, Storage tank; B, Oil pump; C, Constant-temperature bath; 
D, Thermometer.) 
4 
finally decided on. Oil is pumped from the bottom of the storage 
tank through a steel coi! immersed in a constant-temperature oil 


bath. This coil simulates a fuel-oil heater or an oil heat ex- 
changer. The oil passes out of the steel coil, through a section 


where there is a thermometer by which the oil temperature is 
measured, back to the top of the storage tank and is recirculated. 

Oil was circulated through the coil at the rate of 550 ml 
(0.145 gal) per min, equivalent to a velocity of 26.9 fpm. The 
volume of oil being circulated was measured accurately, and the 
rate of pumping maintained constant by throttling the valve in 
the supply line. 

In interpreting results of a run, we reasoned that since oil is 
circulated through the coil at a constant rate, and since the heat 
input is constant to the coil, the temperature of the oil leaving the 
coil should remain constant provided the coil remains clean. On 
the other hand, if sludge or some other accumulation forms inside 
of the coil then the temperature of the oil would be expected to 
drop. Preliminary tests indicated that with proper agitation of 
the oil in the constant-temperature bath, and by using a good 
grade of oil, no deposit formed on the outside of the coil. Also, 
nonferrous metals appeared to act about the same as steel with 
respect to adherence of sludge. 

Fig. 6 shows a typical plot of the temperature of the oil leaving 
the coil against days. It will be noted that it takes about 8 or 10 
days to get the system up to constant temperature, namely, about 
165 F. Then for about another 20 days it will be noted that the 
temperature gradually drops and at the end of about 25 days the 
drop has leveled off and the temperature is more or less constant. 
The drop of temperature indicates that deposition of material was 
taking place inside the coil and decreasing the heat transfer. 
Next, a study of the type of deposit that formed in the coil was 
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SLUDGE DEPOSITING ON HEATER COW REMOVAL SLUDGE DEPOSITING 
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TEMPERATURE OF OIL LEAVING COIL - 
333 
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Days OF TEST 


Fic. 6 Test 

made. It will be noted that in the papers of this Symposium th 
sludge has been referred to mostly as a tarry residue. We wer 
very much surprised to find that ‘“‘tar’’ is not the chief constituent 
commonly encountered. Rather, the chief material which de- 
posits is an oil-water emulsion. Emulsions of this kind may 

as high as 50 parts of No. 6 or Bunker C oil to 50 parts of water 
That such sludges readily form can be demonstrated by a simp! 
laboratory experiment. When oil and water in about thi 
referred to are stirred very vigorously, the material will set uy 
and will not even pour. 
to be most common from oils in present usage. 

Much of the emphasis in this Symposium has been on means of 
removing such deposits from heat exchangers. It 
highly desirable to prevent such deposits, and we have given som 
We refer to the use of addi- 


This is the type of sludge that was found 


would be 


consideration to preventive measures. 
tives in the oil during operation, to prevent the deposition of thes 
sludges. In recent years there has been a lot of talk about thes § 
additives and some very extravagant claims have been made. I! 
the first place, normally only about 1 pint of the additive is added 
per thousand gallons. It is a little difficult at first to see how 
such a small amount of the additive could have much effect, but 
if rather unstable emulsions are present it is a little bit easier t 
understand the action of the additive. Actually, it is not r 
quired to dissolve the deposit but only to break the emulsion. 

We made some tests with oil additives and with an effectiv 
material obtained a condition such as shown in the right-hand por 
tion of the curve. When the temperature had “leveled of 
after some 30 days, an oil additive was added at the rate of | pint 
per thousand gallons of oil. It will be noted that in the cours 
several days the oil temperature increased to its original value 
indicating that the deposit was removed. Note that it was not 
removed immediately; it took a matter of days. We explail 
this on the basis that the additive actually was breaking the 
emulsion which had deposited on the coil. It will be noted tha! 
once removed the additive prevented redeposition of sludge 
indicated by no decrease in temperature. This indicates thal 
the surface remained clean. 

Really, when one considers this situation a little bit further, the 
dosage of 1 pint per thousand gallons of oil is not so unusutl 
For example, it amounts to about 150 ppm. Certainly, for & 
ample, in water treatment, we normally maintain much lowe! 
tolerances in the case of phosphate and sulphite and yet we 
obtain quite marked effectiveness. 

There is another way in which the oil additives can be used. We 
refer to a system that is fouled with an oi] sludge such as mer 
tioned here and where it may be desirable to clean the equit 
ment without taking it out of service. In many cases, if the do* 
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age of additive is increased to possibly 10 times the one given, and 
added ahead of the oil heater or oil heat exchanger, in a matter of 
possibly a week or even a shorter period, most of the deposit can 
be removed and the operating characteristics of the heater prac- 
tically restored to normal conditions. If the heater is out of serv- 
ice, the oil can be drained out, the heater filled with the additive 
and after 8 to 24 hr, the deposit will be loosened and no further 


OULING exerts a major influence on the design of heat ex- 
changers. 
fer rate to be used in design, the metal to be used, the size and 


By R. M. ARMSTRONG,'? PANEL LEADER 


The five main factors affected are the heat-trans- 


type of tube to be used, the tube-bundle design, i.e., fixed or 
floating, and the ease of disassembly for cleaning. Each of these 


factors will be considered separately. 
Heat-TRANSFER Rate IN DESIGN 


The performance of almost any heat exchanger varies widely 
over the life of the equipment, but the designer actually can cal- 
culate only the clean heat-transfer rate and must estimate the 
service heat-transfer rate. The design as finally chosen is the 
designer’s best judgment of the amount of fouling to be prepared 
for in service, with any further fouling to be taken care of by clean- 
ing the equipment. For example, a given liquid heater may oper- 
ate at an over-all coefficient of 200 when new and about 100 when 
fully fouled. The designer may decide that 125 is a good value 
for a service heat-transfer coefficient, on the premise that a value 
as low as 100 represents bad practice. 

Many exchangers, built of stainless or nonfouling metals, oper- 
ate substantially clean at all times. This may be due to the 
operation itself being clean in nature, such as cooling clean or- 
ganic solvents by means of clean water, or it may be due to clean- 
ing the equipment thoroughly between runs, as is done for milk or 
beer coolers. On the other hand, some exchangers foul substan- 
tially very quickly, and thereafter operate regularly in a highly 
fouled condition. Tests at the University of Illinois on vertical 
ammonia condensers (8) showed that the performance drops about 
ne third in the first few hours of operation then levels off to a 
rather stable condition. 

For design, the clean rate usually is calculated first and then 
fouling resistances are applied. The most widely used fouling 
factors are those of TEMA but most designers also have tables of 
fouling factors which represent their own experience. In some 
cases experience, or rule of thumb, has developed combination 
film rates and fouling factors. For instance, on ammonia or 
freon condensers the lump sum of condensing film and surface 
fouling resistance is known, while the breakdown between the 
two is open to argument. So, in design of these condensers the 
metal resistance, and waterside film and fouling rates are cal- 
culated in the conventional way, but the refrigerant-side film and 
fouling rates are combined. 

The same method is used in the design of freon and ammonia 
coolers for brine and water where the boiling film rate is combined 
With the fouling rate. Experience shows the combined value to 
be correct but the breakdown between the two is not clear. This 
also may be said for the design of ordinary steam water heaters, 
where submerged or partial boiling may take place and completely 
Upset conventional calculations. 
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Influence of Fouling on Design 
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cleaning required. By such methods time can often be saved, 
and expensive chemical cleaning operations eliminated. 

A word of warning perhaps is warranted regarding the use of 
We have found many to contain high amounts of 
diluents such as kerosene and fuel oil. Also, most of those which 
we have encountered will not appreciably attack oil-water emul- 
Specially formulated additives containing specific wetting 
agents and detergents were found to give the best results. 


additives. 


sions. 


Sp 


Meta To Be UsEp 

The TEMA fouling factors do not differentiate between steel, 
which fouls easily in most cases, and copper or other nonfouling 
materials. There is, however, a considerable difference in the 
amount of scaling under the same fluid conditions, when the tube 
metal is changed from steel] to copper or some other nonfouling 
metal. A gain of as much as 30 per cent may be obtained in a 
number of heat-transfer operations by merely changing the tube 
metal from one which supports fouling to one which does not. 
Normally, in water service at least, steel supports fouling, while 
stainless steel, copper, brass, monel, cupronickel, and some other 
metals do not lend themselves easily to the attachment of scale 
and give much better results. Bimetal tubes can cut down foul- 
ing materially where the process fluid demands steel because of 
corrosion. Their use may allow a higher service heat-transfer 
rate, resulting in a smaller heat exchanger. In picking metals, 
the designer also must bear in mind that if the equipment is to 
be cleaned chemically it must have some resistance to the inhib- 
ited acid, caustic solvent, ete., that will be used in the cleaning 
operation. 

During the panel discussion it was suggested that preferen- 
tial fouling might be induced in a manner similar to preferential 
corrosion. While such a procedure might be possible it does not 
appear attractive. For one thing, the amount of material availa- 
ble for fouling usually is so large that a reasonably sized surface 
would not remove it effectively. Filters or pretreatment seem to 
be the indicated solution. In one sense the heat-transfer surface 
itself is an area of preferential fouling due to its difference in 
temperature, and any other preferential-fouling area would have 
strong competition for the fouling material. 


S1zE aNp Type oF TvuBE To Be Usep 


When equipment operates clean at all times, small tubes and 
helical coils offer very high heat-transfer rates and compact 
equipment. If fouling is likely to be encountered, such designs 
become inadvisable and larger tubes of straight design open at the 
ends for access are more desirable. A small tube closes up more 
rapidly with the same amount of fouling, and may lead to very 
much greater pumping and friction losses compared to design 
conditions. The helical-coil-type exchanger can be made very 
efficient and compact for clean applications or for duties where 
chemical cleaning can be carried out successfully. Where fouling 
is appreciable the problem is difficult to solve, and inspection of 
the inside of the tubes is very difficult. 

Most finned tubes work best in clean fluids. When fouled, the 
space between fins becomes filled and the amount of surface in 
effective contact with the fluid is a much lower percentage than on 
a bare tube. Finned tubes which have wide spaces between the 
fins are less affected by fouling, but they are also mostly adapted 
to low-efficiency operations. U-tube bundles are inexpensive and 
allow freedom from thermal expansion stresses, but cleaning the 
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inside of the U-bends by mechanical means is very difficult. 

The least difficulty from fouling is to be expected when tubes 
are straight, smooth surfaced, not over 12 ft in length, at least 1 
in. inside diameter, and open for access at each end. 


TuBE-BUNDLE DESIGN 


In theory, a removable bundle is required for mechanical clean- 
ing of the outside of the tubes, and preferably the tubes should be 
arranged on a square pitch. In practice, many users cannot re- 
move a tube bundle in the field without a great deal of effort and 
expense. Bundles are often very heavy, the baffle and shell may 
be corroded and irregular, and the accumulation of dirt and scale 
inside the shell may make it very hard to pull the bundle in the 
field without damage. Therefore in many cases tube bundles 
are seldom removed and many removable bundle units are built 
with staggered tube pitch to get more surface in a given shell, 
even though cleaning is to be done by mechanical means. In 
some cases it may even be more economical to use a fixed-tube- 
sheet exchanger and plan to renew the whole exchanger when it is 
worn out. When a shell is worn the dimensions are no longer the 
same as when the shell was new. Since it usually is impracticable 
- to measure these dimensions, the replacement tube bundle often 
4 does not fit nearly as well in the old shell as the original bundle 
fitted into the shell when new. In many cases then, the floating 
a 
4 
4 


& 


a2 


bundle can be considered more a feature to take care of thermal 
expansion stresses than to provide for cleanability of the outside 
of the tubes. 
The flow pattern of the shell-side fluid may sometimes change 
_ considerably due to fouling. For instance, the fluid may by-pass 
_ through the crack between tube and baffle hole when the unit is 
clean, thus operating partly in crossflow and partly in ‘‘orifice’’ 
4 flow, but when the equipment becomes fouled, these cracks may 
be stopped up, causing pure crossflow. Few experimental data 
are available to demonstrate the effect of this change upon the 
- heat-transfer rate, but it is obvious that the change will materially 
affect the pressure loss in the equipment. When the fouling is of a 
_ type that this change is suspected, proper allowance must be made 
~ in calculating design pressure loss. 
When designing the shell side of an exchanger, some allowance 
for fouling can be made by placing the pitch of the tube arrange- 
- ment in a horizontal manner and making the baffle cuts vertical to 
allow some movement of the fouling material through the shell. 
q Square tube pitch is used and any wide lanes in the tube arrange- 
avoided. 


2 EAsE OF DISASSEMBLY FOR CLEANING 


Where fouling is immediate and severe, it may be good design 
to put the fouling medium inside the tubes, design a bundle not 
over 12 ft long and use quick-opening bonnets. For instance, in 
heating milk, tomato juice, and other food products, there is 
appreciable fouling from the start. Such exchangers should have 
swing bolted or other quick-closure designs allowing quick access 
for cleaning out the stone or scale every few hours. In other 
operations, often with pharmaceuticals such as penicillin and 
streptomycin, the residue left from one batch will ferment and 
contaminate the next batch if not cleaned out of the tubes be- 
tween batches. Here also, quick-opening heads are used, and it is 
desirable to use fairly large tubes for easier cleaning. 

Although disassembly is not ordinarily required for chemical 
cleaning, there remains the problem of inspection after cleaning. 
The suggestion made during the discussion that easily removable 
inspection plates be added on the shell and heads is a possible solu- 
tion, but it would involve considerable expense and each case 


would have to be considered on this basis. 
» 
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Cost oF FOULING TO THE USER 
It is not hard to calculate the saving in operating cost between 4 
clean exchanger and a dirty one. In practice, however, often the 
only reason a condenser or exchanger is cleaned is that the system 
begins to lose its function or capacity so badly that the whole 
plant is disturbed. Therefore many exchangers are operating 
as a regular thing at much below their proper rates, and usually 


the saving to be obtained from cleaning is a good deal more than 
The heat-exchanger manufacturer 


the cost of periodic cleaning. 
can do his bit to remedy this situation by making it possible for 
the user to clean the equipment with reasonable ease, and by 


pleading with the user for his own sake to do the cleaning in order 


to keep efficiency high. 


Discussion 


A. 
ing of heat exchangers is of interest and no doubt will stimulate 


The information presented regarding the foul- 


future investigations of this subject, but to be of value, such in- 


vestigations must be accurate and the data must be convertible: 


to other exchangers of the same or similar design. 

Fouling factors as now used, while allowing for the type of foul 
They alw 
do not include any allowance for the individual designs and their 
effect upon the fouling tendencies. For example, the fouling fac. 
tors given by TEMA are planned to be applicable for genera! 


ing, do not give consideration to the tube material. 


purposes and for this reason, in many cases, will either be to 


conservative or will not provide adequately for severe fouling 
conditions. The point is, that particularly where the fouling is 
on the shell side, it will depend to a great extent upon the effect o/ 
the design of the exchanger upon the distribution of the fluids t 


the tube surfaces. 
In recent years, users in considering fouling problems have be 


come more conscious of the importance of the design of exchanger 
For examp!e, if a shell is bored and the circun: 


on the shell side. 
ference of each baffle is machined to provide a close fitting tuly 
bundle of known tolerances, fouling can be greatly reduced. — This 
type of design reduces to a minimum the by-passing of the shi 

fluid between the shell and the circumference of the baffles due! 
large pressure differences caused by the accumulation of sludg 
and dirt on the outside of the tubes. Further, proper bafl 
stripping in the annular space between the tube circle and t! 

inside diameter of the shell will force the fluid into the tube bank: 
and in combination with a close fitting tube bundle, will utili 

the pressure differences between the baffles to force the fouling 
materials through the exchanger. 
exchanger in which the shell is not bored and the tube bundle! 
loosely and is poorly designed. 

On the tube side of an exchanger, fouling is greatly affected 
the head design. For example, in an exchanger handling a ve 
cous tar and having a small straight inlet connection, the | 
will pass freely through the center tubés opposite the connectid! 
while the tubes in the circumferential area will become clogged! 
In this case a side inlet connection © 


This is not the case fo 


a short period of time. 
provide much better distribution of the tar into the tubes, witht! 
fouling taking place uniformly and being greatly reduced. 

As is generally realized, the velocity of the fluid, whether int! 
tube or shell side, has a great effect upon its fouling tendencie 
In this respect large amounts of excess surface may have a det 
mental, rather than a beneficial effect. Here the question arise 
as to the best way to apply this surface; whether to increase th 
number of tubes and thereby reduce the velocity—or lengthen th 
tubes, which makes cleaning more difficult. If the coolitt 
medium quantity is controlled by the outlet temperature of the 
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fluid being cooled, the excess surface introduced by the fouling 
factor tends to accelerate the fouling action by reducing the 
velocity of the cooling medium. 

Considering the foregoing points, it is obvious that any data 
obtained from tests made for the purpose of determining fouling 
factors, must include accurate information on the design of the 
heat exchanger. If the fouling is on the shell side, all design de- 
tails of the tube bundle must be known, including the tube ar- 
rangement, the clearance between the inside diameter of the shell 
and the outside diameter of the baffles, the type and design of the 
baffle stripping, the baffle arrangement, the velocity at various 
points, ete. If the fluid passes through the tubes, the head de- 
sign and connection arrangement, as well as the fluid velocity, are 
important. Only by knowing the operating conditions and the 
type of fouling, as well as the exact exchanger design details, is the 
information of value and convertible for use in the determination 
of fouling factors for other equipment. 


CLOSURE 


The interest displayed throughout the Symposium was gratifv- 
ing to the sponsors, and it is felt that a worth-while contribution 
was made in summarizing the present state of knowledge in the 
field 
ing a systematic record of test data on fouling, or on formulating 
plans for future studies. 


On the other hand, very little was accomplished in compil- 


It is this latter phase of the problem 
which warrants serious consideration. Progress in the field proba- 
bly will be slow and will be extremely expensive if tests are to 
be carried out on large-scale equipment over extended periods. 
One approach to the problem would be to encourage the compila- 
tion of plant data on new exchangers as proposed by several of 
the panel speakers. These records, however, would not be of 
general benefit unless published or submitted to some central 
group for correlation and comparison. 

Another approach to the problem is through chemical investi- 
gations such as reported by Dr. Ulmer in his discussion. This type 
of research would be less expensive to maintain but the extent of 
the field again indicates that the work should be done at several 
locations and could be handled more efficiently if there were some 
central advisory group to co-ordinate and encourage the work. 
Some stimulation appears necessary if, in a reasonable time, the 
solution of the problem is to advance from the era of fragmentary 
knowledge, improvised remedies, and unpredictable performance, 
toa state where principles of design and operation are well estab- 
lished and are able to eliminate or substantially reduce the fouling 
of heat exchangers. 


ACKNOWLEDGMENT 
The success of the panel discussion was due in a large part to 
the active participation of the audience. 
mitting questions or written discussion were: 


Among those sub- 


Stanley B. Adler, M. W. Kellogg Company, New York, N. Y. 

F.N. Alquist, Dow Chemical Company, Midland, Mich. 

C, H. Brooks, Sun Oil Company, Philadelphia, Pa. 

C. E. Brune, American Gas and Electric Service Company, New 
York, N. Y. 

N. 
Ind, 


A. Collora, Commercial Solvents Corporation, Terre Haute, 


a 
| 


— 


FOULING AND CLEANING OF SURFACES IN UNFIRED HEAT EXCHANGERS 


883 


Abe Devore, Davis Engineering Company, Elizabeth, N. J. 

G. M. Dusinberre, Pennsylvania State College, State College, Pa. 

be 
Calif. 

Frank G. Feeley, Jr., Union Carbide and Carbon Company, New 
York, N. Y. 

J. F. Guinan, Consolidated Edison Company, New York, N. Y. 

William F. Lampe, Davis Engineering Company, Elizabeth, 
N. J. 

L. M. Lawton, Harrison Radiator Division, General Motors Cor- 
poration, Lockport, N. Y. 

Francis M. Leader, P. H. Glatfelter Company, Spring Grove, Pa. 

Charles M. Louck, Dowell, Inc., Cleveland, Ohio. 

Howard F. May, Harrison Radiator Division, General Motors 
Corporation, Lockport, N. Y. 

A. R. Miller, General Foods Corporation, New York, N. Y. 

Robert C. Miller, Toledo Edison Company, Toledo, Ohio. 

A. C. Mueller, E. I. du Pont de Nemours Company, Wilmington, 
Del. 


Estcourt, Pacific Gas and Electric Company, San Francisco, 


kk. J. Remscheid, General Electric Company, Schenectady, N. Y. cas 


t. A. Russell, Black and Veatch, Kansas City, Mo. he 
E. A. Schumann, Jr., Day and Zimmerman, Inc., Philadelphia, 
Pa. 

Irving Siller, Pfaudler Company, Rochester, N. Y. 

P. R. Trumpler, Clark Brothers Company, Olean, N. Y. 

Dr. R. C. Ulmer, E. F. Drew and Company, New York, N. Y. 
Fred F. Walsh, Polymer Corporation, Sarnia, Ontario, Canada. 
S. F. Whirl, Duquesne Light and Power Company, Pittsburgh, Pa. 
A. Wurster, Andale Company, Philadelphia, Pa. 


It is felt that acknowledgment is also due to others who raised 
questions which, while not included in the final report, never- 
theless stimulated further discussion which may have become a 
part of the written report. 

The final report was made up directly from the papers of the 
panel leaders and the recordings of the discussion without subse- 
quent revision by the discussers. Whenever it was considered 
advisable, the discussion questions and their answers were edited 
and inserted into the text in such a manner as to obtain con- 
tinuity of presentation. 


1 “Typical Water Analyses for Classification With Reference to 
Industrial Use,’ by W. D. Collins, Proceedings of the American So- 
ciety for Testing Materials, vol. 44, 1944, p. 1057. 

2 “Surface—Active Properties of Hexametaphosphate,” by 
G. B. Hatch and Owen Rice, Industrial and Engineering Chemistry, 
vol. 31, 1939, p. 51. 

3 ‘Corrosion Control With Threshold Treatment,” by G.B. Hatch 
and Owen Rice, Industrial and Engineering Chemistry, vol. 32, 1940, 
p. 1572. 

4 ‘Deactivation and Deaeration of Water,’’ by F. N. Speller, Cor- 
rosion Handbook, John Wiley & Sons, Inc., New York, N. Y., 1948, 
p. 506. 

5 “A.C.S. Symposium on Inhibitors for Aqueous Corrosion” 
(1944), Industrial and Engineering Chemistry,” vol. 37, 1945, pp. 
702-752. 

6 “Anti-Fouling Paint Formulation,” 
reference 4, p. 442. 

7 “Antifouling Paints,’”” by A. L. Alexander, J. B. Ballentine, 
and ©. M. Yieter, Industrial and Engineering Chemistry, vol. 41, 
1949, pp. 1737-1741. 

8 “Heat Transfer in Ammonia Condensers,’ by A. P. Kratz, 
H. J. MacIntire, and R. E. Gould, University of Illinois Engineering 
Experiment Station Bulletins no. 171, 1927; no. 186, 1928, and no. 
209, 1930. 


by G. H. Young, Ibid., 


’ 
> 
= 
= 
a, 


> 


+ 
=4 
t 8 
% - 


a 8 


= 


4 


» 
= 
= : 


atm«¢ 
10 a 


tem] 
refri 
TI 


of w 


The proper engineering design of modern low-pressure 
tonnage oxygen plants requires data on the thermody- 
namic properties of oxygen, nitrogen, and air that are more 
accurate than those previously available from charts. In 
this paper, new temperature-entropy diagrams of suita- 
ble scale are presented for these materials over a range 
of temperatures and pressures adequate for the purpose. 
These diagrams are calculated from literature data on 
zero-pressure heat capacity and latent heats of vaporiza- 
tion, and from a reduced equation of state which was 
obtained from a correlation of literature data on volumes, 
Joule-Thomson coefficients, 
urements. 


and velocity-of-sound meas- 


INTRODUCTION 

engineering design of low-pressure air-separation 

plants, which are currently of great interest in the United 

States, requires accurate thermodynamic data on the 

atmospheric gases at low temperatures and at pressures below 

10 atm. These data are particularly important for estimating 

temperature differences in heat exchangers or regenerators and 
refrigeration produced by expansion engines. 

The literature contains many thermodynamic charts, most 
of which were made while high-pressure plants were of major 
importance. The need to cover a large pressure range has caused 
the methods of preparing these charts to suffer several handi- 
caps such as scale factor and limitations in the analysis of the 
fundamental data. 

The charts on the properties of air, prepared by Hausen (8, 9 
from his differential Joule-Thomson measurements, have 
been criticized by Williams (36) who presented new charts for 
air, computed from the Joule-Thomson measurements of Roe- 
buck (30, 31). The M. W. Kellogg Company prepared a chart 
for air which was published by Rushton (34). An examination 
of the Williams and the Kellogg charts showed variations of about 
5 per cent in isentropic work, in the usual low-temperature ex- 
pansion-turbine range, from the work obtained from volumes 
calculated by the use of generalized compressibility 
slong the temperature path of the charts. This is serious dis- 
agreement when it is considered that the generalized relation, 
which should be roughly correct for air, shows twice as great 
deviation from the ideal gas law as does the Williams chart. 
Thus it seemed necessary to secure a new correlation for the 
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Thermodynamic. Properties of 


ee and Air at Low Temperatures 


By L. C. CLAITOR! anv D. B. CRAWFORD? 


properties of air of sufficient accuracy for engineering use in the 
design of oxygen plants and expansion turbines. 

Keesom and Houtoff (18) presented charts for nitrogen at low 
temperatures. The properties of oxygen and nitrogen were cal- 
culated by Millar and Sullivan (26) at pressures up to 60 atm. 
None of these charts will pass the isentropic work test which was 
applied to the Williams chart for air. The thermodynamic 
properties of oxygen and nitrogen are also important in engi- 
neering design, so they were included in this paper. 

Limiting the maximum pressure to 15 atm allowed the usé of 
an algebraic equation of state in the vapor region for computation 
of the new charts, instead of the graphical or stepwise methods 
employed by previous investigators. The advantages gained by 
this procedure were the ability to consider more than one form 
of data and the assurance of an internally consistent chart. 

A survey of the published equations of state showed that none 
was available whose constants were determined at the low tem- 
peratures needed. The first problem, then, was finding a wuts able 


equation of state. 
We 


THEORY 7 


The most common algebraic equations of state in ceeaiieihiiee 
use are of the virial type; such as the Beattie-Bridgeman equa- 
tion (3). It was found that, for our problem, a satisfactory 
equation having three coefficients, R, B, and C, could be written 
as follows 


PV = + Bp + Co?) 


where P is absolute pressure, V is molal volume, RF is the universal- 
gas-law constant, 7’ is absolute temperature, B is the second 
virial coefficient, p is density, and C is the third virial coefficient. 
The virial coefficients are funetions of temperature only. 

The virial coefficients, while they are volumetric quantities, 
are closely related to other available thermodynamic data. 

Corresponding States. The equation of state can be put in 
reduced form as follows 


where p, = p/p., B, = B/V,,C, = C/V2. For all gases obey- 
ing the law of corresponding states, the reduced virial collate, 7 
B, and C,, will be functions only of reduced temperature, 7, = _ 
be compared very well on the reduced basis. This is fortunate, 
since there are not enough good data on the individual gases from 
which to prepare reliable correlations of each gas separately. 
Second Virial Coefficient. The second virial coefficient can be- 
calculated from low-pressure data on volume, Joule-Thomson — 
effect, velocity of sound, and theoretically, at least, from — 


data. 
The equation of 


1 Calculation from volumetric data. 
can be arranged to give 


The right-hand term can be computed from volumetric data as 
they are usually reported (Amagat compressibilities). 


A plot 


As will be shown, the gases, oxygen, nitrogen, and air can oe 
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these values versus reduced density p,, will give a straight line 
in the region where the three-term equation is adequate. The 
intercept of the line at zero density is the second virial coefficient 
and the slope of the line is the third virial coefficient. This 
method will be illustrated later. 


2 Calculation from Joule-Thomson data. The Joule-Thom- 
son coefficient at zero pressure is closely related to the second 
virial coefficient. At very low pressures the equation of state 
can be written 


The Joule-Thomson coefficient is obtained from the exact relation 


which, upon substituting the previous equation becomes 
uC, = —B + TdB/dT = —B + B’T......... {6] 
This can be put in reduced form 
[7] 


3 Calculation from velocity-of-sound data. The pressure 


the second virial coefficient in the following way (15) 


coefficient of the velocity of sound at zero pressure is related to 
TABLE VIRIAL 


NOVEMBER, 1949 


and the reduced pressure coefficient of the velocity of sound be- 
comes 


a + 5b/7T, + 17c/35T,? + 5d/7T;5.... [16] 


Data for Second Virial Coefficients. A literature search for 
data on the properties of oxygen, nitrogen, and air revealed a 
considerable amount of data for temperatures above 0 deg C; 
however, reliable data for low temperatures are relatively meager. 
The best available second virial-coefficient equation for any of 
these gases, that of Keyes for nitrogen (19), was calculated to a 
large extent from Joule-Thomson data of Roebuck and Osterberg 
(33) at the lowest temperatures. These data will be shown to 
disagree with most other data. The volumetric data which proved 
useful in this work were those of Nijhoff and Keesom (27) on 
oxygen, Onnes and Kuypers (28) on oxygen, Onnes and Urk (29 
on nitrogen, and Holborn and Otto (11, 12) on nitrogen. Second 
and third virial coefficients for nitrogen have been computed 
from these data by Urk (35) and Holborn and Otto (13), and 
appear here in Tables 1 and 2, respectively. Second virial 
coefficients for oxygen were presented by Nijhoff and Kees 
(27) and are given in Table 3. 


COEFFICIENTS FOR NITROGEN® 


B'RT B"(RT)? Second Third 

sRT = S = B + — + ——........... {8] Virial Reduced Virial Red 

2C,,°C,° Coeff., Second Coeff., Thi: 
Reduced -103B, Virial 10°C, Viria 
where Temp., Temp., Amagat Vol. Coeff., Amagat Vol Coe 
o0(W/Wo) Deg.C T,*1/T, Units -B,=-B/V, Units 

oP T,P=0 20.00 2.227 0.0608 2.328 0.u 

0.00 2.16 0.410 0.102 2.0656 0.12 

8 = pressure coefficient of velocity of sound -23.62 1.980 0.7465 0.1860 3.057 0.1 
a i -50.26 1.770 1.1063 0.275 2.680 O.2¢ 
W velocity of sound : -81.10 1.524 1.7459 0.4345 3.513 0.2) 
Wo = velocity of sound, ideal value -102.25 1.356 0.58% 4.167 
= zero-pressure heat capacity at constant pressure 1.125 
i sts 53 1.04 4.2168 1.050 6.455 0.3 
C,° = zero-pressure heat capacity at constant volume 143863 6.911 
-146 32 1.007 4.5417 1.129 6.66 


This equation in reduced form becomes +y 


RB,'T, R°B,"T2 
c,° 


S, = S/V. = B, + 


For oxygen and nitrogen we can use 


C,°/R = 7/2 
and 
= 5/2 
Substituting these equations gives a 
S, = B, + 35 {10} 


Third Virial Coefficient. The third virial coefficient can be ob- 
tained most easily from the plots described in the calculation of 
second virial coefficients from volumetric data. 

Derivation of Working Equations. The following equations for 
the reduced virial coefficients proved to be satisfactory for this 
correlation 

B, = a + b/T, + ¢/T,? +4/T,5........ 


C,=atB/T, + [12] 
The derivatives which will be needed are as follows 
BIT, = 113] 
= 2b/T, + 12c/T,? + 30 d/T,...... [14] 
The reduced Joule-Thomson coefficient then becomes 
uC, /V, = —a — 2b/T, — 4c/T,? — 6d/T,S. .. . [15] 


* Data of Onnes and Urk. 


TABLE 2 VIRIAL COEFFICIENTS FOR NITROGEN® 


orl Second Third 
Virial Reduced Virial Redu 

Coeff., Second Cogff., Thir 

Reduced -10-B, Virial 1o’c, Viria 

Temp., Temp., Amagat Vol. Coeff., Amagat Vol Coef 
Deg.c T,*T/T, Units Units = 
50 2.565 0.0115 0.0286 2.60 0.161 
fe) 2.165 0.4614 0.1145 3.34 0. 20¢ 
-50 1.770 1.1773 0.292 4.08 0.25 
-100 1.376 2.3146 0.575 0.262 
-130 1.188 3.5608 0.8845 5.27 0.32¢ 


* Data of Holborn and Otto. 


The data of Onnes and Kuypers appear in Table 4 and are 
analyzed graphically in Fig. 1. The resulting values of B, and C, 
are shown in Table 5. 

Joule-Thomson measurements on air have been reported by 
Hausen (7, 8, 9) and by Roebuck (30, 31). These data are 
presented in Tables 6 and 7. Table 8 contains Joule-Thomson 
coefficients for nitrogen as determined by Roebuck and Oster- 
berg (33). The Roebuck data were extrapolated linearly from | 
atm to zero pressure, using the 20-atm point to determine slope. 
Further, the pressure correction (32), necessary to Roebuck’s 
work prior to 1941, was applied. 

Data on velocity of sound are quite limited, but, fortunately, 
are available at very low temperatures. In fact, it is the utiliza- 
tion of these data that makes possible the extension of the second 
virial-coefficient equation to the normal boiling point. The most 
reliable data on the velocity of sound are those of Itterbeek and 
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Data of Nijhoff and Keesom. 


COEFFICIENTS FOR OXYGEN? 


Coefficient, 
-B =-B/V 
r c 


0.225 
0.268 
0.690 
0.908 
0.991 
1.051 
1.072 
1.093 
1.111 
1.216 
1.403 
1.638 
1.611 


REDUCED DENSITY, Pr 


REDUCED 
TEMPER ATURE 
1.0118 
e 1.018i 
1.0316 
| $ 1.1059 
P 1.2513 
15104 
0.4 06 


Votumertric Data or ONNES AND Kuypers FoR OxyYGEN 


5 SECOND VIRIAL COEFFICIENTS FOR OXYGEN® 


Reduced 
second virial 
coefficient, 
—Br = —B/Ve 


Reduced 
third virial 
coefficient, 

Cr = C/Ve? 


TABLE 4 OXYGEN-VOLUMETRIC DATA OF ONNES AND 
KUYPERS 


Pressure, 


Atmospheres 
-40.050C.; 


21,142 
28.034 
tis 


41.816 


49.255 
55.425 
61.030 


-80.04°C. ; 


21.010 
27.295 
33.475 
34.178 
39.240 


20.118 
26.932 
31.601 
37.564 


42.513 
48.720 
54.588 
60.47% 


-109.96°C.; 


20.010 
25.330 
29.977 
35.427 
38.979 


45.687 
51.130 
56.200 
56.655 


-113.98°C.; 


20.149 
2h. 462 
28,893 
33.731 


33.758 
37.979 
43.890 
48, 304 


51.059 
52.543 
54.066 


-116.02°C.; 


22.300 
27.849 
32.648 


37.468 
43.947 
50.445 


-117.000C. ; 


20.264 
22.298 
26.413 
30.248 
34.117 


37.210 
43.662 
48,344 
49.507 
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PV r 
Relative Density 
233.11K.; RT = 0.8542; 
0.8218 0.0855 
0.8112 0.1150 
0.7992 0.145 
0.7898 0.1738 
0.706 0.207 
0.7713 0.2385 
a 0.7642 0.266 
193.12°K. ; RT = 0.7076; 
0.6550 0.1064 
0.6388 0.1420 
0.6221 0.1780 
0.6213 0.1827 
0.6086 0.214 
0.5976 0.2405 
0.59h9 0.2490 
0.5772 0.2900 
0.5464 0.376 
RT = 0,625h; 
0.5594 0.1196 
0.5344 0.1672 
0.5155 0.2035 
0.4910 0.2535 
720 0.300 
0.4420 0.366 
W227 0.440 
0.3811 0.528 
RT = 0.59793 
0.5244 0.127 
0.5022 0.1674 
0.4804 0.208 
0.259 
7 0.4346 0.298 
043989 0.3805 
‘ee 0.3618 0.480 
0.3220 0.580 
0.3174 0.593 
159.14°K. ; RT = 0.5831; 
0.5044 0.1329 
0.4847 0.1677 
0.462h 0.208 
0.4370 0.256 
024369 0.256 
0.4133 0.306 
0.3739 0.389 
0.3385 0.47% 
0.3061 0.555 
0.2951 0.591 
0.2672 0.671 
i57.14°K.; RT = 0.5758; 
0.4835 0.154 
0.4560 0.203 
0.4297 0.252 
0.310 
0.3541 0.412 
0.2836 0.591 
156.16K. ; RT = 0.5722; 
0.1375 


0.1551 


— 
(\BLE 3 SECOND VIRAL 
Second 
0.00 1.7702 0.97 0.451 
-102.49 1.1058 3.016 5 0.419 
13.98 1.0316 3.494 
“118.56 1.0016 3.690 0.666 
4h 61 
0.882 
0.869 
12 0.866 
0.846 
0.826 
0.772 
T, = 1.0571 
0.957 
0.916 
| 
1.003 
— 
0.2790 0.599 = 0.870 
* Calculated fr lata of Onnes and Kuypers. er 
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*% TABLE 6 JOULE-THOMSON COEFFICIENTS FOR AIR¢ TABLE 9 VELOCITY OF SOUND IN OXYGEN? 


Reduced Joule-Thomson Reduced Temp., Pressure, Velocity of Sound, Reduced Reduced 
Temperature, Temperature, Coefficient, Joule-Thomson deg.K Atn. Meters/Sec. Pressure Temperature, 
Deg. K Deg.K/Atm. Coefficient, Woos Wo Coefficient, T, = T/T. 
Cp/Ve 
0.6770 180.5 183.0 05 
1.135003 0.5145 180.9 
0.3500 181.5 
130 0.9818 1.053 0.2026 181.9 
1ko 1.0574 0.912 3.08 0.6250 174.9 
0.3007 176.2 re} 
150 1.1329 0.805 2.72 0.1108 177.1 
0.5164 175.5 
160 | 1.2084 0.716 2.42 0.4115 175.9 
7 0.2007 176.6 
170.2850 0.600 2.16 ' 
0.72k2 176.7 
23595 0.58200 1.97 0.5974 177.3 
ee 88.72 0.4723 177.6 
190 1.4350 0.530 1.79 0.3408 178.0 | 
0.202% 178.6 z 
200 Sy 1.5105 1.63 
0.4776 173.5 z 
210 4 1.50 84.95 0.3454 173.9 3 
0.2276 174.5 
220 1.6616 0.410 : 1.396 0.1203 175.1 $ 
230 1.7372 0.380 1.283 0.4226 171.3 z ! 
) 83.05 0.3111 172.0 = 
eho 1.8126 0.350 1.182 3 172.5 8 
0. 3 
0.2624 169.5 
0.2526 169.8 
0.1803 169.9 3.30 
0.1091 170.4 
0.0566 170.9 
0. 
0. 
* Data of Hausen. 0. 
TABLE 7 JOULE-THOMSON COEFFICIENTS FOR AIR¢ 76.00 “i 16 
Reduced 0. 
Reduced Joule-Thomson Coefficient, Joule- 0. 
Temper- Tempera- Thomson 0.1032 163 
ature, ture, degrees K. per atmosphere Coeff., . . Fie 
: 74.12 0.0703 163. 164.2 
deg.K 19.7 0.968 0.00 Pe 0.0358 168.3 
atm. atn. Is 
123.16 0.9285 1.138 1.133 3.82 
133.16 1.0060 1.000 0.968 0.966 3.22 ; 
143.16 1.0815 0.846 0.834 0.833 2.805 
153.16 1.1571 0.734 0.734 0.734 2.47 ard aby 
163.16 1.2326 0.648 0.658 0.659 2.22 
173.16 1.3082 0.581 0.596 0.597 2.015 _ ‘TABLE 10 VELOCITY OF SOUND IN OXYGEN? 
198.16 78 0.479 1.680 Reduced Reduced 
223.16 1.6858 0.370 0.391 0.392 1.322 Velocity of sound, pressure  tempera- 
248.16 1.8746 0.307 0.327 0.328 1.108 Temperature, Pressure, m per sec coefficient, ture, 9 
273.16 2.0634 0.258 0.275 0.276 0.931 deg K atm Wobs Wo —Sr Tr = T/Te 8 
333.16 2.5165 0.184 0.195 0.196 0.661 164.63 0.9075 244.3 244.7 0.326 1.0667 y 
160.61 0.8930 241.0 241.7 0.572 1.0406 
= 155.79 0.8747 237.4 238.0 0.527 1.0094 vd 
Data of Roebuck. 144.84 0.8311 229.0 229.5 0.418 0.9384 
TABLE 8 JOULE-THOMSON COEFFICIENTS FOR NITROGEN? 4 Data of Keesom, Itterbeek, and Lammeren. 2 
Tempera- Joule-Thomson Coefficient, Reduced Reduced 
ure, degrees K. Per atmosphere Joule- Tempera- ¥ 182 
Thomson ture, $ 
deg. K. 19.7 0.968 0.00 Coeff. ‘ 
atm. TABLE 11 VELOCITY OF SOUND IN OXYGEN AND NITROGEN 
0.1292 0.1296 0.414 2.9619 Temp., Pressure, Velocity of Sound, Reduced Reduced u 
0.1558 0.1564 0.495 2.7635 deg.K Atm. Meters/Second Pressure Tempera- co) 
0.1856 0.1863 0.595 2.5651 Coefficient, ture, » 180 
0.2220 0.223 0.711 2.3667 “ops 1/t, 
0.2655 0.266 0.848 2.1682 8 
0.3230 0.32k 1.090 1.9698 0.947 178.0 
0.3970 0.398 1.270 1.7614 90.23 0.596 181.16 1.64 0.5851 
0.5030 0.505 1.610 1.5730 (Oxygen 0.339 180.3 a 
0.5710 0.573 1.829 1.4736 0.093 160.8 
0.649 0.652 2.080 1.37h6 
0.743 0. 7h6 2.380 1.2754 0.764 178.4 
0.856 0.€59 2.740 1.1762 90.19 0.566 179.1 161.100 
0.998 1.001 3.195 1.070 (Oxygen) 0.319 * 
1.268 1.275 is .06 0.9778 — 
1.633 1.641* 5-235 0.8964 0.986 190.7 ot 
2.01 2.02°* 6.44 0.8190 i 
2.39 2.40 * 7.65 0.7397 90.14 0.636 191.7 193.5 1.29 0.7154 
(Nitrogen) 0.343 192.5 17 
0.123 193.1 6 
* Extrapolated by comparison with values above « 
@ Data of Roebuck and Osterberg. Data of Itterbeek and Mariens,§ 
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Paemel (15) on oxygen. These data and the re-— 
sults from the graphical analysis of them in Fig. 2 
are given in Table 9. A few measurements by 
Keesom, Itterbeek, and Lammeren (21) on oxygen 
are analyzed in Table 10. The determinations of 
Itterbeek and Mariens (14) on oxygen and nitrogen 
are presented in Table 11, and analyzed in Fig. 3. _ 

The velocity of sound at zero pressure which was 
used in the analysis was the theoretical value i. 
culated with a ratio of heat capacities of 1.400. — 
This is in contrast with the purpose of the Leiden — 
workers in performing the experiments, namely, — 
to determine the heat capacities at zero pressure. — 
At the present time more confidence can be placed _ 
in statistical calculations, and, considering the pre- — 
cision of the Leiden temperature measurements, the 
calculated velocity at zero pressure should be quite _ 
accurate. 

The data were correlated by fitting the constants _ 
of the chosen virial coefficient Equations [11] and _ 
[12], to the experimental data. The fitting was — 
done by a trial-and-error process to obtain a satis- 
factory agreement with the data. The following © 
constants were obtained for Equation [11] 


—1.382 
ec = —0.201 


The proposed correlation is shown as the solid line 
in Figs. 4, 5, and 6, where it is compared graphi- 
cally with the volumetric, Joule-eThomson, and ve- | 
locity-of-sound data, respectively. 

As can be seen from the curves, the correlation is 
good, in general, although the Joule-Thomson coeffi- 
cients for nitrogen in the region of the critical tem- 
perature deviate rather widely. The excellent 
agreement of volumetric data for oxygen and ni- 
trogen in this region, and of Joule-Thomson co- 
efficients themselves at higher temperatures, makes 
a true deviation in Joule-Thomson coefficients ap- 
pear doubtful. 

Third Virial Coefficients. Data applicable to the 
calculation of third virial coefficients are quite 
limited. Tables 1, 2, and 5 show the data on oxy- 
gen and nitrogen which were used in this work. | 
As can be observed in the tables, no data were in- 
cluded below the critical temperature. The con- © 
tribution of the third virial term is not very im- 
portant in the pressure range studied, however, and 
the necessary extrapolation was made. The con- _ 
stants for Equation [12] determined by trial a 
error, are as follows 


a = 0.126 
8 = 0.059 
y = 0.252 


The data are compared graphically with Equation va, 7 
[12] (solid line) in Fig. 7. BA. a 
Zero-Pressure Heat Capacity. The heat capacity — 
at zero pressure was calculated by Johnston and his 
associates for both oxygen (17) and nitrogen (16). = 
From ordinary temperatures downward the values 
were taken to be constant at 6.962 and 6 958 
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is calculated from Equation {12).) 


Btu/lb mole/deg F for oxygen and nitrogen, respectively. The 
heat capacity of argon was taken as 4.962. 

The composition of air in mole per cent was assumed to be 
78.12 nitrogen, 20.95 oxygen, and 0.93 argon. This gives an 
average molecular weight of 28.96 and a specific heat at zero 
pressure of 0.2396 Btu/lb/deg F. 

Vapor Pressures. The bubble point and dew point of air were 
calculated from the equations of Williams (36), which are based 
upon the data of Dodge and Dunbar (6). The vapor pressures of 
oxygen and nitrogen were calculated from the correlation of 
Koch and Williams (22). 

Critical Constants. The critical constants, shown in Table 12, 
were obtained from the literature as shown, with the exception of 
the critical compressibility factor for air, which was taken to be 
0.292, the same as for oxygen and nitrogen. as ae 


TABLE 12 CRITICAL CONSTANTS 


Compressibility 


Material Temperature, Pressure, factor, 
deg K atm PV/RT Reference 
Oxygen..... 154.34 49.7 ss @ 283 24 
Nitrogen.... 126.00 33.5 0.202 
132.40 37.25 0.292 
e 


Latent Heat of Vaporization. The literature contains several 
determinations by calorimetric methods of the latent heat of 
vaporization of oxygen, nitrogen, and mixtures of these gases 
(1,2, 5, 7,20). The most extensive data are from Alt (1), which 
are shown in Table 13, along with some of the latest comparative 


rABLE 13° LATENT HEAT OF VAPORIZATION 
Latent Fntropy of keduced 
Temperature, Heat, Vaporization, Temperature, Literature 
deg.C Cal./em. Cal/gm. Mole/°x Reference 
NITROGEN 
19.55 47.65 17.18 0.6160 1 
195.55 47.74 5 
+198 48,32 17.99 0.5965 1 
-202 49.42 19.44 0.5648 1 
50.51 21.05 0.5330 1 
$1.62 22.86 0.5013 1 
OXYGEN 
-182.93 50.92 18.05 0.5850 1 
+182.93 51.01 5 
-182.93 50.8 20 
18 # j= 51.98 19.54 0.5519 1 
“19h 21.51 0.5130 1 
~200 54.48 23-86 1 
25 55.52 1 


values (5, 20). 


The data were correlated by 
tions 


the following qeua- 


AS, = (14.14/T,)(1 — T,)’-*? for nitrogen .. [17] 
AS, = (14.08/T,)(1 for air 
AS, = (13.73/T,)(1 — T,)°-®? for oxygen....... {19] 


where AS, is the molal entropy of vaporization and 7’, is reduced 
temperature. 

Comparisons of the correlations with the data for oxygen and 
nitrogen are given in Fig. 8 where the solid lines are calculated 
from Equations [17] and [19]. The constant for the equation for 
air was derived from the data of Dana (5) using the average of 
the dew point and bubble point for the temperature of vaporiza- 
tion, and a slight correction for the presence of argon from the 
@ literature data (23), for the latent heat of argon. 


CALCULATION OF CHARTS 


a 
Vapor Region. The superheated vapor regions of the tem- 
perature-entropy diagrams, for oxygen, nitrogen, and air were all 
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REDUCED TEMPERATURE, T, * T/T; 


Fic. 8 Entropy oF VAPORIZATION OF OXYGEN AND NITROGEN 
(Solid lines are calculated from Equations [17] and [19]. 


calculated from the same reduced equation of state, Equations 
{2}, [11], and [12]. The manner of performing the calculations 
will be described for air. The following equation of state was 
used for superheated air vapor 


P = 0.370 Tp(1 + Bp + Cp?) 

B = 0.0254 — 0.15517 — 0.12817? — 0.2048r5 

C = 0.00028 + 0.000313; + 0.007597 

P = psia 


p = density, lb percuft 


Fig. 9 is a copy of the calculation sheet used for calculating 
the deviations from ideal-gas-law values of the thermodynamic 
functions. From this figure the exact manner of calculation may 
be observed. In the left-hand corner at the top, the temperature 
of —260 F was selected. Below and to the right of this are 
various quantities which are required for calculating the devia- 
tions. Then several constants, B, C, D, E, F, G, H, and J, were 
calculated as shown. 

Arbitrary values were chosen for p in column 1. Column 2 is 
p?. Columns 3 through 7 are straightforward and show the cal- 
culations for the compressibility factor and the pressure. 

Columns 8 through 12 show the calculation of entropy devia- 
tion AS’ with which the entropy can be computed from the 
relation 


S = C,°ln T— R In P— as’ 


The deviation is measured from an ideal gas, so the entropy from 
this equation is for a gas of constant heat capacity measured above 
the ideal state at 1 deg abs and one unit of pressure. This basis, 
1 deg R and 1 psia, was used for the charts. 
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15. The enthalpy, measured above 0 deg abs for a gas of con- 
stant heat capacity, can be obtained from 

i= — di’ 
This basis for enthalpy was used in the charts. 

The deviation in heat capacity ACp’, was calculated in the 
remainder of the columns. The heat-capacity deviation is added 
to the zero-pressure heat capacity to give the true value. 

The derivations of the equations for the foregoing deviations 
in terms of the virial coefficients are simple and well known and 
are not included here. The calculation sheet shows how the 
operations were performed. 

After the calculations were the 
entropy, enthalpy, and heat capacity were plotted versus pres- 
From these plots values of the deviations were read and 


completed, deviations of 
sure. 
used to calculate the functions at desired pressures. 

The deviations were calculated for each temperature at 5-deg 
intervals below —260 F and at 10-deg intervals above this 
temperature. The corresponding entropy, and heat 
capacity were calculated for the desired pressures at each tem- 
perature by the procedure just outlined. The temperature at 
which the enthalpy was an integral value at the desired pressure 
was obtained by interpolating with the aid of heat capacity. 
This completed the data required for the superheated-vapor 
region of the temperature-entropy diagrams. 

Liquid Region. After the vapor region had been calculated 
and plotted on a temperature-entropy chart, the dew point of the 
fluid was then plotted at the corresponding pressures. The dew- 
point line gave entropy and enthalpy of the saturated vapor. 
With these values of entropy and enthalpy, and with the latent 
heat of vaporization, the liquid region was calculated. The 
latent heat of vaporization was calculated from the equation 
shown in the previous section. For air, the average temperature 
between the bubble point and dew point was again used as the 
temperature for determining the relation between entropy of 
vaporization and latent heat of vaporization. 


enthalpy. 


CHARTS 


The heat capacity of air vapor from the foregoing calculations 
is given in Fig. 10. This curve can also be used to determine 
the heat capacity of oxygen or nitrogen. The temperature and 
pressure for air are calculated which give the same reduced values 
as those desired for the oxygen or nitrogen. The heat capacity 
for air is found at these conditions, and the zero-pressure value is 
deducted to give the deviation. This deviation is multiplied by 
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the molecular weight of air to give the molal deviation for the __ _ 

oxygen or nitrogen to be added to the zero-pressure value for that ; 

gas. 
The compressibility factor for air vapor is presented in Fig. 11. 

This chart can be used to obtain compressibility factors for oxy- | 

gen or nitrogen by reading them directly at the temperature and ) 

pressure for air which give the same reduced values as those de- | 7 

sired for the oxygen or nitrogen. 7 
Finally, temperature-entropy diagrams for oxygen, nitrogen, 

and air are given. 


CHARTS FOR COMPUTATION ; 


Since the temperature-entropy diagrams cannot be published = __ 
a large enough scale for accurate computations, a limited 
number of lithographed charts for oxygen, nitrogen, and air, each 
11 X 17 inches, have been made available through ASME head- | 
quarters and are on file in the Engineering Societies Library. re ; 


AccuRACY OF CHARTS 


The probable accuracy of the charts in the vapor region can be 
estimated from the scatter of the data in the basic correlations. 
In the compressibility-factor chart, the possible error in the eal- 
culated volume is of interest; while in the temperature-entropy 
diagrams, the error in the enthalpy and the error in the isentropic 
work are most important. 

The greatest contributions of the deviations to the thermo- 
dynamic properties occur near the critical temperature, and in 
this region the maximum scatter of the data from the correlation 
is about 5 per cent for second virial coefficients in Fig. 4, and about 
10 per cent for Joule-Thomson coefficients for nitrogen in Fig. 5. 
These divergences in this temperature region at the maximum 
pressure of the charts could cause an error of 1 per cent in volume 
and isentropic work, and an error of 0.8 Btu per Ib in enthalpy. 


The Joule-Thomson data for nitrogen are apparently not as 
reliable, however, as are the three sets of volumetric data from 
high-pressure measurements in Fig. 4. Another equation for 
second virial coefficient developed more recently and including 
data on argon has been computed (4), which represents these 
volumetric high-pressure measurements very closely. Calcula- 
tions with this alternate second-virial-coefficient equation showed 
maximum differences from the proposed correlation of 1 per cent 
in volume and isentropic work and less than 0.5 Btu per Ib in 
enthalpy. 


The total contribution of the third virial term “is never more 
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11 
than 1.3 per cent in volume nor more than 0.4 Btu per Ib in 
enthalpy. Thus the probable error in this term is negligible 
compared with that of the second virial coefficient in the range of 
the charts. 

It is believed that the charts as presented are correct in the 
vapor region within 1 per cent in volume and isentropic work, 
and within 0.5 Btu per Ib in enthalpy at the maximum pressure 
given. This error decreases as the pressure decreases in an ap- 
proximately linear manner. 


CONCLUSIONS 


. A new reduced equation of state has been developed for oxygen, 
nitrogen, and air, based upon volumetric, Joule-Thomson, and 
velocity-of-sound data. From this equation there have been 
prepared compressibility-factor charts, specific-heat charts, and 
temperature-entropy diagrams for temperatures below 160 F 
and pressures below 200 psia. The accuracy of the charts in the 
vapor region at 100 psia is believed to be of the order of 0.5 per 
cent in volume and isentropic work, and 0.25 Btu per Ib in en- 
thalpy, which is adequate for the engineering design of low- 
pressure oxygen plants. 
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In this report are presented tables of the principal 
thermodynamic properties of carbon dioxide along the 
zero-pressure isobar in the range 100 to 5000 deg R at the 
intervals indicated by the numbers in parentheses as fol- 
lows: 100(5)130(10)240(20)500(50) 1000(100)2000(200)5000. 
The data have been computed by the methods of quantum 
statistical mechanics from best available information re- 
garding (a) the general physical constants, (+) the spectro- 
scopic constants for carbon dioxide, (c) the isotopic weights 
of carbon and oxygen, (d) the relevant abundance ratios. 
The computations were carried out in the University of 
Pennsylvania Thermodynamics Research Laboratory under 
Project G-12. Computational accuracy well beyond pres- 
ent physical accuracy has been maintained for practical 
reasons. It is believed that the tables given herein should 
supersede all previous ones. Although the estimated un- 
certainties of the values tabulated are still somewhat 
larger than those for some of the simpler molecules, they 
are probably small enough for most engineering applica- 
tions. The calculated values are in fair agreement with 
those obtained from calorimetric and acoustic-velocity 
measurements. 


INTRODUCTION 


NE of the most important accomplishments of the steam 
() research program, conducted by the ASME Special 
Research Committee on Thermal Properties of Steam 
during the 1920’s and 1930's, was to impress the engineer with 
the powerfulness of modern theory as an aid in formulating the 
thermodynamic properties of gases and vapors. In particular, it 
focused the engineer’s attention on the zero-pressure isobar as the 
line along which he could expect his knowledge of the thermo- 
dynamic properties of a given gas or vapor to be most complete 
and most accurate, thanks to developments in the science of 
interpreting atomic and molecular spectra. Thus the formula- 
tions on which all modern steam tables are based rest firmly on 
the zero-pressure values of the product pv, of the enthalpy A, 
and of the reduced entropy s + R loge p as calculated from 
spectroscopic data by the methods of statistical mechanics; direct 
experimental measurements are used only to extend these values 
to higher pressures. 
The usefulness of spectroscopic data as the source of informa- 
tion regarding the zero-pressure thermodynamic properties of 
gases was again impressed upon the engineer by Justi (21),? 
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who explained the method involved and collected the values 
published by various authors into a very valuable set of tables. 
Heck (16) further emphasized the importance of the information 
obtainable by this method by interpolating the tables pre- 
viously published to intervals of temperature sufficiently close for 
convenient practical application. Although Heck’s treatment 
of the data was not at all critical, and, although his method of 
interpolation was not entirely reliable, nevertheless, his 1940 
paper performed a valuable service to the engineer by calling his 
attention again to the powerfulness of this new theoretical tool. 

The general principles of the method of calculating the zero- 
pressure thermodynamic properties of a gas from its spectroscopic 
data have been summarized by Herzberg (18, 19), who also has 
reviewed the present state of our knowledge of such data for 
various common gases. This knowledge is usually expressed by 
an equation giving wave number E (cm~') as a function of cer- 
tain quantum numbers which independently can take on all 
nonnegative integral values within prescribed limits; the constants 
appearing in this equation are called spectroscopic con- 
stants. To each wave number £; there is assigned a definite 
energy €; = hcE,;, where h denotes Planck’s constant, and ¢ the 
velocity of light in vacuo. To each set of values of the various 
quantum numbers there corresponds a distinct quantum state; 
but there may be more than one, say p;, distinct quantum states 
having the same energy e; in the absence of an external electric 
or magnetic field. 

The first step in the calculations is to form the state sum or 
partition function Q defined by 


Ey 


= 


where k is Boltzmann’s constant, ¢2 is the so-called second radia- 
tion constant he/k, and +r denotes reciprocal absolute tempera- 
ture 7’-'. The summation is to be extended over all accessible 
energy levels e;. Values of the product pv, of the enthalpy h, 
and of the reduced entropy s + R loge p are readily derivable 
from a knowledge of Q as a function of pressure p and tempera- 
ture T. If the energy levels e; are those characterizing the 
various modes of molecular and intramolecular motion without 
correction for the effects of intermolecular forces, the properties, 
derived in the foregoing, apply strictly to the limiting case of zero 
pressure only, where the effects of intermolecular forces vanish. 

From the previous discussion it is clear that once the energy 
levels of a given molecule are known it is a straightforward 
though sometimes long and laborious task to compute the zero- 
pressure thermodynamic properties of the corresponding gas. 
At not too-low temperatures the effects of intermolecular forces 
remain small until fairly high pressures are reached; therefore 
the zero-pressure properties can be used without correction in 
ordinary engineering calculations not involving too-high pres- 
sures. 

The only extensive, original tabulation of the zero-pressure 
thermodynamic properties of carbon dioxide, besides the one 
here presented, is that of Kassel (23) for the range 300 to 3500 
deg K. Less complete calculations have been carried out by 
Badger and Woo (3), by Gordon (12), and by Giauque and 
Egan (11). Wagman, et al (28), have corrected Kassel’s tables 
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for recent ase’ in the accepted values of the general physical 
constants and atomic weights. Michels and deGroot (25) have 
calculated the zero-pressure isobaric specific heat of carbon 
dioxide for the range 25 to 150 C, but by means of oversimplified 
formulas so that their results can hardly be accepted. All of 
these previously published tables have been based on the spec- 
troscopic data of Adel and Dennison published in 1933, or on 
older data; hence they are in need of replacement by new 
tables based upon more recent and reliable spectroscopic data. 

In 1940 Dennison (7) published new spectroscopic data for 
carbon dioxide. Some additions and corrections thereto have 
been proposed by Herzberg (17, 20), by A. H. Nielsen and Yao 
(26), and by others. An excellent summary of the present state 
of our knowledge of the CO, spectrum has been given by Herzberg 
(18) and on it are mainly based the calculations reported in 
this paper. 

Unfortunately, the values of some of the spectroscopic con- 
stants for carbon dioxide are still to be regarded as somewhat 
uncertain; hence the results presented here cannot be considered 
definitive. They are, nevertheless, believed to be sufficiently 
accurate for all ordinary engineering applications. As has been 
mentioned previously, they are characterized by computational 
accuracy well beyond present physical accuracy in order to 
facilitate possible future revision. 


THEORY 


The energy levels ¢; for translation are specified by the quan- 
tum numbers n,, n,, n, and are not affected by internal motions 
(rotation, vibration, etc.), to which belongs a completely inde- 
pendent set of energy levels to be specified by additional quan- 


the corresponding contribution to the state sum Q being 


Qtrans = 


where m denotes the mass of the molecule in question and V, 
the volume of the N-molecules composing the gas in question. 
The two sets of energy levels, one for translation and the other 
for internal motions, being independent, each makes its own 
separate contribution to the state sum Q as follows 


Q Qtrans Qint 


Now the specific free enthalpy g of the gas in question is given 


by 


args = —RT loge (Q/n No) 


where n is the number of mols of gas within the volume V and 
No is Avogadro’s number. This is subject to augmentation by an 
arbitrary constant a, which can be identified as the null-point 
(p = 0, T = 0) energy of the gas in question, since the numerical 
value to be assigned to the energy ¢o of the lowest level is arbi- 
trary.* Replacing the mass m by the ratio M/No, where M de- 
notes the molecular weight of the gas in question, it is easy to 
derive 


loge T + loge Mk/h?)’/*(R/No/*) 
+ loge Qint Sree [2] 


where the R on the right is to be expressed in cm’ atm/g, =o mol 
deg K if pressure is to be expressed in atmospheres. The subscript 
p = 0 is affixed to the quantity on the left to emphasize that 


(loge p —g/RT)p=0 = 


3 Not completely arbitrary, because the null-point energy of a molec- 
ular gas is definitely related to the null-point energies of the asso- 
ciated monatomic gases. 


tum numbers. For translation af 
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Iquation [2] is valid only in the absence of intermolecular forces 
that is, it is valid only in the limiting case of zero pressure. 
Since free enthalpy g is a characteristic function of pressure p 
and temperature 7’, the enthalpy A and reduced entropy s + R 
loge p can be derived from it in a simple manner by application 
of well-known identical relations of thermodynamics, namely, 
h=O(rg)/Or ands = —0g/O0T. From the first of these relations 
it is to be noticed that enthalpy h, like free enthalpy g, is subject 
to augmentation by a constant amount @ called the null-point 
energy of the gas in question; the second shows that that such } aug: 
mentation does not affect the entropy s. Pein, 


INTERNAL STATESUM 


From Equation [2] it appears that practically all of the experi- 
mental, analytical, and computational difficulties to be en- 
countered in the determination of zero-pressure thermodynamic 
properties from spectroscopic data are associated with the evalua- 
tion of the internal state sum Qint. The energy levels e; entering 
this sum are those which characterize the rotational, vibrational, 
electronic, and nuclear motions of the molecule in question. It 
has been shown that the contribution to Qin from nuclear spin 
may be disregarded if the resulting properties are to be used only 
in the analysis of processes which involve no transmutation of 
atomic species, provided of course that the practice is followed 
consistently for all molecules. 

In the case of carbon dioxide, the 
characterize the electronic motions of the molecule, as well as th 
interaction effects between these and the other levels, make a 
together negligible contributions to the state sum Qin: in t 
temperature range here considered. In this range, therefore, it 
only necessary to take account of the rotational-vibratior 
energy levels for the ground electronic state. 

To a first approximation the rotational-vibrational energy 
levels for the CO. molecule can be expressed by the following 
equation for the corresponding wave numbe rs £,° measured from 
the lowest level 


+ Live? + + + + + 


energy levels ¢;, whic! 


+ gah? + + 1) Del + 3 
with 

= wo + an + tie + [3b 

= we + + + 

(3 


where 


wi, @2, w3 = zero-order vibrational frequencies 

Xi, Loe, Las, Li2, X13, X23, = anharmonicity constants 

Bo = rotational constant‘! 

Do = rotational stretching constant 

4, = rotation-vibration coupling constants 
01, V2, Vs, le, J = quantum numbers 


In applying Equation [3] it is to be understood: (a) that each 
vibrational quantum number 1, v2, v3 can independently assume 
any nonnegative integral value up to its respective dissociation 
limit; (b) that the quantum number |, can assume any non- 
negative integral value belonging to the set vz, v2 — 2, v2 — 4, 


4 Bo is inversely proportional to the average principal moment of 
inertia J{o] in the ground atate, J = = 0: = v3 = 0, that is, Bo = 
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ete., independently of the values assumed by the other vibrational 
quantum numbers u, v3; (c) that the rotational quantum number 
J must be larger or at least equal to 2, so that it can assume only 
those values belonging to the set l, l. + 1, lo + 2, ete. 

For any particular set of permitted values of the quantum 
numbers 0, v2, v3, Equation [3] assigns only one wave number 
EB, to each permitted pair of values of the quantum numbers /, 
and J. A more precise equation would assign two distinct 
wave numbers to each such pair for which /, is different from 
zero. This so-called l-type doubling has been studied by Herzberg 
(17); fortunately, it turns out that the two distinct wave numbers 
referred to differ so slightly in numerical value as to make it un- 
necessary to take account of the difference in evaluating the 
state sum Qint over the temperature range here considered. 

Quantum mechanics predicts that for each value of the rota- 
tional quantum number J there are 2J + 1 distinct quantum 
states having the same energy in the absence of an external elec- 
tric or magnetic field. Accordingly, for the set of energy levels 
given by Equation [3] we must take pj = 2J + 1 for l, = 0, but 
pi = 2(2J + 1) forl, 0. 


MATHEMATICAL REARRANGEMENT 

The first step in the evaluation of the internal state sum Qint 
for the set of energy levels given by Equation [3] is to evaluate 
it for arbitrarily fixed values of the vibrational quantum numbers 
This can easily be done by application of the Euler- 
McLaurin summation formula (sometimes called the Mulholland 
formula when used in this connection) after expanding the ex- 
ponential e~°:742* in a Taylor series. The result is 


Vi, Va, U3. 


where the y,;, are simple functions of = by = 
Qtg2, 0 /Bo, az/Bo, and a3/Bo which need not be listed in detail. 
The F,° are the subset of wave numbers £,° for, = J = 0. A 
detailed explanation of this rearrangement has been published 
by Kassel (22) and by others also. The summation in Equation 
(4) is to extend over all values of the vibrational quantum num- 
bers vj, V2, vs and over all values of their indices ¢, j, k. 

The contribution to the exponential e~°7"" from the quad- 
ratic terms (fourth to ninth, inclusive) in Equation [3] can be 
reduced, by expansion in a Taylor series, to the sum 


LC vs" 


where the coefficients Cag, are obvious combinations of the 
(721, C27Xi2, etc. This reduction facilitates evaluation of the 
quantities Y, . defined by 


Y (1 — 2,)(1 


where 


— + Uoriveivste 


Each Y,;, is a combination of sums of the forms 


y = z/(1 —2z); thus 
Ao = 1, Ai = y, Az = y + 2y?, As = y + Gy? + Gy’, ete. 


The sums B, are also simple functions of y given by B, = 
(Ans: + A,)/(1 + y). Recursion formulas for the A,’s, as well 
a8 some approximate formulas useful for large values of n or of 
y, have been given in a previous report from the University of 
Pennsylvania Thermodynamics Research Laboratory (13); 
similar formulas for the B,’s can be obtained easily by the 


methods outlined in this same report. Strictly speaking, the 
sums wanted for the evaluation of the Y;;, are not the infi- 
nite sums A, and B, but analogous finite sums. The substitution 
produces a negligible error in the final results, however, in the 
temperature range here considered. 

After having evaluated the y;;, and the Y;;,, it is a straight- 
forward matter to calculate Qin:® from 


2h,(1 — — — £3)Qint” = a’. . [5] 
FERMI RESONANCE 


Iquation [3] is a somewhat oversimplified expression for the 
rotational-vibrational energy levels of the CO, molecule because 
it fails to take account of a phenomenon first recognized by 
Fermi (9) by which some of the levels are perturbed. The theory 
of this so-called Fermi resonance phenomenon has been discussed 
in detail by several authors, a very elegant treatment having been 
given recently by H. H. Nielsen (27). The discussion cannot 
be repeated here but it can be briefly stated that some of the 
levels, which Equation [3] would place very close together, are 
in fact separated appreciably as a result of Fermi resonance. 
The actual positions of the perturbed levels can be calculated 
from the constants in Equation [3] and an additional constant 
related to the anharmonicity constants which Dennison (7) has 
designated by the letter b. Nielsen’s equations have to be modi- 
fied slightly in the case of CO, to take account of anharmonicity. 
The effect of Fermi resonance on the rotational constants has been 
treated by Herzberg (17, 18). 

The corrections for Fermi resonance can be lumped into an 
additive correction Aa to the sum a® in Equation [5]. They are 
of two kinds, namely, those accounting for the perturbation of 
the vibrational levels themselves, and those accounting for the 
alteration of the rotational constants produced thereby. Cor- 
rections of the latter kind are almost negligible; those of the 
former kind can be calculated in a straightforward manner 
especially if the terms in the corrected sum a = a® + Aa be 
first paired with those in the uncorrected sum a® in such a way 
as to make the component corrections for each group of perturbed 
levels cancel to the first order. Although straightforward, this 
calculation involves algebraic operations which cannot be given 
in concise form, hence the details will be omitted here. 


ZERO-PRESSURE PROPERTIES 


Having evaluated the sum a® in Equation [5] and then cor- 
rected it for the effects of Fermi resonance to obtain a, we are now 
in a position to write down convenient expressions for the various 
zero-pressure thermodynamic properties of carbon dioxide of 
particular interest. In the first place 


7 
{loge p —g/RT\p=, = T — loge — — 
(1 + loge a + loge . . . [6] 


where again it is to be noted (a) that the free enthalpy g is subject 
to augmentation by a constant amount # representing the null- 
point energy, and (6) that the # in the last term to the right must 
be expressed in cm atm/gmol deg K if pressure is to be ex- 
pressed in atmospheres. The quantities, = 62 = Cow,", 
and 6; = C2w;° are the so-called characteristic temperatures for 
carbon dioxide. 

From Equation [6] it is easy to derive expressions for the zero- 
pressure values of mean isobaric specific heat r(h — %), reduced 
entropy s + & loge p, and isobaric specific heat ¢, by application 
of well-known identical relations of thermodynamics. In the 
following expressions these quantities have been divided by the 
universal gas constant R in order to render them dimensionless 


Ons 
| 
A, = (1 — 2) vz", and B, = (1 — z)* > (v + lye 
‘b 
n- 
4, 
of 


4-42 


i)/RT\p =, = 


(s/R + loge p)p =, = (loge p —g/RT) p=, +(h/RT)p =,. [6b] 


7 (0,7) 2( O27 = 
(¢ R)p = 2 1)? (eo 1)? + = 
logea) 
6c 
dT? [6c] 


The terms containing loge a essentially represent the combined 
corrections for anharmonicity, rotational stretching, Fermi res- 
onance, etc. They are relatively small so that it is possible to 
obtain sufficient accuracy in the derivatives of loge a by numeri- 
eal differentiation. 


PuystcaL CoNsSTANTS AND CONVERSION FACTORS 


In conformity with the practice of the author’s laboratory, the 
1941 Birge (6) values of the general physical constants have been 
used consistently. While the present calculations were in prog- 
ress, DuMond and Cohen (8) published a revision of some of 
the Birge values which, however, leaves the quantities heNo 
and he/k practically unchanged in value. Therefore adoption 
of the DuMond and Cohen revisions would involve nothing more 
than the addition of a very small constant amount to each of the 
values of reduced entropy tabulated herein. A comparison of 
the two sets of constants is shown in Table 1. 


TABLE 1 GENERAL 
Constant Symbol Units 
Standard atmosphere, (0 deg C)....... Ao dyne em~? atm™~! 
Avogadro's number (chem. scale)...... No 
Int. joule (= pq? abs joules).......... pq (abs joule) (int. joule) ~ 
Boltzmann’s constant..............-- k erg deg 
Second radiation constant............ ce deg K 
Universal gas constant......... R erg deg g mol=! 
Ratio physical to chemical atomic . 


weights scale 


Nore: The 1941 Birge values have been used in the present calculations. 


Following usual steam-tables practice, the Btu has been used 
as unit of energy in preparing the tables presented in this report. 
The particular Btu used is defined by the following conversion 
factors: 1.8 Btu-g/IT cal-lb and 860/1.00019 JT cal/abs kwhr. 
Temperature on the Rankine scale (deg R) is used as independent 
argument, and the pound-mol (mol) is used as unit of weight in 
order to simplify the analysis of problems involving gas mixtures. 
In the case of reduced entropy s + R log. p it is to be understood 
that pressure is expressed in international atmospheres (atm). 


MOLECULAR AND SPECTROSCOPIC CONSTANTS 


The values used in the present calculations for the atomic 
weights of the carbon and oxygen isotopes are those recom- 
mended by Birge (6) in 1941. Almost no new experimental data 
have been published since that time although the then existing 
data have been re-examined by a number of physicists, the most 
recent and probably the most significant review being that of 
Bainbridge (4). The differences between the recommendations 
of the various authorities are too slight to affect the thermo- 
dynamic properties appreciably, hence the Birge values have 
been retained for the sake of consistency with other tables 
(13, 14, 15) previously prepared in the author’s laboratory. The 
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adopted values of isotopic weights and of the relevant abundance 
ratios are listed in Table 2. 


WEIGHTS OF CARBON AND OXYGEN 


(PHYSICAL SCALE) 


TABLE 2 ISOTOPIC 


Isotope Weight Abundance 
cu 12 .00386 92 
4300761 nally pie 1 
ov 17.0045 0.204 
18.0049 1 


The molecular weights of the various possible CO. molecules 
can be computed directly from the data in Table 2. The follow- 
ing are of particular interest 2 


C"0,'8; M = 43.9919 (chemical scale) 


CO,:M = 44.01139 (normal isotopic mixture, chemical scale) 


The latter value is in excellent agreement with the value 44.010 
adopted by the Committee on Atomic Weights of the Interna- 
tional Union of Chemistry (5). 

The first thorough analysis of the CO, spectrum was carried 
out by Adel and Dennison (1, 2) after some anomalies in it had 
been explained by Fermi (9), as mentioned previously. A revi- 
sion of this analysis was published by Dennison (7) and, al- 
though some bands have since been measurcd more accurately, 
it remains the most recent complete analysis available. The 
accuracy of Dennison’s vibrational constants, especially that of 
his anharmonicity constants, is not as high as desired, but it will 
probably not be improved significantly within the near future; 
therefore his values have been adopted for the present calcula- 


PHYSICAL CONSTANTS 
Value 
1941 Birge (6) 1948 DuMond and Cohen (8 
(2.99776 + 0.00004) x 101° (2.99776 * 0.00004) x 
(1.013246 * 0.000004) x 108 
273.16 = 0.01 ay 
(6.0228; 0.0011) x 1023 (6.0235 0.0004) x 1 
5 (6.6242 * 0.0024) x 10-27 » (6.6234 * 0.0011) x 1 
af (1.38047, + 0.00026) x 10-18 (1.38032 * 0.00011) x 
1.43848 * 0.000%, 1.43847 + 0.00019 
2 (8.31436 * 0.00038) X 107) (8.31436 + 0.00038) x 


The most recent complete set of rotational constants has bee! 
obtained by Herzberg (17, 19, 20) whose values have been adopted 
for the present calculations. Slightly different values for By 
and a; have been obtained by A. H. Nielsen and Yao (26), which, 
if they had been adopted instead, would have decreased the cal- 
culated values of reduced entropy by about 0.003 Btu/mol deg R 
without producing any other significant changes in the final 
tables. 

The spectroscopic constants adopted for the present calcu- 
lations are summarized in Table 3. No uncertainties are given 
since, for most of the constants, no probable errors are listed in 
the original references. It is believed, however, that the un- 
certainty of the vibrational constants is of the order of 1 em™', 
that the uncertainty of Bo is less than 0.0004 cm~', that the 
uncertainty of the a’s is of the order of 0.0001 to 0.0002 cm~'. 


Isotope EFrects 


The zero-pressure properties presented in this paper apply 
strictly to the most abundant isotope of carbon dioxide, namely, 
C'*0,'*. This molecule is symmetrical with respect to the 
interchange of its oxygen atoms, and quantum mechanics pre 
dicts that only one half of the possible rotational levels represent 
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THERMODYNAMIC PROPERTIES OF CARBON DIOXIDE 


rABL E3 SPECTROSCOPIC C FOR CARBON DIOXIDE, 
Source, Source, 
Value, Bibli-. Value, 
Constant ography Constant ography 
w 1351.2 (7) ris 21.9 (7) 
672.2 (7) —11.0 (7) 
ws 2396.4 (7) b2 9081 (7) 
(7) Bo 0.3904 (20) 
re —1.3 7) Do 1.8 X 1077 (20) 
(7) a 0.00056 (8) 
(7) . 00062 (18) 
5.7 (7) 0.0029 (18) 


distinct quantum states to be included in the state sum Qint. 
For the ground vibrational state the rotational levels for odd J 
are missing; the rules for determining what rotational levels are 
missing for higher vibrational states are discussed in detail in 
several references, e.g., (18). These remarks apply also to the 
other symmetrical molecules, C'%0," and C'20,"*, The symmetry 
is removed in the case of C'*O'*0'’, for instance, whose state sum 
Qint is therefore very nearly double that for the most abundant 
isotope 

To double the state sum Qint is to add the quantity R log. 2 
to the reduced entropy without affecting the enthalpy or isobaric 
specific heat. It appears that previous authors have neglected 
to make this necessary addition in calculating the entropies of 
nonsvmmetrical CO, molecules. There are of course some 
additional, temperature-dependent corrections to account for 
the isotope effects on the rotational and vibrational constants, 
but the changes in the thermodynamic properties produced 
thereby appear to be well within the uncertainties of the most 
accurate values of these properties that can be obtained 
present, hence it has not seemed worth while to tabulate them. 

Regarding the thermodynamic properties of the normal iso- 
topic mixture of carbon dioxide (CO,), the following statements 
may be made: Its enthalpy and isobaric specific heat are almost 
identical with those of the most abundant isotope CO,'*; its 
reduced entropy exceeds that of C'!#O,'* by about 0.00132 Btu /- 
mol deg R because it contains some isotopes of higher molecular 
weight M than that of C!*O,"* (each individual state sum Q is 
proportional to M’/*), by about 0.0066 Btu/mol deg R because 
the statistical weights p; for some of these isotopes differ from 
those for C!2O'* (the state sum for a nonsymmetrical molecule is 
very nearly double that for a symmetrical one), and by a mixing 
entropy of about 0.18 Btu/mol deg R. The mixing entropy has 
been estimated on the assumption that the mixture contains 
only the following isotopes: C!O,'6 and 
C"#0"%0'8, In order to refine this estimate it would be necessary 
to assume that C!O,!7, C130,', etc., are also present in apprecia- 
ble concentrations. The refinement has not been attempted 
because of the computational labor involved and because it is 
not known that all necessary data regarding dissociation energies 
are available, In addition to the foregoing corrections, there are, 
strictly speaking, some temperature-dependent corrections to 
account for the fact that the rotational and vibrational constants 
differ slightly from isotope to isotope. These, however, reasona- 
bly can be expected not to exceed the uncertainties in the eal- 
culated properties of C12O,"* and therefore may be ignored. 


ComPARISON WITH OTHER DaTA 


The results of the present calculations are compared with those 
of previous authors in Table 4, the comparison being based on 
the isobaric specific heat cp=o. In the second column are listed 
the original Kassel mer values converted to Btu/mol deg R by 
multiplication by 1.98581/1.9869 = 0.99945. In the third 
volumn are listed the Wagman, et al (28) revisions of the original 
Kassel values converted to Btu/mol deg R by multiplication by 
1.98581/1.98718 = 0.99931. In the fourth column are listed 
Values interpolated from the final tables presented in this report 
rounded off to the number of figures used by Kassel. 


TABLE 4 ZERO-PRESSURE ISOBARIC. , SPECIFIC HEAT OF 
CARBON DIOXII 
(Btu/mol deg 
T(deg R) Kassel Wagman Gratch 
540 8 903 8.888 8.865 
72 9.880 9.864 12-385 
900 10.670 10.655 629 
1080 11.318 11303 11.271 
1260 11.855 | 11.841 11.893 
1440 12.305 12.292 12.249 
1620 12.682 12.659 «12.622 
1800 12.998 -—o 12.966 12.934 
1980 13.26 13.25 43.20 
2160 13.49 13.48 «13.42 
2250 13.59 13.58 13.5? 
2340 13.68 «43.61 
2520 13.85 13.84 13.77 
2700 13.99 13.98 13.90 
3150 14.3 14,8 14.2 
3609 14.5 14.5 144 
4500 14.8 14.8 14.6 


The present calculations give consistently lower values of iso- 
baric specific heat than those of Wagman et al. At the lower 
temperatures the differences are mainly due to the use of more 
accurate data on the vibrational constants; at the higher tem- 
peratures they are due in part also to the fact that Kassel ob- 
tained his values above 1800 deg R by applying an estimated cor- 
rection for anharmonicity to the rigid-rotator harmonic-vibrator 
approximation. 

Several comparisons of the thermodynamic properties of car- 
bon dioxide, as calculated from spectroscopic data, with those 
obtained by other methods have been published. Of particular 
interest are the comparison with the calorimetric determinations 
of Henry, as given by Fowler and Guggenheim (10), and that _ 
with acoustic-velocity determinations as given by Katz (24). 
These comparisons are improved somewhat by the results of the © 
present calculations though the discrepancies are still left some- 
what larger than those for most other simple molecules. It is — 
believed that the remaining discrepancies in the case of carbon — 
dioxide are mainly due to errors in the calorimetric and acoustic- 
velocity determinations on the ground that they are larger than | 
the estimated probable errors in the calculated values presented 
here. 

Resutts 


The final results of the present calculations are given in — 
Table 5. It might be well to repeat that the data listed in this 
table are characterized by computational accuracy well beyond — 
present physical accuracy. The unit of energy used is the (Inter- 
national Steam Tables) Btu in terms of which the universal gas 
constant R has the value 1.98581 Btu/mol deg R. The usual | 
practice of excluding the contribution to the reduced entropy 
from nuclear spin has been followed. - 
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INTRODUCTION 


HE inaugural meeting of the International Joint Commit- 
7 on Psychrometric Data (IJCPD) was held in Boston, 
Mass., on January 23, 1945, in connection with the 5lst 
annual meeting of the American Society of Heating and Venti- 
In November, 1945, the late J. H. Walker, 
temporary chairman, appointed a Working Subcommittee, of 
which the author was privileged to be chairman, to assist in the 
drafting of an agenda for the next meeting of his committee. 
The Working Subcommittee met first in Philadelphia on Feb- 
ruary 16, 1946. The minutes of this first meeting were used as 
an agenda for the second meeting held in Washington, D. C., 
on November 26, 1946, and attended by a number of interested 
nonmembers, including representatives of the British Meteoro- 
logical Office, the British Commonwealth Scientific Office, and 


lating Engineers. 


The minutes of this second 
meeting contain an item instructing the chairman to prepare a 
report of the Working Subcommittee’s deliberations. 

A preliminary draft of the report mentioned was submitted, 
under date of April 14, 1947, to Mr. Walker who offered several 
valuable criticisms and suggestions for incorporation in the final 
draft. Not until now, however, has the author found it possible 
to prepare this final draft. Meantime the preliminary draft 
has served a very useful purpose as will be noted later. 

At the first full session of the Aerological Commission of the 
International Meteorological Organization (IMO) which met in 
Toronto, Canada, during August, 1947, there was appointed a 


sSubcommission I on Functions and Tables under the chairman- 


ship of Prof. P. A. Sheppard, Department of Meteorology, Im- 
perial College of Science and Technology, University of London. 


| by its terms of reference this subcommission was charged with 


the task of recommending a set of self-consistent internationally 
xcceptable values of physical functions and constants of common 
se in meteorological practice. It is exceedingly gratifying to 
note the extent to which those recommendations of the Sub- 


Hoommission having to do with the thermodynamic properties of 


noist air agree with the recommendations of the Working Sub- 
rommittee as set forth in the preliminary draft referred to in the 
preceding paragraph. The former were adopted officially by the 
welfth Conference of Directors of the International Meteoro- 


‘Dean, Towne Scientific School, University of Pennsylvania, 
Mem. ASME; Chairman of the Working Subcommittee, composed 


m{C.S. Cragoe, National Bureau of Standards; L. P. Harrison, U.S. 


Neather Bureau; F. G. Keyes, Massachusetts Institute of Tech- 
ology. 8. Gratch, Towne Scientific School, University of Pennsyl- 
ania, rendered invaluable aid to the Working Subcommittee as 
echnical adviser. 

Contributed by the Research Committee on Properties of Gases 
nd Gas Mixtures, the Applied Mechanics Division and the Heat 
transfer Division, and Section M of the American Association for 
ne Advancement of Science, and presented at the Annual Meeting, 
sew York, N. Y., November 28—December 3, 1948, of Toe AMERI- 
N Soctery or MECHANICAL ENGINEERS 

Nore: Statements and opinions advanced in papers are to be 
derstood as individual expressions of their authors and not those 

the Society. Paper No. 48—A-151. 
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logical Organization sitting in Washington, D. C., September, 
1947, 

The report of Professor Sheppard’s subcommission is soon to 
be printed and widely distributed by the International Meteoro- 
logical Organization as Document No. 71 of its Aerological Com- 
mission. It seems especially appropriate, therefore, to publish 
the final report of the Working Subcommittee of the Interna- 
tional Joint Committee on Psychrometric Data more or less 
simultaneously. There is ample justification for the ASME 
Special Research Committee on Properties of Gases and Gas 
Mixtures to sponsor the presentation and publication of this 
final report in the fact that it deals with the thermodynamic 
properties of one of the most common and technically important 
gas mixtures, namely, moist air. 

It is deeply to be regretted that this report must record the 
death late in 1947, of J. H. Walker, temporary chairman, In- 
ternational Joint Committee on Psychrometric Data. 
upon his recommendation that Council of the American Society 
of Heating and Ventilating Engineers invited “all organizations 
likely to be interested in the problem of the properties of mixtures 
of air and water vapor to appoint a representative on a joint 
Inter-Society Committee to consider the adoption, when availa- 
ble, of basic equations and tables of such properties” (1).2 Mr. 
Walker’s untimely death leaves the status of his Committee 
somewhat indefinite. It is hoped that the publication of this 
report will serve to reactivate the committee, especially since 
by disposing of one part of the committee’s over-all problem, it 
prepares the way for consideration of other important parts. 


PROBLEM 


The problem before the International Joint Committee on 
Psychrometric Data may be regarded as consisting of three 
parts: (a) To obtain information regarding the thermodynamic 
properties of moist air which can claim general acceptance as 
standard on the ground that it is thermodynamically consistent 
within the accuracy of existing knowledge; (6) to develop speci- 
fications of standard instruments for the practical realization of 
these properties in the field; (c) to recommend standard sym- 
bols, terminology, and charts calculated to promote a better 
understanding of underlying theory in its application to practical 
problems involving moist air. This report sets forth the recom- 
mendations of the Working Subcommittee on part (a) of the 
over-all problem and explains the reasoning on which these 
recommendations are based. 


CRITERION 


The Working Subcommittee agreed from the start to try to 
recommend a formulation, rather than discrete tables, of the 
thermodynamic properties of moist air, valid over the widest 
practicable ranges of pressure and temperature. While for the 
majority of present-day applications in the field of air condition- 
ing it might suffice to recommend a table of properties at stand- 


2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


It was 
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ard atmospheric pressure, such a table would by no means satisfy 
the needs of the meteorologist or the aerodynamic engineer; 
moreover, it would be shortsighted to assume that, even in the 
field of air-conditioning engineering, the number of applications 
in which accurate properties at other pressures are needed will 
not increase substantially as time goes on. Fortunately, the 
pressure range of principal interest now and probably for some 
time in the future is the low-pressure range where well-tested 
theory is able to make reliable predictions regarding the effect of 
pressure on the various thermodynamic properties of moist air. 
The Working Subcommittee found no difficulty in adopting 
“thermodynamic consistency within the accuracy of existing 
knowledge” as the principal criterion by which to judge the valid- 
ity of its recommendations. The adoptiqn of this criterion at 
once implies the abrogation of Dalton’s law on which most pre- 
dictions of the thermodynamic properties of moist air heretofore 
have been based. By present-day standards Dalton’s law must 
be regarded as an inaccurate conjecture based upon an unwar- 
ranted faith in the “ultimate simplicity of Nature.’ Granted 
that the law and the consequences inferred more or less intui- 
tively from it are extremely useful as rough and sometimes even 
close approximations to the truth, their use as a basis for stand- 


Datton’s Law 
Dalton’s law is a difficult matter to discuss in any clear and 
unequivocal manner because such a variety of interpretations 
have come to be placed upon it. If the statement of it given by 
Preston (2) be accepted, it would appear that the pressure is the 
) only property of a gas mixture which the law attempts to pre- 
- a dict; and this, it says, is the sum of the pressures which the 
--—s eonstituents would individually exert if each occupied separately 
the volume of the mixture at the temperature of the mixture. 
lo Now statistical mechanics predicts that the law would hold 
identically if each constituent were a hypothetically perfect gas 
; _ showing no effects of intermolecular forces, whereupon (a) the 
7 - individual pressures would be the individual mol-fractions times 
; - the pressure of the mixture, (b) the sum of the individual enthal- 
_ pies would equal the enthalpy of the mixture, and (c) the sum of 
_ the individual entropies would equal the entropy of the mixture. 
_____-: Unfortunately, predictions (a), (b), and (c), which are strictly 
PAs. © = only in the case of a hypothetical mixture of perfect gases, 
: have been used as vehicles for the introduction of various con- 
- cepts which cannot be applied without ambiguity or thermo- 
_ dynamic inconsistency to mixtures of actual imperfect gases. It 
may be stated that Dalton’s law, regarding the additivity of in- 
dividual] pressures and its alleged eonsequences regarding the 
additivity of individual enthalpies and entropies, fails mainly, if 
not entirely, because of the effects of intermolecular forces be- 
tween “unlike” molecules, while the alleged consequence that the 
_ individual pressures are the individual mol-fractions times the 
pressure of the mixture fails because of the effects of forces be- 
tween ‘‘ike’’ molecules also. 
___- Various modifications of Dalton’s law have been proposed from 
time to time, including the so-called Gibbs-Dalton, Amagat, and 
— Lewis-Randall rules. None of these, however, offers any sub- 
stantial improvement over Dalton’s law itself; all of them must 
now be regarded as conjectures based pretty much on wishful 
thinking. 


= 


STATISTICAL MECHANICS 


Developments in statistical mechanics have given us a well- 
tested theory of the thermodynamic properties of gas mixtures 
ts - which is entirely workable in the range of sufficiently low pres- 
sures. This theory can be expressed succinctly in the following 
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= + RT loge + — 


k 


As 


where g,°(7') are pure temperature functions called ‘‘zero-pressure 
reduced free enthalpies’? which are directly calculable from a 
knowledge of the spectroscopic constants of the atomic or molecu- 
lar species in question; the x; and x, are mol-fractions; A,,(7) = 
A,,(7) are pure temperature functions called “second virial 
coefficients” (i = k), or “interaction coefficients” (7 # k) in terms 
of which the effects of intermolecular forces are expressed. The 
“chemical potentials’ 4;, when expressed as functions of tempera- 
ture, pressure, and the various mol-fractions, are characteristic 
functions in the sense that from a knowledge of them can be 
derived all thermodynamic properties of the homogeneous phase 
to which they belong by application of such identical relations 
as the following 


g = Lxju;; v = 0g/Op; s = —dg/OT; h = A(rg)/Or.. [2 


where g, v, s, A denote specific free enthalpy, specific volume, spe- 
cifie entropy, specific enthalpy, respectively; and where 7 de- 
notes reciprocal absolute temperature. 


Dry AIR 


Atmospheric air is a mixture of at least a dozen different gases 
including: oxygen (Oz), nitrogen (Nz), argon (A), carbon di- 
oxide (CO:)—neon (Ne), helium (He), krypton (Kr), hydrogen 
(Hz), xenon (Xe), ozone (O;), radon (Rn)—water vapor (H,0), 
Those in the middle group comprise what is commonly referred 
to as the residual part of atmospheric air. Paneth (3) finds their 
individual concentrations to be about as follows: 


Per cent 
Helium.............. 0.00053 aye 
0.00005 
0.6 107!8 (decreasing with altitude 


Accordingly, the total concentration of the residual part of at 
mospheric air should be expected not to exceed 0.0025 per cent. 

The gases in the first group compose what is commonly called 
“dry air.” It is true that the relative composition of this grou 
is subject to secular variations and variations with locatio! 
meteorological conditions, and season, but these variations ar 
produced mainly, if not entirely, by variations in the concentt 
tion of carbon dioxide. All evidence indicates that the averag 
concentration of carbon dioxide in dry air in the troposphere § 
very close to 0.03 per cent. Carpenter (4) recommends the valu 
0.031 per cent. 


For the purpose of standardization the composition of dry a 


can be defined more or less arbitrarily. It would seem desirabl 
however, to base the definition on available information regardiit 
the average composition of atmospheric air in the tropospher 


Carpenter (4) finds that dry air contains 20.939 per cent oxyge 


and 0.031 per cent carbon dioxide. Paneth (3) accepts the valu! 
20.95 per cent oxygen in dry air containing carbon dioxide, 
ommended by Benedict (5). 
has come to prefer the values, 20.94 per cent oxygen and 0.4 
per cent carbon dioxide, which are the values originally agre! 
upon by the Working Subcommittee. It later developed, he 
ever, that the International Meteorological Organizatin hold 
strong preference for the Paneth (3) values just quoted. Hen 
and particularly in view of the fact that the definition of what 
to be referred to as dry air must be decided upon more or ! 
arbitrarily, the author agreed on behalf of his Working Sube0 


The National Bureau of Standart 
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mittee to accept the values, 20.95 per cent oxygen and 0.03 per (1941) values in calculating the thermodynamic properties of 
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1) cent carbon dioxide. moist air would be (a) to reduce the estimated uncertainties of 
Cady and Cady (6) find that dry, CO.—free air contains 0.93 the results, and (b) to shift by a constant amouht the so-called 
re per cent argon by volume. This figure would not have to be “absolute” entropy of each constituent. At present, however, 
a modified appreciably to apply to dry air containing 0.03 per cent the air-conditioning engineer, the meteorologist, and the aero- 
u- carbon dioxide; hence it was accepted by the Working Sub- dynamicist are interested in “relative” values only of enthalpy and 
= committee. entropy; hence effect (b) is of no practical consequence at pres- 
ial The (revised) recommendation of the Working Subcommittee — ent. 
ms regarding the composition of dry air is as follows: The Working Subcommittee also recommends adoption of the 
1.0000 860/1.00019....... .. keal/abs kwhr 
This is a “fixed”, “mol-fraction’”? composition which the Sub- 
committee intends should be regarded as exact by definition. The last two of these will bear some explanation. The symbol 
(2 The fact that these figures were derived from experimental deter- keal is intended to designate the so-called ‘steam tables kilo- 
minations made with an Orsat-like apparatus which does not  calorie’’ defined in the report of the First International Steam 
“a yield information regarding the mol-fractions directly was dis- Tables Conference (10) as 1/860 (mean) international kwhr. 
bas regarded, because it is almost certain that the experimental data _Birge (1941) recommends the conversion factor 1.00020 = 
themselves are not sufficiently precise to justify any attempt at 0.000045 (mean) international kwhr per abs kwhr. The Inter- 
refinement; moreover, as has been stated previously, any defini- national Committee of Weights and Measures, at its meetings in 
tion of what is to be called dry air necessarily involves some October, 1946, revised the value of this factor downward to 
’ exercise of arbitrariness. 1.00019. This revision should of course be accepted, especially 
aia The definition of dry air adopted by the International Meteoro- since none of the other fundamental constants or conversion 
_ logical Organization differs slightly from that just recom- factors listed is affected thereby. 
wee mended, by including the Paneth (3) values of the concentra- According to Birge (1941), the mean density of the mercury 
hei tions (converted to mol-fractions) of the residual gases. This in a column 76 em high at 0 deg C and 980.665 em/sec? is 13.59504 
slight difference will not affect the calculated values of the various + 0.000057 g/cm‘. If the standard atmosphere be defined as the 
thermodynamic properties of d y air, at any rate not within the pressure exerted by such a column it would be equal to 1,013,246 
accuracy of existing knowledge. + 4 dyne/cm*. This is the definition adopted by the Inter- 
The Working Subcommittee recommends adoption of the national Meteorological Organization. Alternatively, the stand- 
International Committee on Atomic Weights (1947), values of — ard atmosphere is defined’ in some quarters as equal to 1,013,250 
the relevant molecular weights (7), namely dyne/cm?, exactly. This is the definition recommended by the 
Working Subcommittee. The difference between the two at- 
Nitrogen (N:) 28 O16 mospheres is exceedingly small but is mentioned here for the 
de) a>), 39.944 sake of definiteness. 

Carbon dioxide 44.01 
of at Water (H:0). 18.016 ZeRO-PRESSURE RepucED FREE ENTHALPIES 
wre These yield the value, 28.966, for the apparent molecular weight By way of introduction it may be well to mention that, in ac- 
oe of dry air. cordance with relations, Equations [2], zero-pressure enthalpy 
Brou} , h® and zero-pressure reduced entropy s° (by reduced entropy is 
ation PHysIcaL CONSTANTS AND CONVERSION Factors meant the sum, s + RIn p) are derivable from zero-pressure re- 
we The Working Subcommittee recommends that each individual duced free enthalpy g° (by reduced free enthalpy is meant the 
al zero-pressure reduced free enthalpy 9, T), appearing in Equation difference, g — R T In p) as follows 
be computed from best available spectrose ypie data on the ho = d(r9)/dr; = —dg?/dT 
valu energy levels of the molecule in question, by the methods of 

; statistical mechanics. Certain fundamental physical constants Oxygen. Gratch has reduced the recently computed data of 
al which have to be determined experimentally and which there- Woolley (11) to the following semirational equation 


fore are subject to experimental error enter these computations. 
These include: Planck’s constant h, Boltzmann’s constant k, g/RT = (7/2)|Inz + In(1 erry Ar — Br D/r 


speed of light c, Avogadro’s number No, and the relevant molecu- — F/(e’* — 1) — 1.2164 


lar weights M;. For the first four of these the Subcommittee with 
recommends adoption of the Birge (1941), values as follows (8): 2235.4 deg K Wi 


i rable 


c = (2.99776 # 0.00004).10'*................ em/sec = 
e DuMond and Cohen (9) have treated the various input data one 
b ids from which the values of the foregoing constants have to be com- _—‘ Values of zero-pressure enthalpy h®, derived from this equation, 
“— puted, in a more impartial manner than Birge was able toemploy agree with the Woolley data to within a maximum deviation of 
pit in 1941. Theirs may shortly come to supersede the Birge 0.010 per cent and a root-mean-square deviation of 0.005 per 
" (1941) values. Fortunately, they leave the combinations kNo, cent in the range 100 to 600 deg K. Values of zero-pressure re- 
= heNo, and he/k unchanged in value. This means that the only duced free enthalpy g® and zero-pressure reduced entropy s® 


effects of using the DuMond-Cohen (1948) instead of the Birge show maximum deviations of 0.002 per cent and root-mean-square 
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deviations of 0. 001 per cent from the W oolley data in this range. 
These data themselves are probably accurate to within 0.015 
per cent in the range 100 to 600 deg K so that a conservative 
estimate of the probable error of the foregoing equation in this 
range is 0.02 per cent in h®, g®, and s°. 

Nitrogen. Gratch (12) has reduced his own calculations of the 
zero-pressure properties of nitrogen to the following semirational 
equation 
g°/RT = (7/2)|lnr + In(1 — — Ar 


F/(e** — 1) + 0.414686 


3352.69 deg K 
0.9580 deg K 

0.09 deg K? 

2.023 X 10-* deg K™ 
= 0.009009 


ll 


The estimated uncertainty in values of g calculated from this 
equation is 0.011 per cent in the range 50 to 800 deg K. 

Argon. Gratch and Van Voorhis (13) give the following equa- 
tion valid in the range 50 to 2000 deg K with a probable error 
in g® itself of about 0.02 per cent 


g°/RT = 


Carbon Dioxide. Gratch has reduced the tabulated data of 
Wagman, et al, (14) to the following semirational equation 


g/RT = (7/2) + 2In(1 


(5/2) In + — 1.867 


+ In (1 
+ In (1 — e~®7) — 1.8945 
ith 


03 


960 deg K 
1944 deg K 
3379 deg K 


In the range 300 to 600 deg K, values of h® and s® derived from 
this equation agree with the Wagman data within 0.05 per cent 
and 0.005 per cent, respectively. The probable error of the equa- 
tion itself is thought to be less than 0.1 per cent in this range. 

Water Vapor. Goff and Gratch (15) give what amounts to 
the following semirational equation 


= + In(1 — e~*") + In (1 
+ In (1 — e~®7) — ae 


— Ar — D/rt 


+ const 


(nt 


ty 


2291.16 deg K 


5176.37 deg K 
6 = = 5445.59deg K 
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The numerical value of the gas constant 2 is obtained by multi- 
plying Boltzmann’s constant k into Avogadro’s number No and 
applying appropriate conversion factors from the approved list 
given earlier in this report; the result is 


R = 1.98581 + 0.00022 keal/kmol deg K 7 
The apparent molecular weight of dry air is ran Pte), 
M, = 28.966 + 0.0016 kg/kmol 


the indicated uncertainty arising solely from uncertainties in the 
molecular weights of its several constituents. 


In Table 1 are listed the values so computed, at 10-deg inter- 


: aan: vals of centigrade temperature ((deg C) defined in terms of abso- 


lute temperature T(deg K) by the relation 


T(deg K) = t(deg C) + 273.16............ [4] 


Recommended tolerances set at 0.04 per cent of the values to 


which they apply are also listed in this table. 
ZeERO-PRESSURE PROPERTIES OF WATER VAPOR 


The necessary data are also at hand to compute the zero 
pressure enthalpy A,° and zero-pressure reduced entropy s,,° o! 
water vapor. The present best value of the molecular weight 
of water is 

M, = 18.016 + 0.0002 kg/kmol 


Values of these two properties are listed in Table 2, together w 


recommended tolerances set at 0.03 per cent. 


rABLE 1 ZERO-PRESSURE PROPERTIES OF DRY AIR 
t Tol, s Tol, 
-£0 64165 61 
-70 4%.560 19 1454640 62 
-60 50,953 1.55791 62 
-50 530342 21 1.56679 63 
40 550743 22 1.57938 G3 
58,138 23 1, Gh 
62.929 25 1.60838 
65,326 26 1.61732 65 
10 67.7% 27 1.62594 65 
20 70,122 28 1.63427 65 
30 724523 29 1.64231 66 
40 The Ih 30 1.65010 6 
50 774326 31 1.65765 6 
796730 32 1,604.99 67 
944542 % 1.67901 67 
90 86,952 35 1.6057, 67 


ZERO-PRESSURE PROPERTIES OF WATER VAPOR 
= +0.04000 
= 2.32 X deg K™ 
-90 20,290 % 2.26627 69 
Wi e Wagman (14) data as follows 93.552 28 2.35331 n 
50 97.975 29 2.37359 n 
= -40 102,400 31 2.39209 72 
-30 106, £28 32 2.41158 72 
=20 111,2 a 2s 5 73 
The probable error of values of g° calculated from the foregoing 7 
ion is 0.01: in the C. 120,130 3 2.46317 7, 
equa tion is 0.015 per cent in the range —90 to +90 deg we 
2 20 3 2.49, 
Zero-PRessURE PROPERTIES OF Dry AIR 30 
1g 4 137.932 41 26523 
All necessary data are now at hand to compute values of the 50 
zero-pressure enthalpy h,° and zero-pressure reduced entropy 16,873 
s,° for dry air in accordance with the relations 
160, 2 pike: 2.59037 78 
h® = and s,° = 27,8°........... [3] 745 5 
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VIRIAL COEFFICIENTS OF Dry Arr 


The temperature function A,,(7') is called the “second virial 
coefficient” of dry air. From Bridgeman’s (16) adjustment of 
constants in the well-known Beattie-Bridgeman equation of 
state, its dependence upon absolute temperature T(deg K) is 
given by 


Aga = —40.70 + 131167 + 12 X 10’r’em3/gmol 


lable 3 lists values of A,, and of the derived coefficients 


B,, = d(rA,,)/dr and C,, = dA,,/dT 


together with recommended tolerances obtained by comparison 
with other formulations. 

Strictly speaking, the 
COr-free air. 


values listed in Table 3 
The Subcommittee, 


apply to dry, 


however, recommends them 


TABLE 3 SECOND VIRIAL COEFFICIENTS OF DRY AIR 


A Tol. a Tol. Caa Tol, 
-90 50.4 39 180.6 19% -0,711 107 
-20 43-9 33 161.7 167 -0,610 86 
-70 38,2 29 145.7 143 0,529 
-60 33.2 25 131.9 12% -0.463 58 
-50 28.9 2? 120,0 108 0,499 48 

109.7 -0, 363 


3.44 54.7 36 0.1586 110 
1.91 65 51,0 32 0.174 98 
0,49 59 47.6 30 -0,1373 7 
5. 44.5 27 -0,12°3 T? 
90 -2,07 54 41.6 25 -9,1201 69 


as applying to dry air, as defined in this report, because it esti- 
mates that the corrections necessary to achieve complete con- 
sistency would be well within the probable error of the values 
themselves. 

Following the rightmost term in Equation [1] comes a term 
proportional to the square of the ripen (p?), in which the so- 
ealled “third virial coefficients” (7T) appear. By 
this term is 


analogy, 
Ve’ 

the value of A,j, being unchanged by permutation of the indexes 

i,j,k. The third virial coefficient of dry air A,,,(7') is entirely 

negligible in the range 150 to 400 deg KX, 0 to 10 atm. 


+ '/op? ,2,A, 0, A, jx] 


COEFFICIENTS OF WATER VAPOR 
Goff and Gratch (17) have formulated the data on the second 
and third virial coefficients of water vapor as follows 
Ave = —33.97 + 553067 X 107200077, 
A ww = 0.034877A 


em*/gmol 


em'/gmol atm 


ww 


Values of these and the corresponding derived coefficients, B 
d(rA)/dr and C = dA/dT, are listed in Table 4 and Table 5, 
together with tolerances set at twice the probable error of the 
values themselves as inferred from the deviations in the experi- 
mental data upon which they are based. Higher virial coef- 
ficients make negligible contributions at pressures below the satu- 
ration pressure up to at least 400 deg K. 


INTERACTION COEFFICIENTS OF Morst AIR 


For the purpose of thermodynamic analysis, moist air may be 
regarded as a binary mixture of dry air and water vapor. By 
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TABLE 4 SECOND VIRIAL COEFFICIENTS OF WATER VAPOR 


Tol, Tol. Tol 


t A 
°c (en3/gnol) + (em3 /gnol) + (em3 of) 
=-90 - - - - 

-80 - - - - - 
- - 29000 26000 -100 115 
- 20890 9500 oe 
2300 1900 15600 3800 - 51 pi 
1230 s90 12000 1600 - 37.2 59 
1510 400 941.0 800 = 
1260 210 7570 420 - 21.5 p EA 
1074 116 6180 220 - 16.8 76 

40 924 66 5120 130 - 13.40 42 

50 803 40 4298 80 - 10,81 25 

60 705 25 3653 49 - 8&5 15 

70 62 16 3138 31 = 7.3% 70 

80 558 10 2722 2 ~- 6,129 59 

90 501 7 2382 yu - 5179 39 


TABLE 5 THIRD VIRIAL COEFFICIENTS OF WATER VAPOR 


t Tol. B Tol. Tol. 
°c (ond atm) (cm3/pmot etn) (em3/omol ctreK) 

10 - - - a 
20 - - 15000 18000 <7 61 
30 - - 8100 5300 -25 17 
40 - - 4600 1800 -14,0 56 


this simplification the number of chemical potentials y; is re- 
duced to two, namely, uw, and uw,. Each of these is given by an 
expression of form, Equation [1]; each contains, besides the 
second virial coefficients A,, and A,,, an interaction coefficient 
A,,. Goff and Gratch (15) have formulated data obtained 
under a co-operative investigation between the Towne Scientific 
School, University of Pennsylvania, and the American Society 
of Heating and Ventilating Engineers into the following semi- 
rational equation 


29.53 + 0.006697'(1 e~*) + Ar + Br? 


ave + em*/gmol 

with 

ai = 4416.5 deg K 

= 17546 em? deg K/gmol 
95300 em? deg K2/gmol 
8.515 10? em* deg K*/gmol 


Values of A,, and of the corresponding derived coefficients, B,,, 
and C,,, are listed in Table 6, together with tolerances set at 
thrice the estimated probable errors of the values to which they 
refer. These probable errors are difficult to estimate reliably 
because of the meagerness of experimental data; hence they 
are multiplied by three instead of two to get the corresponding 
tolerances. 

Each chemical potential also contains, besides the third virial 
coefficients A,,, and A,,, the higher-order interaction coef- 
ficients A,,, and A,,.. Pending further research it is necessary 
to assume that of these four coefficients only A,,,,, makes any 
appreciable contribution to the thermodynamic properties of 


moist air, at any rate in the range 150 to 400 deg K and 0 to 3 
atm. 


SATURATION PRESSURE OF WATER 


Goff and Gratch (17) have calculated the saturation pressure 
of pure water from other relevant data by means of the identical 
relations of thermodynamics. Their calculations involve an in- 


a 
- 
SS 
= = 
4 
18,5 15 92.5 1, 0,292 29 = 3710 240 4080 72 
by. 70 72 50 1090 100 2.97 29 ees 
-10 15.7 13 85.3 D6 0,265 25 
6 13,2 72.9 50 ~0,240 80 48 21 709 43 - 1.27 12 
6 1 90 33 10 47, 20 - 1,21 6 
+ 
= 2 
= 
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TABLE 6 INTERACTION COEFFICIENTS OF MOIST AIR 
To Baw Tol, Caw Tol, 

°c (en Mon) /gmol) + (em3/gmol °K) 
-90 84,2 86 226 17 -0.77% 93 
-80 77,0 82 207 16 0.674 81 
=-70 70.7 78 191 15 0,591 71 
-60 65.1 75 177 u -0, 523 63 
-50 60,2 72 164 13 -0,466 56 
40 55.8 70 153 13 -0,418 50 
=30 51.8 67 143 2 -0, 376 45 
-20 48,2 65 135 12 -0, %41 41 
-10 45.0 63 126.6 112 -0, 310 37 
0 42,0 61 119.5 108 0,284 34 
10 39.3 60 113.0 104, -0.260 31 
20 36.8 58 107.0 100 -0,240 29 
30 34.5 57 101.6 7 -0,221 27 
40 32.3 55 9% 0,2 25 
50 30.4 54 91.9 91 -0,190 23 
60 28.5 53 87.6 89 -0,.177 21 
70 26.8 52 83.6 £6 -0,165 20 
2502 51 799 0,155 19 
90 2347 50 82 0.145 17 


tegration, over the logarithm of absolute temperature, of an inte- 
grand which varies only slowly with temperature. Therefore 
their results may be regarded as determining the function p,(7') 
or the function p,(t), where ¢t is the centigrade temperature de- 
fined by Equation [4]. 

(a) Saturation Pressure of Ice: —100 to 0 deg C. Values of 
the saturation pressure of pure ordinary water ice are to be com- 
puted from the Goff-Gratch formula : 


logiop,; = —9.09718(To/7 — 1) — 3.56654 logi(7o/T) 
+ 0.876793(1 — T/T») + logup,,(T)...... [5] 


with 7) = 273.16 deg K = 491.688 deg R and with p,,(To) = 
0.0060273 atm, a constant of integration which has been ad- 
justed so as to make p,; equal to p,, (see the following) at 7 = 
273.17 deg K, the triple point of water. 

The formula as published (loc. cit.) gives the logarithm of the 
saturation pressure as the sum of three terms, only one of which is 
explicit in temperature, the other two having been left in the 
form of definite integrals, over the logarithm of absolute tempera- 
ture, whose integrands contain both temperature and saturation 
pressure. In computing numerical values it is easy to evaluate 
these integrals by the method of successive approximations. For 
the greater convenience of the user, however, Gratch (18), has 
replaced these integrals by empirical expressions whose constants 
he has then adjusted by the method of least squares to make the 
formula as just given yield values of logio{p,/p,;(7') | showing an 
average deviation of 0.002 per cent and a maximum deviation of 
0.015 per cent from those given by the formula as previously 
published. 

(b) Saturation Pressure of Liquid Water: —50 to 100 deg C. 
Values of the saturation pressure of pure ordinary liquid water 
are to be computed directly from the Goff-Gratch formula (17), 
namely 


logip,y = —7.90298 (T,/T — 1) + 5.02808 logi(7,/T) 
— 1.3816 X 1077[101!-3440—7/7s) — 1] + 8.1328 x 10-3 
[10 __ 4 logip,AT,).... . [6] 


with 7, = 373.16 deg K = 671.688 deg R and with p,(7,) = 1 
atm. 

(c) Undercooled Liquid. At temperatures below 0 deg C it is 
not possible for the vapor and liquid phases of pure water to 
coexist in stable equilibrium; it is an experimental fact, however, 
that they can coexist in what is called “metastable” equilibrium, 
in which case the coexisting liquid phase is called ‘‘undercooled 
liquid.” 

Since reliable experimental data on the thermodynamic prop- 
erties of undercooled liquid are not presently available, interim 
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values can be obtained only by some sort of extrapolation 
Washburn (19) has, in effect, extrapolated the specific-heat data 
of Barnes and Cooke (20) in the range, —5 to 5 deg C, to develop 
a formula for logi(p,;/p,;) which has heretofore been widely 
used. This formula may now be corrected to make it consistent 
with the Osborne (21) value of the heat of fusion of ice at 0 deg 
C and with the Giauque and Stout (22) measurements of the 
specific heat of ice. 

Gratch (23) has calculated values of the ratio p,,/p,; from (a) 
the original Washburn formula; (6) the corrected Washburn 
formula; (c) the Osborne, Stimson, and Ginnings (24) formula- 
tion of the calorimetric quantity y using the approximate rela- 
tion y = RT*d In p,;/dT; (d) the corrected Washburn formuls 
adjusted to fit the Scheel and Heuse (25) experimental measure- 
ments of p,, down to about —15 deg C after omitting the last 
term which is quite small in the experimental range but increases 
very rapidly as temperature decreases; and (e) the Goff-Grate 
formulas previously quoted. The results of these calculati 
are compared as follows: 


SATURATION PRESSURE OF UNDERCOOLED LIQUID 
(psf / psi) 


“(°c) (e) (a) — (e) (b) (e) (ce) (e) (d) ( 
0 1.0001 —. 0001 0.0000 0.0000 0.0°00 
—10 1.1023 — .0002 — .0005 O14 
—20 1.2154 — .0004 0003 + .0013 OO18 
—30 1.3395 —.0014 + 0031 093 
—40 1.4738 —.0039 — + .0072 002 
—50 1.6151 — .0077 0098 + .0167 + .0044 


Another comparison based on an extrapolation of the Smith a 
Keyes (26) data on the specific volume v, of the saturated liqu 
is of interest. Using the Goff-Gratch values of p,,, together w 
previously quoted information regarding zero-pressure entha 
h,.°, the virial coefficients A,,, Ayw., and the corresponding d 
rived coefficients B,,,, B we may compute values of the s} 
cific enthalpy A, of the saturated liquid from the identical reé 
tion, hy = h, — (v, — v,)(dp,,/dT). It is safe to ignore the ex- 
tremely small variation with temperature of the difference be- 
tween h, and the specific enthalpy kh,’ of compressed liquid 
atmospheric pressure, and regard values of the quantity dh,, 
as values of the isobaric specific heat ¢,,’ at atmospheric pressu 
In the following table these are compared with (a) values 
tained from extrapolation of the Osborne, Stimson, and Ginni 
(24) formula, and (b) values obtained from extrapolation of 
Washburn (19) formulation of the Barnes and Cooke (20) da 


www? 


SPECIFIC HEAT OF UNDERCOOLED LIQUID 


Goff- Barnes an 
t(°C) Gratch NBS Cooke 
—10 1.018 1.022 4,023 
—20 1.039 
—30 1.075 1.130 1.074 
—50 1.27 1.70 1.15 


The saturation pressure of undercooled liquid is of such great 
concern to the meteorologist, if not to the engineer, that it seems 
necessary to recommend one of the foregoing extrapolati 
pending further research. The International Meteorological 
Organization recommends extrapolation of the Goff-Gratch 
formula down to —50 deg C because it insures continuity of 0 
deg C and minimizes the number of formulas that have to be 
quoted. 

Table 7 lists values of saturation pressure calculated from the 
Goff-Gratch formulas. Recently Keyes (27) has reviewed and 
reformulated existing data on this important property in th 
range 0 to 150 deg C in the light of the findings of Blaisdell and 
Kaye (28), regarding the relation between the absolute and the 
international Centigrade temperature scales. His results are in 
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remarkably close agreement with the values listed in Table 7 
for temperatures above 0 deg C. 

Regarding the tolerances listed in Table 7, each of those below 
(0) deg C has been set at thrice the estimated probable error of the 
corresponding saturation pressure; those above 0 deg C are the 
ones recommended by the Third International Conference on 
Steam Tables (29); no attempt has been made to set tolerances 
on the recommended values of the saturation pressure of under- 
cooled liquid. 


rABLE 7 SATURATION PRESSURE OF PURE WATER IN MILLI- 
BARS* 


= - 0,9000967 9 
-80 - - 0.005472 
-70 - 0.002615 19 
-50 0,06355 - 0,03935 22 
~40 0.18909 0.1283 6 
-30 0.50882 043799 
-10 2.863 2.597 5 
0 6.1078 59 6.107 6 
10 12,272 10 
20 23.373 20 
30 42.430 29 - 
40 73.777 37 
50 123.40 6 
60 199, 26 10 
70 311,69 16 
#0 473.66 - 
90 701.14 
*1 millibar = 1000 dyne/em.? 


\bove 0 deg C the recommended values of saturation pressure 
differ slightly, but, nevertheless, significantly, from those pre- 
viously recommended by the Third International Conference on 
Steam Tables (29) if the difference between the absolute and the 
international Centigrade temperature seales be ignored in making 
The analysis of Keyes (27) may be taken to 
show, however, that the two sets are brought into remarkably 
close agreement by transferring the latter from the international 
Centigrade to the absolute scale by means of the Blaisdell and 
Kaye (28) findings regarding the relation between the two scales. 
It seems clear, therefore, that the tolerances recommended by the 


the comparison. 


Third International Conference on Steam Tables could stand sub- 


stantial reduction. 
SATURATION IN THE Case oF Morst AIR” 


Moist air is said to be saturated when its condition is such that 
it can coexist in neutral equilibrium with an associated condensed 
phase presenting a flat surface to it. Strictly speaking, the as- 
sociated condensed phase is not pure water, but water containing 
small coneentrations of dissolved gases. The relative concen- 
trations of these dissolved gases are not the same as those of the 
same gases in the vapor phase, but we are practically compelled 
to ignore the very slight differences and to regard the condensed 
phase as an ideal mixture of pure water and dry air having but 
two component chemical potentials, and u,’. 


In line with this simplification we can say that moist air is 
saturated when it has the same values of temperature, pressure, 


and its two component chemical potentials as does the associated 
condensed phase. There are thus four relations to be satisfied 
at saturation. These four relations involve, however, six inde- 
pendent variables, namely, the two temperatures, the two pres- 
sures, and the two mol-fractions; hence the two-phase system 
has two degrees of freedom at saturation. This means that such 
quantities as the weight of water, the volume, the enthalpy, and 
the entropy—all per unit weight of dry air—must be regarded as 
functions of two independent variables which are usually chosen 
to he pressure p and temperature 7’. 
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ane Humipity Ratio at SATURATION 


The weight of water vapor per unit weight of dry air is called 
“humidity ratio” or ‘mixing ratio.”’ It is denoted by the letter 
W to which may be affixed the subscript s to specify its value at 
saturation. It is convenient to introduce a coefficient f,(p,T) 
defined by the equation 


where p, is the saturation pressure of pure water, a function of 
temperature only, and 0.62197 = 18.0160/28.966. 

Goff and Gratch (30,31) have reduced the conditions for satura- 
tion in the case of moist air to the following equation 


W, = 0.62197 
; l — f.p,/p 


loge f, = — p,/p) + Ap/p,— 1)......-.. [8] 
with 
a = — + + 
B = —k'p, + v,'p,/RT + (Aga + 2Agy)P, RT 
where 
k’ = solubility coefficient of air in water a) 
= specific volume of (liquid or solid) water 


7 Table 8 gives an idea of how the coefficient f,(p, T) varies with 
pressure and temperature. In computing the data listed in 
Table 8, values of k’ for liquid water above 0 deg C have been 
taken from the International Critical Tables (32); &’ has been 
assumed to be zero for undercooled liquid and ice. Values of 
v,’ for liquid water above 0 deg C have been taken from Osborne, 


TABLE 8 THE COEFFICIENT /fs(p,T) 
p = 300 mb.* p = 700 mb, p = 11° mb, 
°c fst fst fst 31 
a 1.0024 1,0057 - 1.0089 
-70 - 1,0022 - 1.9051 1.0080 
~60 1.0020 - 1.0046 1,007 
-50 12,0018  1,0018 1.0042 1,0042 1.9065 1, 2066 
1.0017 1.0017 1.0038 1.0039 1.9060 1,061 
-30 1,0016 1,0016 1.0036  1,0036 1.9055 
1,0015 1,0015 1,00 1.0034 1.0052 1.9052 
-19 1,901 1,0015 1.9032 1,9033 1,050 
1,0016 1,0016 1,9032 1,032 1.994% 
10 1, 0018 1.9032 - 1,904.7 
20: 1,9020 1.903% 2.0048 
30 1,002 1.9037 1.0050 
40 1.0041 1.9054, - 
30 - 1,0045 - 1.9959 


*1 millibar = 1000 dyne/cm,? 


Stimson, and Ginnings (33); a constant value of 18.0 em?/gmol 
has been assumed for undercooled liquid; values for ice have 
been taken from Jakob and Erk (34) and from Keenan and Keyes 
(35). 

Rather than list the values of k’ and »v,’, used in calculating 
values of the coefficient f,(p, 7’), it seems better to list, as is done 
in Table 9, values of the coefficients a and 8, in which they appear 
along with other properties discussed previously. In Table 9 
the tolerances given are based on the previously stated toler- 
ances for A,,, Ag,, ete., on an arbitrarily chosen tolerance of 
10 per cent in k’, and on zero tolerance in v,,’. 

Table 10 lists values of humidity ratio at saturation at stand- 
ard atmospheric pressure, together with tolerances at least twice 
estimated probable error. 


VOLUME 


The correct expression for the specific volume of moist air can 
be derived from Equations [1] for the chemical potentials by 
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TABLE 9 COEFFICIENTS IN THE EXPRESSION FOR 
SATURATION 
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-% - 0,0000 L - 0,87x10-9 13 
-80 0.0000 4 - - 0,44x10-8 7 
-70 0,0000 4 - 29 
-60 0.0000 4 - 11 
-50  0,0000 0,000 4 307 x10°7 2. 35x10-7 35 
~0 0.0000 0.0000 1,02x10-6 0,70x10-6 
-30 0,001 0,0001 4 2652x106 
-20 0,0002 0,0001 0.5710-5 = 7 
0 0,000%K8 2 0,0005 36 
10 0,00076 41 - 67 - - 
20 0,00117 41 - - 0,79x10% 12 - - 
30 0,00174 41 - - 1.34x10% 20 - 
40 0.00251 41 - - 2,19x10% 33 
50 0,00352 2 - - 346x10% 52 
60 0,00483 - 5,26x10% 79 
70 0.00649 46 - 0,78xl0-3 12 
80 0,00854 49 1,2280° 17 - 
TABLE 10 HUMIDITY RATIO AT SATURATION 
Standard Atmospheric Pressure 
Tal 
Wer Wet Tol. 
-30 0, 33%6x10-6 
60 0, 6677x107 53 
-50 0.3924 0, 2430x10—™, 17 
~40 1.168 x10  - 0,7923x10~% 47 
0.3141 x10~3 - 0,2345x10-3 1 
~20 0.7744 x1073 0,6370x10-3 26 
-10 1.7628 x10-3 1,6057x10-3 48 
0 0,37S86x10-2 367°6x1073 20 
20 - - 
30 0,27319x107> 49 = 
50 0,760 x10-2 13 
70 0.27854 47 a - 
9455200 - - 


TABLE 11 VOLUME OF ak” PER UNIT WEIGHT OF DRY 
AIR 


Standard Atmospheric Pressure 


(em?/g) 
Ya Tol. Yer Tol. Tol. 
-90 517.13 25 - - 517.13 25 
-80 5456 23 545.69 23 
-70 57.20 22 - 22 
60 602, 21 - 21 
-50 631,18 20 631,22 ~ 631,20 20 
~40 659.65 19 659.77 - 659.73 19 
-30 688,09 18 AA - 688,35 18 
-20 716.53 18 17.42 - 17.26 18 
-10 % 17 747.06 “ 7h6,82 18 
773.36 17 778,06 18 778,06 
10 801.77 17 811,61 19 
20 830,18 17 849,80 
30 858.57 18 896,13 25 - - 
40 886.96 18 956,67 29 
50 915.35 19 1042, 38 38 
60 94,3273 19 1174.90 56 
972,10 20 144,25 93 - 
80 1000,48 20 19 8 
1028.85 21 3341.2 64 


forming the specific free enthalpy g, according to the identical 
relation, g = z,u,;, and differentiating this according to the iden- 
tical relation, v = 0g/dp. The volume of moist air per unit 
weight of dry air is obtained from its specific volume in an ob- 
vious manner. Table 11 lists values of the volume of moist 
air per unit weight of dry air at standard atmospheric pressure, 
together with tolerances at least twice the estimated probable 
error. 


ENTHALPY 


The correct expression for the specific enthalpy of moist air 
ean be derived from Equations [1] for the chemical potentials by 
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forming the specific free enthalpy g, according to the identical 
relation, g = Ya2z,u,;, and differentiating this according to the 
identical relation, h = 0(rg)/0r, where 7 denotes reciprocal abso- 
lute temperature. The enthalpy of moist air per unit weight of 
dry air is obtained from its specific enthalpy in an obvious man- 
ner. 

The enthalpy of moist air per unit weight of dry air is subject 
to auginentation by amount h, + Wh,, where h, and A, are ar- 
bitrary constants. In Table 12 the constant h, has been ad- 


TABLE 12.) ENTHALPY OF MOIST AIR PER UNIT WEIGHT O} 
DRY AIR 


Standard Atmospheric Pressure 


(keal /kg) 
-90 -21,641 20 - - -21,641 20 
-19,230 17 - - -19, 230 17 
-70 -16,823 u - - -16,822 
-60 -4.418 n - ll 
-50 -12,0132 29 11,9897 - -11,9992 90 
40 - 9,6093 68 9,5410 9.56% val 
-30 7.2065 49 7.0226 - - 7.0696 55 
-20 = 4.806 31 - 4.3487 4.4298 46 
-10 = 2.4027 16 1.3540 - 1,4510 45 
0 0,0000 + 2,2622 45 + 2.2622 45 
10 2.4021 15 7.0091 105 - 
20 28052 28 13.744 20 - - 
30 7.20% 42 23.880 
40 9.6140 55 39.79% 54 - 
50 12,0195 67 65.731 8&7 
60 4.4264 80 110,00 16 - ° 
70 16,8348 1 191.71 31 
80 19, 2447 10% 367,62 67 
90 21,657 12 921.1 


justed so as to make the specific enthalpy of dry air zero at 0 deg 
C and standard atmospheric pressure; the constant A, has been 
adjusted so as to make the specific enthalpy of saturated liquid 
water zero at 0 deg C in conformity with the usual steam-table 
practice. 

ENTROPY 


The correct expression for the specific entropy of moist air 
can be derived from Equations [1], for the chemical potentials 
by forming the specific free enthalpy g according to the identical 
relation, g = Yzj,u,;, and differentiating this according to the 
identical relation, s = —dg/O07T. The entropy of moist air per 
unit weight of dry air is obtained from its specifie entropy in ar 
obvious manner. 

The entropy of moist air per unit weight of dry air is sub) 
to augmentation by amounts s, + Ws,, where s, and sy are arbi- 
trary constants. In Table 13, the constant s, has been adjust: 
so as to make the specific entropy of dry air zero at 0 deg C a1 
atmospheric pressure; the constant s, has been adjusted so as | 


TABLE 13 ENTROPY OF MOIST AIR PER UNIT WEIGH! 
DRY AIR 
Standard Atmospheric Pressure 
(keal/kg degK) 
-90 -0,09611 11 - - -0,09611 ll 
-20 0.08332 9 ~0,08332 9 
-70 -0,07116 7 - - -0,07116 7 
60 -0,05960 3 - - -0,05958 5 
-50 0.04957 4 0.24846 - -0,04850 4 
~40 003804 3 0.03774 -0,03783 3 
=-30 2 -0,02716 -0,02735 2 
=-20 -0,01826 1 -0,01638 ~0,01670 
-10 0.00896 1 -0,00478 - -0,00514 2 
0 0,00000 0 +0,00870 2 +0,00870 2 
10 +0, 00864 1 0.02574 4 - 
20 0.01698 1 0.04911 7 - 
30 0,02504 2 0,08312 12 - - 
40 0.03284, 2 0.13485 18 
50 0.04040 2 0.21669 29 - 
60 0.04774 3 0. 35246 52 
70 0,05486 3 0.59601 
80 0,06178 4 1.11236 203 - - 
90 0,06852 4 2.67830 71 - - 
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TABLE 14 
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make the specific entropy of saturated liquid water zero at 0 deg 
C in conformity with the usual steam-table practice. 
CONDENSED WATER 

In the definition on thermodynamic wet-bulb temperature to 
be given later there appears the specific enthalpy h,,’ of pure (air- 
free) compressed liquid (or solid) water. Values of h,,’ and of the 
corresponding specific entropy s,’ are listed in Table 14 for stand- 
ard atmospheric pressure. The reference point at which both 
enthalpy and entropy are assigned the value zero is saturated 
liquid at 0 deg C in conformity with usual steam-table practice. 


PROPERTIES OF CONDENSED WATER 7 
Standard Atmospheric Pressure 


Enthalpy, hy, Entropy, 


(keal/kg) (kcal /keoK) 

°C liquid solid liquid solid 
£0 -106, 0.4028 
50 53.97 -102, 58 0.2192 0,341 
- ~0,1666 20,3655 
-30,.% 93.92 0.1201 0.34.70 
-20 20.40 - =0, 2295 
“10 -10.14 0.0378 =, 2101 

0 0.02 - 79.64 0,000 
10 10, +0,0361 

20 20,06 - 0.0708 

30 30.04 - 0.1043 
40 40.03 - «0.1367 

50 50. 01 0.1681 

0.1985 

70 69.99 - 0.2281 

20 20,01 0.2568 - 

90 90,05 042848 


The values for undercooled liquid are based in part on an extra- 
polation of the Smith and Keyes (26) volume data, in part on 
the recommended extrapolation of the Goff-Gratch Equation 
(6] for the saturation pressure p,,, and in part on other data pre- 
viously quoted. Since the first extrapolation is a fairly safe one, 
inasmuch as the final results depend only slightly upon the liquid 
volume, these values should be recommended for adoption, pend- 
ing further research, if for no other reason than that they are con- 
sistent with previous recommendations, 


REFERENCE PoINtTs 


The Working Subcommittee discussed the question of refer- 
ence points at some length. Moist air, as defined in this report, 
is a mixture of five constituent gases: oxygen (O2), nitrogen 
(N;), argon (A), carbon dioxide (CO), and water vapor (H,0). 
The enthalpy of each of these constituent gases i is subject to 
augmentation by a constant amount A;, called its null-point 
(p = 0, T = 0) enthalpy; the entropy of each constituent is 
subject to augmentation by a constant amount §;, called its null- 
point reduced entropy (by reduced entropy is meant the sum, 
8’ + R ln p, with pressure expressed in standard atmospheres). 
It follows that the enthalpy and entropy of dry air are subject to 
augmentation by constant amounts, h, = Dz,h; and s, = 
respectively; similarly, the enthalpy and entropy of water are 
subject to augmentation by constant amounts, h, and 8,, re- 
spectively. 

Tables 1 and 2 of this report are based on the arbitrary assign 


Tables 12, 13, 14 are based on the following assignments: For 
dry air, both enthalpy and entropy are assigned the value zero 
at 0 deg C, atmospheric pressure; for water, both enthalpy and 
*ntropy are assigned the value zero at 0 deg C, saturated liquid. 


compute that these assignments are to be implemented by mak- 


= 


_ s + R1n p, with pressure expressed in millibars) are assigned the 
pore zero at 0 deg C, zero pressure; 
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Using the data previously quoted in this report, it is easy to 


ing: h, = —65.260 kcal/kg, s, = —1.61712 kcal/kg deg K, 
+477.277 keal/kg, s, = —0.83960 kcal/kg deg K. 

The Goff-Gratch tables (15, 17) are based on the following 
assignments: For dry air, both enthalpy and entropy are as- 
signed the value zero at 0 deg F, atmospheric pressure; for 
water, both enthalpy and entropy are assigned the value zero at 
32 deg F, saturated liquid. Using the data previously quoted in 
this report, it is easy to compute that these assignments are to be 
implemented by making: h, = —109.782 Btu/Ib, s, = —1.60096 
Btu/lb deg R, h, = +859.099 Btu/lb, s, = —0.83960 Btu/Ib 
deg R. The tables referred to have been published (37) and 
widely distributed by the American Society of Heating and Ven- 
tilating Engineers. Using the same assignments, additional 
tables, giving the thermodynamic properties of moist air for six 
lifferent pressures above atmospheric and up to 150 psi, have 
been compiled in the University of Pennsylvania Thermodynam- _ 
ics Research Laboratory (36) under Project G-8. It is clear, 
therefore, that the assignments of this paragraph are destined to 
be used rather widely in engineering circles. 

On the other hand, the tables being compiled in the University 
of Pennsylvania Thermodynamics Research Laboratory for 
publication in Smithsonian Meteorological tables (31) are based 
on the following assignments: For dry air, both enthalpy and 
reduced entropy (by reduced entropy is here meant the sum, 


for water, both enthalpy 
and entropy are assigned the value zero at 0 deg C, saturated 
liquid. Using the data previously quoted in this report, it is 
easy to compute that these assignments are to be implemented 
by making h, = —65.326 keal/kg, 8, = —2.09179 kcal/kg deg 
K, hy = +477.277 keal/kg, s, = —0.83960 keal/kg deg K. 

In most, if not all, tables giving the thermodynamic properties 
of moist air, the usual steam-tables practice of assigning the value 
zero to both the enthalpy and the entropy of water at 0 deg C, 
saturated liquid is followed. There is, however, no unanimity 
in the choice of reference point for dry air. Perhaps this lack of 
unanimity is of little practical importance because it is so easy to 
convert from one choice to another. The Working Subcommittee 
decided not to indicate a preference. 

Recent developments in the science of interpreting atomic and 
molecular spectra have focused attention upon the zero-pressure 
isobar as the line along which the thermodynamic properties of 
gases and gas mixtures generally can at any time be known with 
greatest accuracy. This is certainly true in the case of moist air; 
hence the relative permanence of the numerical values assigned 
to the null-point enthalpies and reduced entropies of dry air and 
water would be enhanced by placing both reference points on the 
zero-pressure isobar at some stated value (s) of absolute tempera- 
ture. The obvious location would be the null-point (p = 0, 
T = 0) itself; indeed the null-point suggests itself as the logical 
reference point for all gases. 

Even if the null-point were to be adopted as the common refe - 
ence point, it would still be necessary to decide what are the best 
values to assign to the enthalpy and reduced entropy there for 
each gas under consideration. Tables 1 and 2 of this report are 


based on the assignments, h, = 8, = h, = 8, = 0, as is the fol- 
lowing skeleton table 
THERMODYNAMIC PROPERTIES OF MOIST AIR map 
(Standard Atmospheric Pressure) 
t(°C) ha he sa 8s hw’ sw’ 
~90 43.619 43.619 1.52101 1.52101 —595.07 0.3806 
0 65.260 65.714 1.61712 1.62030 —477.26 0.8396 
90 86.917 310.54 1.68564 2.87451 —387.23 1.1244 


In this table the unit of enthalpy 
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is the kcal/kg, that of en- 
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tropy, the keal/kg deg K. At —90 deg C the values given for TABLES 
h, and 8, are for saturation with respect to ice; those for Ig’ and In Tables 1 through 14, referred to previously, where tolerances 
s,’ at this temperature are for ice also. The data in this table are given, it is to be understood that the rightmost digit of the 
should be compared with those in Tables 12, 13, and 14. tolerance is to be placed directly underneath the rightmost digit 


According to the so-called “third law of thermodynamics” of the value to which it applies regardless of the location of the 
the assign..ents, s; = 0, are always permissible if nuclear changes decimal point. 
are ruled out of consideration, provided that, in computing values 
of s,° — s,, possible contributions from nuclear spin and other 
nuclear motions are consistently included or excluded (it has 


ACKNOWLEDGMENT 


. a : It is a pleasure to acknowledge the substantial co-operation 
become common practice to exclude). But the assignments, h; = 

of the Navy Department, Bureau of Ships, in the preparation 
0, are in general not permitted if ordinary chemical changes are : 
not to be ruled out of consideration. In this case only as many 
of the A; can be disposed of arbitrarily as there are distinct 
atomic species.. Therefore it would seem logical to exercise this 
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The paper summarizes numerical values of physical 
functions and constants, relating to dry and moist air, 
of common use in meteorology and of interest to the air- 
conditioning engineer, and definitions and specifications 
of water vapor in the atmosphere. 


_INTRODUCTION 


T THE sixteenth session of the Aerological Commission of 
the International Meteorological Organization (IMO) held 
4 under the presidency of Dr. Sverre Petterssen (Norway) 
in Toronto, August 4 to 16, 1947, a Subcommission was appointed 
to recommend a set of self-consistent, internationally acceptable 
values of physical functions and constants of common use in 
meteorological practice. This Subcommission was _ further 
charged to recommend to the Commission acceptable definitions 
and specifications of water vapor in the atmosphere so as to re- 
move the confusion which had for long existed in such definitions 
and specifications. 

The Subcommission was assisted by representatives from the 
Commission on Instruments and Methods of Observation of IMO 
and from the Working Subcommittee of the International Joint 
Committee on Psychrometric Data (IJCPD). The latter repre- 
sentation was especially acceptable in view of the existence of 
many problems of common interest to the Aerological Commission 
and the Working Subcommittee, and because the Working 
Subcommittee had already prepared some of the ground to be 
covered by the Subcommission. Moreover this representation 
helped to insure the widest possible agreement among physicists, 
engineers, and meteorologists concerned with the subjects under 
discussion. 

The author was privileged to be chairman of the Subcommis- 
sion and is pleased to be able to state that its two reports, “The 
Values of Some Physical Functions and Constants Used in 
Meteorology” and ‘Definitions and Specifications of Water 
Vapour in the Atmosphere,” hereinafter referred to as Report A 
and Report B, respectively, were adopted by the Aerological 
Commission, and later by the Conference of Directors of the 
International Meteorological Organization sitting in Washington, 
D. C., September, 1947. Both reports are to be printed and 
widely distributed by the International Meteorological Organiza- 
tion. Their contents are thought to be of interest to all concerned 
with the physical properties of the atmosphere, in particular to 
the air-conditioning engineer to whom this note on the Subcom- 
mission’s activities is especially directed. 

' Assistant Professor of Meteorology, Imperial College of Science 
and Technology, University of London. 

Contributed by the Research Committee on Properties of Gases 
and Gas Mixtures, the Applied Mechanics Division and the Heat 
Transfer Division, and Section M of the American Association for the 
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The Subcommission also produced a Report C on ‘Aerological 
Functions and Tables’ which, while of less likely interest to the 
air-conditioning engineer, is thought to merit reference here be- 
cause it provides definitions of certain thermodynamic functions 
of common interest and makes recommendations 
quired tabulation of these functions. an a 


as to the re- 


» Tal 
PRINCIPLES 


In selecting values of physical constants and in formulating 
definitions and specifications to be recommended for adoption, 
the Subcommission was guided by the following principles: The 
set of constants and specifications selected should (a) be thermo- 
dynamically consistent, (6) take full account of modern laboratory 
techniques and data as well as of modern physical theory, (c) be 7 
consistent with the theoretical and practical requirements of 
meteorology, (d) agree as far as possible with the magnitudes 
and specifications of physical quantities adopted by physicists 
and engineers, in particular with the recommendations of the 
Working Subcommittee of the International Joint Committee on 
Psychrometric Data. 

No serious incompatibility of our recommendations with the 
foregoing principles is thought to be involved. In Report A, 
values of some quantities, mainly enthalpy-derived quantities, 
could be recommended as tentative values only, pending comple- 
tion of further work calculated to improve the accuracy of the 
then existing information, or to put it in a form more adaptable to 
meteorological and engineering application. The Subcommission : 
is charged to report on definitive values as soon as the necessary 
work can be completed. 

In regard to Report B, it is only by fiirly strict adherence to the 
principles (a) to (c) mentioned, that more or less serious ambigui- 
ties in the existing specifications of water vapor in the atmos- 
phere may be removed. The specifications which have been — 5 
adopted are therefore to be regarded as a self-consistent whole. 


VALUES OF PuysicaL FuNcTIONS AND ConstTants (Report A) 


This section contains a summary of the adopted values of con-— 
stants and functions thought to be of interest to the air-condition- _ 
ing engineer. 

Temperature Scales. It was concluded that, in the range of in- 
terest to both the air-conditioning engineer and the meteorolo- 
gist, the relation between the international and the thermody- 
namic centigrade scales of temperature is known with sufficient 
accuracy to justify adoption of the latter which is therefore the 
one intended when the symbol t(°C) is used. The corresponding 
absolute temperature is: T(°K) = (°C) + T)(°K). Conversion 
from thermodynamic centigrade to thermodynamic Fahrenheit 
temperature ¢( °F) is to be made by means of the relation: t(°F) = 
1.8 «¢°C) + 32. The corresponding absolute temperature 
(Rankine scale) is: T(°R) = «(°F) + To(°R) — 32. The recom- 
mended best value of the absolute ice-point temperature is 


To = 273.16 = 0.01°K = 491.688 + 0.018°R 


Almosphere. 


The Subcommission favored the following 
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definition of the standard atmosphere, namely, the pressure and that for “water vapor” is wt 
exerted by a column of mercury 76 em high at O°C and under a tw 
R, = 4.6150 X 10%erg/g° K = 1.10226 X TT eal K 
» gravitational acceleration of 980.665 em/sec*. According to 
Birge? (1941) the best value of the density of mercury in such a since the molecular weight of water al a 4 
column is 13.59504 g/em* which makes the atmosphere equal a3 
to 1,013,246 dyne /em? or 1,013.246 millibars. Vv. = 18.0160 
Dry Air. Table 1 gives the mol-fraction composition of dry air Compressibility Factor, Enthalpy, and Entropy of Dry Air. ‘The bel 
recommended by the Subcommission as valid from ground level compressibility factor C,(p, 7) for dry air is defined by ’ 
up to about 25 km; it also gives the recommended values of the 
relevant molecular weights. p = C,ReT 
where p is the density of dry air at pressure p and temperature 7 
enthalny residus » dev sip in defined by 
Mol-fraction, Molecular weight the enthalpy residua SOF GFY ea wh 
Constituent gas per cent (0 = 16.0000) ry y =) 4 
Nitrogen (Nz)......... . 78.09 28.016 
Oxygen 20.95 32.0000 = — To) + Ah, 
Argon (A). 0.93 39.944 « 
Carbon dioxide 0.03 44 $= 
Neon (Ne)... 1.8 X 1073 : 20. 18: where hy is the specific enthalpy of dry air to whieh is arbitrarily 
Krypton (Kr)............ 1.0 X 10-4 83.7 assigned the value zero at 0° C and zero pressure, . a 
3 131 Phe entropy residual As, for dry air is defined by 
Radon (Rn)... 6.0 10-38 222 7 
xs, = — R log. (7/7T») R loge p + As 
a 9 a 
There are quite wide fluctuations in the carbon-dioxide ¢ »ntent [ee = 
of dry air near the earth’s surface, but 0.03 per cent isa representa- — Where s, is the specific entropy of dry air. To the sums, + 8 wit! 
tive mean value for its mol-fraction. There are also variations in loge p (with pressure p expressed in millibars) is arbitrarily a+ 
time and place of the ozone and radon contents of dry air, but signed the value zero at 0° C and zero pressure. 
these variations and those of carbon dioxide are of no direct In the range, 100 to 60° C by 0 to 1100 millibars, the value S 
thermodynamical significance, though they may be important in of the compressibility factor C, lies between 0.9956 and_ 1.0000 (e,) 
other (e.g., radiative) considerations. From the data listed in the enthalpy residual A, lies between —0.14 and +0.051T surf 
a Table 1 it is easy to compute the apparent molecular weight of — cal/g; the entropy residual As, lies between —0.00053 and are 
dry air, namely ; +0.00023 IT eal/g° K. The Subeommission expects that thes log 
Vo = 28.966 corrections may be disregarded in rough calculations. 
eee a7 Compressibility Factor, Enthalpy, and Entropy of Water Vaper 
To within the accuracy given, this figure would remain un- The compressibility factor C,(e, 7’) for water vapor is defined by 
changed if only the first four constituent gases were included in 7 
the definition of dry air. e = CRp,l 
; International Steam 7 ables ( alorie. The Subcommission recom- where p, is the density of water vapor at pressure e and temper = 
i mends that, when it is desired to express quantities of energy in ture 7 : 
calories rather than in ergs, preference be given to the Interna- The enthalpy residual Ah, for water vapor is defined by figur 


tional Steam Tables Calorie (IT cal) defined as !/s¢0.900 mean in- 


ternational kilowatthour (kwhr). With the adopted conversion, = L(O) + ART — To) + dh, this 
1 mean international kwhr = 1.00019 abs kwhr, it follows that , ci over: 
where is the specific enthalpy of water vapor and L,(0), inclu 
wes) 1 IT cal = 4.18684 X 107 erg ah latent of vs sporization at 0° C (= 597.31 IT cal/g). Th It 
enthalpy residual Ah, is arbitrarily assigned the value zer pera 
: oe Lerg = 2.38844-X 1078 IT cal i ome 0° C and e = 6.1078 millibars, the saturation pressure of | state 
water at 0° C, in conformity with usual steam tables pract 
The 15° C water calorie is rendered redundant by the definition I ape 
! ; oe : The entropy residual As, for water vapor is defined by to th 
- just given and is replaced by a specific heat of water to be deter- : , “a 
mined experimentally in terms of the IT eal/g° K. W here, how- s, = L,(0)/T, + 4R, log. (1'/T>) — R, loge [e/e,(0)] + 3 the t 
ever, it is required to convert a quantity of energy which has been ; 
expressed in terms of the 15° C water calorie (cal,;), the following — where s, is the specific entropy of water vapor and e,(0) = ( babe 
. is the adopted conversion millibars is its saturation pressure at 0° C. The entropy ! 7 
As, is arbitrarily assign®d the value zero at 0° C, and e = « (b) 
1 IT eal = 1.00032 cal,; conformity with usual steam tables practice. 
: . ae ; In the range, —100 to 60° C by 0 to 199.26 millib: 
The adoption of the IT eal will insure that meteorological and en- press; 
spec ons dentical. 
= between 0.9948 and 1.0000; the enthalpy residual Ah, log 
Gas Constant. The recommended value of the “universal’”’ gas 2 
oan tween —0.6 and +0.4 It cal/g; the entropy residual : 
: between —0.0013 and +0.0013 IT cal/g° K. Again the 8 
R* = 8.31436 X 10° erg/mol® K = 1.98583 IT cal/mol° K mission expects that these corrections may be disregat where 


rough calculations. 
Compressibility Factor, Enthalpy, and Entropy of Mo 


The corresponding value of the gas constant for “dry air” is 


; The compressibility factor C(p, 7, r) for moist air at pre fives 

i oe R = 2.3704 X 10° erg/g° K = 6.8557 X 10-7 IT cal/g° K temperature 7’, and mixing ratio r (mass of water vapor per Por 
a mass of dry air) is defined by < I 
7 2“ New Table of Values of the General Physical Constants,” hon 


: iby R. T. Birge, Reriew of Modern Physics, vol. 13, 1941, pp. 233-239. 
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where p is the density of moist air and 7’, is its ‘virtual tempera- deviation of 0.015 per cent from the Goff-Gratch values, devia- _ 


ture” defined by tions which are well within the estimated uncertainty of the 
bab values themselves. The merit of the foregoing empirical formula 
(1 + 0.60779 igs that it is adapted for direct computation. A tabulation of 
laps 1+ fgur-figure values of e; in millibars has been prepared from this 

di formula for every 0.5° C between —100 and 0° C, and for every 
where 7’ is the humidity mixing rates, for whose definition see i° F between —150 and 32° F. Both tabulations will be included _ 
below. 

in Report A. 


en a ee wise. Moist Air at Saturation. The partial pressure e of water vapor 


7 ae in a mixture of dry air and water vapor (moist air) is defined as 
har +\ + TM) + dh equal to the product of the mol-fraction N, and the observed 
pressure p of the mixture. It follows that 


where h is the enthalpy of moist air “per unit mass of dry air.” 
The entropy residual As for moist air is defined by 4 


For moist air at saturation the partial pressure e takes on the 
value e,’ (or e,’) which exceeds the saturation vapor pressure ¢, 


s = + R, loge e,(0)] + R + 4r loge (T/T) 
—(R+1rR,) loge p + 8,, + As 


where s is the entropy of moist air ‘per unit mass of dry air’’ and 
s,, is its mixing entropy (per unit mass of dry air) defined by 


= RU(r/e (loge (r/e) (1 + r/c) loge (1 + r/e)] 


= 18.0160/28.966 = 0.62197 

Saturation Vapor Pressure of Water Substance. (a) Over water 


(e,) from —60° C to 100° C (vapor in pure phase over a plane 
surface of pure water): The adopted saturation vapor pressures 
are those given by the Goff-Gratch (1946) formula* 


= —7,90298(T,/T —1 
+5.02808 logio( 7',/T ) gene’ 


where 7',(steam-point adgolute temperature) = 373.16° K = 
671.688° R and e,, = 1013.246 millibars (1 standard atmos- 
phere). A tabulation of five-figure values of e,, in millibars (four- 
figure values for e, less than 1 millibar) has been prepared from 
this formula for every 0.5° C between —50 and +60° C, and for 
every 1° F between —60 and +140° F. Both tabulations will be 
included in Report A. 

It is to be noted that the use of the Goff-Gratch formula? at tem- 


| peratures below 0° C represents an extrapolation outside the 
® stated range of its validity. But the saturation vapor pressure of 


supercooled water is of great concern to the meteorologist, if not 


to the engineer, and in the absence of satisfactory experimental 


values the Goff-Gratch formula seemed to the Subcommission 
the best basis for computation. The adoption of —50° C as the 


lowest temperature for tabulation does not imply that an opinion is 


expressed on the lowest temperature at which supercooling may 
occur in the atmosphere. 

(b) Over Ice (e,) From 0° C to — 100° C (vapor in pure phase 
over plane surface of pure ice): The adopted saturation vapor 


® Pressures are those provided by the formula 


logives = —0.09718 (To/T — 1) —3.56654 logi(To/T) 
+0.876793 (1 — T/T») +logneio 


where ¢j, = 6.1071 millibars (0.0060273 standard atmospheres). 


® This formula is an empirical re-expression of the Goff-Gratch 


(1946) formula for the saturation vapor pressure over ice and 
gives an average deviation of 0.002 per cent and a maximum 

*“Low Pressure Properties of Water From —160 to 212 F,” by 
J. A. Goff and S. Gratch, Trans. American Society of Heating and 
Ventilating Engineers, vol. 52, 1946, pp. 95-121. 


mixing ratio of moist air at saturation is given by one or other of 


the following expressions ~ 
= 


In the range, —50 to +60° C by 5 to 1100 millibars, the factor f, 
lies between 1.0000 and 1.0065. In the range, —100 to0° C by 5 
to 1100 millibars, the factor f; lies between 1.000) and 1.0089. 
The Subcommission expects, therefore, that the actual departures 
from unity of these tactors may be disregarded in rough calcula- 
tions. 


(or e;) of pure water (or ice) by the factor f, (or f;). Thus ie 


= 0.62197 = 0.62197 
Pp Sie; 


DEFINITIONS AND SPECIFICATIONS OF WATER VAPOR IN THE 
ATMOSPHERE (Report B) 


In this section are given the adopted specifications of water 
vapor in the atmosphere which are likely to be of interest to the 
air-conditioning engineer. They are in agreement with the 
recommendations of the Working Subcommittee of the Inter- 
national Joint Committee on Psychrometric Data, apart from the 
specification of thermodynamic wet-bulb temperature. 

The Subcommission found it desirable to recommend that cer- 
tain specifications which have been used in the past be discon- 
tinued on account of their ambiguity. These are “absolute 
humidity” and “vapor density.” Supporting arguments for the 
adopted specifications are given in Report B. They are not re- 
produced in full here, but notes are added where desirable. 

Humidity Mixing Ratio (Mixing Ratio or Humidity Ratio). 
The mixing ratio r of moist air is the ratio of the mass m, of 
water vapor to the mass m, of dry air with which the water vapor 
is associated, that is, r = m,/m,. 

Vapor Concentration. The vapor concentration d, of moist air 
is the ratio of the mass m, of water vapor to the volume V occu- 
pied by the mixture, that is,d, = m,/V. This quantity has com- 
monly been called absolute humidity or vapor density, but these 
terms should be discontinued as inappropriate methods of refer- 
ring to the quantity in question. 

Mol-Fraction of Water Vapor. The mol-fraction N, of water 
vapor in moist air is the ratio of the number of mols of 
water vapor m,/M, to the total number, m,/M + m,/M,, of 
mols of the mixture; it follows that 


with M,/M = 18.0160/28.966 = 0.62197. 
Partial Pressure of Water Vapor. The partial pressure e of 


water vapor in moist air is the product of tne mol-fraction N, into 
the total pressure p; it follows that 
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Saturation and Saturation Mixing Ratio. Moist air at a given 
temperature 7’ and total pressure p is said to be saturated if its 
composition is such that it can coexist in neutral equilibrium with 
a plane surface of pure condensed liquid (or solid) water‘ at the 
same temperature 7 and pressure p. The symbol r,, denotes 
saturation mixing ratio of moist air with respect to a plane surface 
of pure (liquid) water; the symbol r; denotes saturation mixing 
ratio of moist air with respect to a plane surface of pure ice. 

Saturation Vapor Pressure in Moist Air. The saturation vapor 
pressure with respect to water e,,’ of moist air at pressure p and 
temperature T' is 


Similarly, the saturation vapor pressure with respect to ice e,’ of 
- moist air at pressure p and temperature T is 


Note that e,’ and e,’ differ by very small percentages in the 
meteorological range from the saturation vapor pressures e, and e,, 
respectively, in pure phase. 
Thermodynamic Dew-Point and Frost-Point Temperatures. The 
- thermodynamic dew-point temperature 7’, of moist air at tempera- 
ture 7, pressure p, and mixing ratio r is the temperature to which 
the air must be cooled in order that it shall be saturated with re- 
spect to (liquid) water at the initial pressure p and mixing ratio r. 
_ The thermodynamic frost-point temperature 7’, of moist air at 
_ temperature T, pressure p, and mixing ratio r is the temperature 
_ to which the air must be cooled in order that it shall be saturated 
_ with respect to ice at the initial pressure p and mixing ratio r. 
The dew-point and frost-point temperatures so defined are re- 
_ lated to the mixing ratio r and the total pressure p by the re- 
spective equations 


p 
0.62197 +r 


e(T;) 
_ For most meteorological purposes adequate accuracy is ob- 


tained if the correction factors f, and f; are taken to have the 


value unity. 
Relative Humidity. The relative humidity U (in per cent) of 


moist air is defined by 


U = 100 (r/r,) 


were 
Ind? 


This definition makes relative humidity synonymous with “de- 

gree of saturation,” the corresponding specification familiar to the 
air-conditioning engineer. It represents a distinct break with 
former practice in which it has been customary to define relative 
humidity in terms either of vapor pressure or vapor density. A 
number of cogent reasons for redefining relative humidity in 
terms of mixing ratio as noted are given in Report B. 

The Subcommission recommends that relative humidity be 
evaluated with respect to supercooled water at temperatures 
below 0° C. The relative humidity with respect to ice of a given 
sample of air would of course be greater than this figure and 
would frequently exceed 100 per cent by a substantial amount, 
whereas appreciable supersaturation with respect to (super- 


* Strictly speaking, pure water containing a small quantity of 
dissolved air. 


OF THE ASME 


cooled ) water is probably a rare event in the atmosphere. Further, 
most instruments which are essentially responsive to relative. 
humidity, e.g., hair and goldbeaters’ skin hygrometers, indicate 
relative humidity with respect to water below as well as above 
0°C. There are further reasons of a quite practical kind which 
make the convention very desirable (c.f. Report B). 
Thermodynamic Wet-Bulb Temperature. The thermodynamic 
wet-bulb temperature 7’, of moist air at pressure p, temperature 
T, and mixing ratio r is the temperature which this air assumes 
when water is introduced gradually by infinitesimal amounts at 
the current temperature 7', and evaporated into the air by an 
adiabatic process at constant pressure until saturation is reached. 
An approximate formula from which to calculate values of the 


thermodynamic wet-bulb temperature so defined is 


(cy + — Ty) = — 7) 


In these approximate formulas, L, is the latent heat of vaporiza- 
tion of water; c,, c,,, and c, are the isobaric specific heats, as- 
sumed to be independent of temperature, of dry air, water vapor, 
and liquid water, respectively. 

The relationship between thermodynamic wet-bulb tempers- 
ture 7,, and the wet-bulb temperature indicated by a particular 
psychrometer is a matter to be determined by carefully controlled 
experiment, taking account of the various parameters concerned, 
e.g., ventilation, size of thermometer bulb, radiation, etc. 

In formulating the foregoing definition of thermodynamic wet- 
bulb temperature, the Subcommission realized that there might 
be grounds for preferring a definition which involved introducing 
the water into the system at a temperature other than the current 
temperature 7’, e.g., at 7', itself, as, it is now understood, is to be 
the recommendation of the Working Subcommittee of the Inter 
national Joint Committee on Psychrometric Data. Possibly this 
one point of difference between the two bodies can be resolved 
at a later time. 

Virtual Tempercture. The virtual temperature 7’, of mois 
air at temperature 7’, pressure p, and mixing ratio r, is the ten 
perature which dry air® must have at pressure p in order to be of 
the same density as the moist air.6 According to this definition 
the virtual temperature increment for moist air at saturation # 


LAT. — 
log - (Ts) 


L(T) ¢ 


Cy 


This in turn can be approximated by 


r 


At relative humidity U (in per cent), but at the same temperatur 
T and pressure p, the virtual temperature increment would ! 
given by 


(U/100.1 — U/100)r, 
1 + (U/100)r, 
(T, 


T,—T = (U/100)(T,—T), + 


The Subcommission expects that the rightmost term in t 
equation immediately preceding may be disregarded in roug 
calculations. In the first of these equations, 0.60779 is writt 
for the quantity, M/M,—1. 


AEROLOGICAL FUNCTIONS AND TABLES (Report C) 


It is not proposed to make a résumé here of the Subcomm* 
sion’s “Report on Aerological Functions and Tables.” Functio® 


5 Assuming its compressibility factor C to be identically unity 
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of the water-vapor content of the air, of interest to the air-con- 
ditioning engineer, have been dealt with in the previous sections 
and the existence of the report is thought to be sufficient noti- 
fication in regard to the definition of other thermodynamic 
functions. 

The tabulations of thermodynamic functions required by the 
meteorologist, and possibly of interest in the present context, have 
been specified in detail (ranges, intervals, etc.), in the original re- 
port; and the Conference of Directors of IMO has resolved that 
these tabulations, using the numerical values of physical func- 
tions and constants summarized in the section of this paper, 
shall be pre- 


“Values of Physical Functions and Constants,” 


pared, 


Po « 
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This paper is of special importance to the engineer be- 
cause it is perhaps the first attempt to present directly a 
comprehensive review of the theoretical tools available for 
the calculation of the thermodynamic properties of gases 
and gas mixtures at finite, if only moderate pressures. 
The paper reviews a mass of information collected during 
the past two decades and shows the extent to which it can 
be correlated and systematized by means of molecular 
theory. The paper goes further to outline a new and ap- 
parently very successful method of formulating and pre- 
dicting the viscosity and other transport properties of 
gases and gas mixtures at sufficiently low pressures. The 
method is the first significant practical improvement over 
the relatively crude one developed by Sutherland, and it is 
almost certain that engineers will find it extremely useful 
once they come to understand it. The extensive tables 
which are vital to the paper not only illustrate the method 
but implement it as well so that the user is enabled to cal- 
culate the viscosity and other transport properties of a 
large class of technically important gases and gas mixtures 
with very little labor. 


HE viscosity, coefficients of diffusion, equation of state, 
and other physical properties of gases are intimately gon- 
nected with the law of force between the individual mole- 

cules. By making the relationship between the physical proper- 

ties and the intermolecular forces explicit, we can predict all 
sorts of phenomena under conditions where no experimental data 
exist. The power of this method depends upon the fact that the 
potential energy of interaction between molecules is independent 
of temperature. Furthermore, only two parameters, «¢,,, the 
maximum energy of attraction, and re, the low-velocity collision 
diameter, serve adequately to describe the potential for a colli- 
sion between two nonpolar gases. These can be determined with 
precision from the knowledge of the viscosity or second virial 
coefficients at two temperatures. For gaseous mixtures, the addi- 
tional parameters can be obtained from measurements of diffusion 
at two temperatures; or if sufficient experimental data are not 
available, any or all of these parameters can be estimated from 
such properties as the critical temperature and density, the 
volume of the liquid, boiling point, etc. 

The energy of interaction «(r) between two simple molecules 
can be expressed in the form 


dr) = 4e,[(re/r)!? — 


Here r is the separation between the molecules. The significance 


_' This work was carried out under Contract NOrd 9938 with the 
Navy Bureau of Ordnance. 

? University of Wisconsin, Naval Research Laboratory. 

Contributed by the Research Committee on Properties of Gases 
and Gas Mixtures, the Applied Mechanics Division and the Heat 
Transfer Division, and Section M of the American Association for the 
Advancement of Science, and presented at the Annual Meeting, 
New York, N. Y., November 28-December 3, 1948, of Taz AMERICAN 
Soctery oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
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parameters ¢,, and ro is shown in Fig. 1. 1. 


“The pot potential- 
energy curves for a number of actual molecular species are 7 
shown in Fig. 2. The inverse sixth-power energy of attraction, _ 
—e m(ro/r)®, can be justified rigorously on the basis of : an instan- > 
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second molecule and the two dipoles, the instantaneous and the 
induced, attracting one another. 
energy of repulsion, 4¢,,(ro/r)'*, has no good theoretical founda- 
tion. Lennard-Jones (1)? and others have shown that it suffices 
to explain all of the available experimental second-virial-coeffi- 
: cient data. If the experimental data were accurate to 0.1 per 

cent rather than to 1 per cent, it is clear that a more accurate 
- form for the energy of repulsion would be desired. 


SEcoNnD ViRIAL COEFFICIENTS 


The equation of state of gases at reasonably high temperatures 
or low pressure can always be written in the form 


pV/RT = 1 + B(T)/V + C(T)/V? + 


Here B(T), C(T), ete., are functions of temperature but not of 
pressure or volume. From statistical mechanical considerations, 
‘Ursell (2) and Fowler (3) proved rigorously that 


BUT) = — exp(— e(r)/kT)] dr 

Here k is Boltzmann’s constant and N is Avogadro’s number. 
Substituting the potential energy of Equation [1] into Equation 
{3], Lennard-Jones (1) evaluated the integral explicitly in the 


form 
B(T) = . . [4] 
+1.0 
+ 05 
-05 
-1.5 
-20 
-2.5 
10 


sented (5) in Table 1. 
second virial coefficients once ¢,, and ro are known. 


The inverse twelfth-power - 


Fic. 3 SEconp VirIAL COEFFICIENT AS A FUNCTION OF TEMPERATURE 


Here F(e,,/kT) is the function plotted (4) in Fig. 3, and pre- 
This table is very useful in predicting 


3 Numbers in parentheses refer to the Bibliography at the end of 


It is interesting to examine B(7') in terms of van der Waal’s 


a and b. First of all 
MIB 


is the van der Waal 6 for rigid molecules with a collision di- 
ameter, ro. According to the van der Waal equation 


b — (5 


This would mean that B(7') should be a straight line when plotted 
against 1/7. The curvature of B(7') indicates that a and 6 
cannot be constants. Actually, they vary by as much as a fac- 
tor of 2, depending on the exact temperature at waica they are 
determined. 

Stockmayer (6) showed that the energy of interaction between 
a pair of polar molecules can be expressed in the form 


= 4e,, [(ro/r)!® — (ro/r)*] — (p?/r?)[2 co3 
— sin 6; sin 6, co3 w]....... 


Here p is the dipole moment, while the 6’s and w describ 
angles between the two dipoles. Using this potential, he 
grated Equation [3], and letting z = p‘/(e,,’ro°), he obtained 


= bo { F(em/kT) + zHileg/kT) + ix(e,/kT) 
+ 23K + + 
+ 


The functions H(e,,/k7'), J(e,,/kT), ete., are given in Table 2 
(7). Fitting Equation [7] to experimental data gives the 
stants in Table 3. 

For a gas mixture containing the mol-fractions z; of th 


component 
TABLE 1 SECOND VIRIAL COEFFICIENT 
oat. RT +5 V 
ia 
27.878 2.0 -.6277 5 +2435 
-18.754 2.1 -.5505 6 3205 
.40 -13.797 2.2 ~.4820 
.45 -10.755 2.3 =.4209 8 
2.4 3638 9 £4393 
.50 8.7204 
.55 7.2743 2.5 =.3129 10 «4605 
+60 - 6.1978 2.6 2664 20 5254 
.65 5.3677 2.7 2% «5269 
.70 - 4.7102 2.8 =.1845 40 
.75 = 4.1756 2.9 -.1483 50 
3.7338 60 14983 
.85 3.3630 3.0 -.1150 .4887 
- 3.0474 31 -.0843 80 .4798 
+95 = 2.7743 3.2 90 
3.3 -.0292 
1,00 = 2.5380 3.4 -.0048 100 .4641 
1,05 = 2.3290 200 
1.10 2.1450 3.5 .0185 300 +3801 
1.15 - 1.9812 3.6 400 
1.20 1.8352 .0608 
1.25 1.7036 3.8 .0800 
1.30 1.5842 3.9 .0983 
1.35 = 1.4753 
1.40 1.3755 4.0 114 
1.45 1.2842 4.1 £1315 
4.2 
1.50 = 1.2068 4.3 +1606 aig 
1.55 - 1.12% 4.4 1743 
1.65 - .9651 4.5 
1.70 - .9282 4.6 
1,75 - .8654 4.7 man 
1.80 4.8 12228 
1.85 17613 4.9 $2382 
1.95 
rat 
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TABLE 2 
By 2 by 2 (8/2) 
1225 200001 
+1855 -.0113 =.00002 
21936 20173 =.00004 
02025 -.0189 =.00005 
2500 -.0268 -.00011 -.00 x 10 =0000 x 1075 
93025 =.0424 -.00023 -.01 x 10 #2001 x 1078 
23600 20607 00045 -.03 x 10~4 -.002 x 1078 
24900 01174 =200162 -.19 x 107 x 107° 
26400 02137 -.00453 x 10% “0135 x 107° 
07226 02844 -.00756 x 107° x 10°75 
#8100 -.3731 #01237 -3.64 x 104 -.€45 x 1075 
1.0000 06324 203160 13.85 x 10 4,498 x 1078 
4900 x 1076 
26400 =.017 x 106 =.02 x 10°8 
+8100 x 107° 
1.0000 1,196 x 1076 22.38 x 107° 


TABLE 3 CONSTANTS FOR WATER AND AMMONIA 


tm/k bo(cm?/mole) ro(A) 
23.62 2.655 12.74 
Here B;; is the second virial ocean which a gas would have 


if its energy of interaction were characteristic of the collisions 
between molecules of the ith and jth species. To a good approxi- 
mation, and barring direct experimental evidence to the con- 
trary, we can take for such a collision between unlike molecules 
the maximum energy of interaction equal to the geometrical 
mean of the pure components 


and the collision diameter is the arithmetical mean of the pure 
components 


For the sake of simplicity, (¢,,);; and (ro);; will frequently ap- 
pear as and 

Often tne mixture contains at least one polar component, and 
the question arises as to what to do about collisions between a 
polar molecule (designated by the subscript p) and a nonpolar 
molecule (designated by the subscript n). In this case, the energy 
of repulsion and the energy of attraction are of the normal non- 
Plar-nonpolar form except for a small angle dependent term 
in the energy of attraction due to the induction of a dipole in n 
by the permanent dipole in p 


2a,p? li + 3 cos? 8 
4 — 3 cos?@ 


Here a, is the polarizability of n. London (8) has shown that 
this term is small compared to the normal energy of attraction, 
% that at all but the lowest temperatures, the orientational 
elect is small, i.e., the energy difference between different orienta- 
“ons is small compared with kT’, so that we can make a spatial 
erage of this extra term and obtain 


(ro) (ro) 
TO)an + pp @ a 
(To)ap = 2 | E + 16 


. [12] 


The total energy of interaction between a polar and a nonpolar 
molecule has the same form as that between two nonpolar mole- 
cules as given in Equation [1]. Tne constants, (¢,,),, and (To), 
to be used in this equation can be determined from experimental 
diffusion or viscosity data for binary mixtures. However, if the 
experimental data are lacking, we would suggest using the 
following approximations (in keeping with the approximations of 
‘quations [9] and [10] for nonpolar-nonpolar collisions) 


zlé 


(e ) 


aha.) 


JOULE-THOMSON COEFFICIENT 


The Joule-Thomson coefficient at low pressures yuo, is simply 


related to the second virial coefficient 
LR 


| 
pane 


(15) 


Here R is the usual gas constant and C,° is the specific heat at 


constant volume measured at low pressures. 


Here G(e,,/kT) is a function given in Table 4. The accuracy of 
Equation [16] in predicting Joule-Thomson coefficients has been 
tested adequately for pure gases and mixtures (9) in much the 
same manner as has the second virial coefficient. 


TABLE 4 JOULE-THOMSON FUNCTION, G 
d 
G = - where F = B/bo 


The Joule-Thomson ie a uo, at zero pressure is given by wo = 


Cp 
KT kT 
7 
.30 104.47 2.0 2.2572 5 
63,987 2.1 2.0781 6 
44.046 2.2 1.9180 
32.758 2.3 1.7744 8 
2.4 1.6450 9 
.50 25.637 
.55 20.848 2.5 1.5278 10 
.60 17.450 2.6 1.4211 
14.911 2.7 1.32 | x 
.70 12,965 2.8 1.2239 40 
378 11.434 2.9 1.1513 £0 
10,189 60 
9.1668 20 1.0780 70 
.90 8.3100 31 1.0043 RC 
7.5897 3.2 °9387 x 
3.3 .8776 
1.00 6.9663 3.4 100 
1.05 6.4268 2c0 
1.10 5.9555 3.5 .7674 300 
1.15 5.5408 3.6 300 
1.20 5.1728 3.7 .8707 
1.25 4.8440 3.8 
1.30 4.5476 3.9 .5852 
1.35 4.2802 
1.40 4.0420 4.0 
1.45 3.8166 4.1 -5089 
4.2 
1.50 3.6146 4.3 .4405 
1.55 3.4291 4.4 .4089 
1.60 3.2577 
1.65 3.0992 4.5 .3788 
1.70 2.9523 4.6 13608 
1.75 2.8158 4.7 
1.80 2,688? 4.8 .2972 
1.85 2.5701 4.9 12725 
1.90 2.4591 
1.95 2.3550 


More conveniently 
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2489 
-9610 
10682 
-.1614 
-.2713 
-.4975 
5444 
-.5579 
-.5532 
~.5366 
-.4528 
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OUTLINE OF DERIVATION OF TRANSPORT PROPERTIES — _ takes place as shown in Fig. 5. In spite of the apparent com- 
plexity of this problem, approximately 500 values of the angle of 
deflection were computed. These values were then used to get 
the several collision cross sections needed. 


Viscosity, thermal conductivity, and diffusion are phenomena 
which represent transport of momentum, of energy, and of mass, 
respectively, and, accordingly, are called transport properties. 


Very simple relations may be obtained for these properties on the 

basis of elementary kinetic theory, but the results are untrust- = 
worthy because of the approximations used in the averaging —__ 5 
processes. @ 

Chapman and Cowling (10) have set forth a more rigorous — be x \ b 
treatment of the kinetic theory of gases, based on the work of ; \ a 
Chapman, Enskog, Pidduck, and others. They have expressed \ 
the transport coefficients in terms of a set of collision integrals, \ 
which they call the These integrals in turn are functions ~ 
of the cross section. In simple kinetic theory, it is assumed 
that the cross sections are the same for all of the transport proper- \ 
ties. But in Chapman and Cowling’s fancy kinetic theory, \ 


there are different cross sections required for each of the different ‘ \ 

transport coefficients. : When law of force is assumed for the Fic. 5 Morecutar Encounter Typicat or Certain Low-Enenrcy 
molecular interaction, it is possible to calculate the collision cross Waicn ORBITING TAKES PLACE aT DISTANCES oF A 
sections and all of the transport properties for gases and two- Frew Anosrroms anp Movecu.es Separate oF THerR Own Accorp 
component mixtures from the collision integrals of Chapman and 

Cowling. In addition, these properties may be computed for The reduced collision cross sections, S“(K), were then 
multicomponent mixtures, using the recent formulations of termined by 


Curtiss and Hirschfelder (11). 4 = 

In the past the collision integrals have been evaluated only S(K) = =——————-_—_= f {1 — cos” X ]gdg. . [18 
for several simple, nonrealistic laws of molecular interaction. }2— > =e 0 
We have succeeded in the difficult task of evaluating this set of 1+l 


integrals for the potential shown in Equation [1]. We shall dis- 
cuss briefly the general mode of attack of the problem and men- 
tion some of the difficulties encountered. A comprehensive dis- z. . . 
cussion of the detailed integrations and calculating methods em- ®llision diameter, rs, the values of the cross sections would be 


ployed is given in our recent publication on the transport proper- unity. ks : 
ties (12). Finally, the collision integrals, which we call W“(n; x) were 


evaluated. These are obtained from the expression 


This integral was evaluated for / = 1, 2, and 4, the usual trans- 
port cross section corresponding tol = 2. For rigid spheres with 


The collision between two molecules is shown pictorially in 
Fig. 4. The only feature of the collision which affects the trans- , 1 + (—1) 


W(n: = 
(n; x) 8 


in which Sis 


k being Boltzmann’s constant. The W(n; x) are related to the 
2(n) of Chapman and Cowling by 


Q(n) = ro? yt z)..........-. 21 
The values of W‘(n) for 84 values of are presented in 
a | Table 5. In Equation [21], u is the reduced mass of the collid- 
Fic. 4 Picrortat REPRESENTATION oF A NorMat Mo ing molecules 
ENCOUNTER mma/(m + m2)... [22] 


port phenomena is the angle of deflection X. For the potential] Here the m, and the m, are the molecular weights of the colliding 


in Equation [1] it is not difficult to show that molecules divided by Avogadro’s number. ; 
The mechanical accuracy of the W“(n; z) is of the order o! I 
Pesuer dy 17) Part in 300, but there are certain physical limitations to thei 
V/1— By? + (4/KXy —y") validity. Primarily, the calculations were made on the basis of 


classical mechanics; therefore it is to be expected that quantum 
in which K is the relative kinetic energy at large separation of the corrections must be added at the lowest temperatures. Next, the 
colliding molecules, along the line of centers, in units of ¢; the form for the energy of interaction is substantially correct bu! 
other symbols are ad tely described in Fig. 4. Theevaluation not precisely accurate; for example, the energy of repulsion be 
of these angles of ‘cbetan for various values of K and 8 was _ tween helium atoms should increase less rapidly than the inverse 
made complicated by two facts, namely, (a) the integral in twelfth power of the separation. Finally, all of the collisions ar 
Equation [17] is an exceedingly complex hyperelliptic form and supposed to be elastic—an assumption which is valid for the 
had to be tackled by humerical means, and (b) for certain low- noble gases but not altogether true for polyatomic molecules 
energy collisions, orbiting of the two molecules about one another where the transfer of energy from translation to rotations and 
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vibrations sometimes takes place. This latter effect is of con- TABLE 7 MIXTURES OF GASES 


siderable importance with respect to heat conductivity, but does - 
not seem to affect viscosity. 
There are several combinations of the various collision integrals 
which occur frequently enough to make it worth while to tabulate 3 285 27739 1.037 a 
035 £7779 14007 
them for reference. In Table 6 are shown the viscosity correction a "1300 “1772 "9995 
factor V, and the thermal-conductivity correction factor H, — yt ae 
which are complicated functions of the collision integrals. In 
TABLE 6 VISCOSITY AND THERMAL-CONDUCTIVITY 
CORRECTION FACTORS 
kV/e 
. 
0.30 1.0014 1.0022 1.15 1.014 
0.75 1.0000 1.0000 30 1595 “095 
200 1.0000 1.0001 1.38 31392 1.027 
1.25 1.0001 1.0002 1.40 1.030 
1.5 1.0004 1.0006 689 1.033 
2.0 1.0014 1,0021 1.50 1.036 
2.5 1.0025 1.0038 1.55 1.939 
3.0 1.0034 1.0052 1.60 4382 1.042 
4.0 1.004 1.0076 1.65 17 1.05 
5.0 1.0051 1.0090 1.70 4378 679 1.947 
10.0 1.0075 1.0116 1.75 677 1.049 
50.0 1.0079 1.0124 1.80 374 1.062 
100.0 1.0080 1.0125 . 
400.0 1.0080 1.0125 
Table 7 are shown the three parameters, A, B, and C, which are a“ “ ° 
quite useful in the study of mixtures; these are defined by 2e1 W377 tee 3.005 
2.9 1378 661 1.090 
A = 23 3 1379 1.093 
(2)/I (1)] (23) 3.1 2095 
22 ok 1.096 
— [24] 35 “1382 12098 
367 24383 658 1.105 
All of the quantities necessary for the use of the equations for a — rnd eo 
the transport coefficients are found in Tables 5, 6, and 7. b.0 24391 +657 1.109 
#4392 1.110 
be2 +4393 1.121 
DeTERMINATION OF INTERMOLECULAR Force ConsTANTs 04395 0656 1,112 
At the present time there is a decided dearth of accurate experi- 3 ae ‘ne Sete | 
mental data both for the transport properties and also for the be? 1399 +05 1.118 
determination of the second virial coefficients of simple gases and 4.9 <uL02 1655 1.117 
their mixtures. On this account, the values of « and rp are by 
ho means uniquely specified and must be altered as more precise 
experimental data become available. Not until more and better 2 oLL35 “655 2-02 
measurements have been obtained will it be reasonable to examine 20 *bh77 16569 1.137 _ 
and interpret deviations of the actual energy of interaction from B tae om ae 
the form shown in Equat ion [1]. 2 
We have already discussed (12) the calculation of force con- yo +4535 “65h 2.8 
stants between pairs of similar molecules from viscosity data for a "U5u6 E75 2.138 
pure gases. In Table 8 are tabulated values of «/k and so 
obtained. There are also shown some force constants which are be ey cn He : 
estimated from critical and boiling-point data. These values } 
were obtained using the approximate relations, which follow 1 
from the Lennard-Jones and Devonshire theory of gases and 2 
liquids (13) ¥ . The values given in Table 8, which are calculated from the 2 
ae oe viscosity data, should be quite good for those spherical nonpolar - 
= 0.75 Ty... [26] gases whose interaction can be represented fairly well by the 
Th 1.39 (27) potential function mentioned. However, there are included i0 
. 
+ the table a number of gases which certainly do not meet thes 
= (8.33 X [28] qualifications. While we realize that the calculation of these 
values is not strictly justified on the basis of the polarity and/o 1K 
in which k is Boltzmann’s constant; 1» is the low-velocity colli- the nonspherical shape of many of the molecules listed, we have 12¢ 
sion diameter expressed in angstroms; 7, the critical tem- set forth these force constants in the hope that they may be a 15 
perature; V, the critical volume in cubic centimeters; and 7, some use in the estimation of the various transport propertié — 
the boiling point. By means of these approximate relations it is _ until the theory can be extended to include these special case. ni” 
possible to estimate the transport properties as well as the Also, these figures give some qualitative ideas as to the size of the i 
second virial coefficients without any direct experimental data. molecules and the strength of the interaction forces. 46 toa: . 
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TABLE 8 FORCE CONSTANTS BETWEEN 


LIKE MOLECULES 


prom Dose, | | from tua virial | 
Ges | Notes to Table 8 (left) 
he (a) and K. E. McCloskey, Journal of Physical Chemistry 
air | 97.0 | 3.617 . 99.2 3.622 vol. 44, 1939, p. 1038. 
. : (ob) Hz. L. Johnston and E. R. Grilly, Journal of Physical Chemistry, 
ag and H. Schutze, Annalen der Physik, vol. 47, 1915, p. 
J. DeBoer and A. Michels, Physica, vol. 5, 1938, p. 945; vol. 6, 1939, 
COg | 190. 3.996 185. 4.57 p. 97. 
@ J. Corner, Proceedings of the Royal Society of London, vol. 58, 1946, 
B20 | 220, 3.879 189, 4.59 . 737. 
(f) J. O. Hirschfelder and W. E. Roseveare, Journal of Physical Chemis- 
wo | 119. 3.470 . 131. 3.17 ry try, vol. 43, 1939. 
(g) J. 0. F. T. McClure, C. F. Curtiss, and D. W. Osborne, 
Cig | 136.5 3.862 142.7 3.61 NDRC-A 
op | | s.e33 Buckingham, of the Royal Society of London, 
co 110.3 3.590 95.33 3.66 
He 6.03 | 2.70 > 6.03 | 2.63 h ed 
(In units g/cm-sec) 
air €/«=97.0] Ho €/«=33.3 | No €/«=91.46 €/x=130 | N20 €/=220 | € /«=119 
a Calc a calc calc al a al a 1 
80 
100 713 702 421 4lo 698 687 : 
120 477 826 820 841 
140 975 972 535 533 947 981 980 
160 1101 1099 585 586 1068 1070 1115 1116 
180 1221 1221 634 635 1183 1186 898 898 1245 1246 
200 1336 1337 681 683 1295 1296 1015 1014 999 998 1371 1371 
220 1 1447 727 728 1403 1402 1112 1114 1099 1100 1493 1492 
2k4o 1556 1554 771 773 1505 1503 1209 1212 1198 1199 1610 1608 
260 1659 1657 814 815 1603 1600 1303 1308 1296 1297 1711 1719 
280 1756 1756 856 856 1696 1693 1400 1402 1393 1394 1838 1828 
293.16] 1819'>)  igi9 
1851, a) 1851 896 896 1786 1785 1495 1495 1489 1489 1934 1935 
2294 2290 1073 2202 1923 
500 | 2678 1237 (a) (a) 2309 
800 p23 3680 1689 493 528 3391; a) 3285 ds 
1000 165} 3} 4,257 1958 114) 5935 5839 
1200 4631 4761 2199 4554 de 
1500 52624) 2542 505084) 5368 5139(4) 5052 
5000 12080 
10000 18870 
Or €/=113.2) CO €/k=110.3]} Argon €/k=124.0] Neon €/k=35.7 | Helium € /=6.03 
‘ 973-822 Po=30433 973-590 ro23-418 To=2.80 
1 °K) Nexp(s) Nexp' a) qcalc Nexp\*) Qexp\°) Nexp'°) qcalc 
80 ; 533 523 688 64 1198 1212 821 827 
100 4o 393 768 757 669 657 839 81 1435 1451 947 957 
120 478 472 917 910 796 788 993 979 1646 1665 1068 1086 
140 5 553 1061 1059 919 916 1146 1142 1841 1867 1182 1197 
160 629 630 1202 1203 1038 1040 1298 1300 2026 2054 1290 1305 
180 703 707 1341 1342 1154 1160 1447 1454 2204 2231 1395 1413 
200 778 780 1476 1474 1268 1274 1594 1601 2376 2396 1892 1509 
220 850 852 1604 1602 1379 1384 1739 1744 2544 2558 1595 1605 
240 919 921 1728 1726 1486 1489 1878 1882 2708 2713 1692 1700 
260 986 987 1845 1845 1589 1591 2014 2014 2867 2862 1789 1789 
280 1053 1052 1958 1959 1688 1689 2145 2143 3021 3008 1888 1877 
1116 1116 2071 2070 1785 1784 2270 2269 3173 3149 1987 1964 
1405 2578 2219 
500 1601 031 2607 
1000 2687 y720(e) 4853 530264) 5391 55 237 
1506 3498 6264 6778 6983 


(ec) H.L. Johnston and K. E. 
1939, p. 1038. 


A. Bearden, Physical Review, vol. 56, 1939, p. 1023. 


ti. L. Johnston and 


46, 1942, p. 948, 


E, R. Griily, Journal of Physical Chemistry, vol. 


McCloskey, Journal of Physical Chemis- ok” V. Vasilesco, Annales de Physik (Paris), series 11, vol. 20, 1945, p. 


(e) M. Trautz and R. Zink, Annalen der Physik, vol. 7, 1930, p. 427. 
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TABLE 9 FORCE CONSTANTS BETWEEN LIKE MOLECULES 


° ° 

Ges (a) €/e (°K) | (HK) | (a) Refer- 
from from from from from ence for 
Viscosity | Viscosity Boiling Critical Critioa) Viscosity 


Data Data Point Temp. Volume Data 


4.052 230 228 192 4.04 4 
Colla 4.38 339 352 301 i 
Asis 4.06 281 303 
4.759 406 435 


3.61 190 169 158 3.96 i 
Cl2 4.115 357 332 xis 4.15 3 
Br2 3.859 400 461 431 x 
cos 4.15 335 310 284 i 


Ie 4.982 550 637 620 3 


CCl, 5.861 327 467 417 5.42 i 


C82 4.438 488 445 410 P 


4.997 410 379 320 


5.341 313 366 305 


5.769 345 431 353 5.64 P 
5.909 as 475 381 8.97 
7.481 320 655 427 6.56 
8.448 240 589 
6.093 324 491 416 5.65 
Cel 440 491 442 5.30 i 
CHgOH 3.585 507 470 385 4.08 P 
Cg 4.455 391 489 387 4.69 


(i) Landolt-Bérnstein, Physikalisch-Chemische Tabellen. 
') H. Braune, and R. Linke, Zeitschrift fir physikalische Chemie, vol. 


(j) 
A148, 1930, p. 195. 
(k) A. O. Rankine, Proceedings of the Royal Society of London, vol. 88, 


1913, p. 582. 
() Titani, Bulletin of the Chemical Society of Japan, vol. 5, 1930, p. 


T. 
(m) M. Trautz and A. Narath, Annalen der Physik, vol. 79, 1926, p. 637. 
{ en} — Trautz and R. Zink, Annalen der Physik, vol. 7, 1930 

255. 


Titani, Bulletin of the Chemical Society of Japan, vol. 8.1933, 

The force constants determined from viscosity seem unreasona- 
ble for CCk, SnBr,;, SnClh, CH;Cl, CS:, Hgl, and HgBr. In 
the case of the tetrahalides, this is somewhat surprising because of 
heir symmetric nature. The carbon disulphide discrepancy can 
ibe due to its cigar shape. The mercury halides are quite polar. 
{ For example, the e/k value for stannic chloride, which was 
calculated from viscosity data, is far greater than that estimated 
from the formulas in Equations [26] and [27]. This discrepancy 
might suggest that stannic-chloride molecules are associated in 
the vapor phase or might be polar. Joel Hildebrand suggests 
that the chlorine atoms might stand out from the central tin 
atom like the quills of a porcupine. As a result, there is a large 
interchange of energy between translation and rotation during 
collisions. Chapman and Cowling show that the viscosity for 
such “perfectly rough” spheres may be anomalously large by as 
much as 14 per cent. 
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TABLE 10 FORCE CONSTANTS BETWEEN UNLIKE MOLECULES 


NOVEMBER, 1949 


Bxperimen- | Temp. | Arithmetic|Geometrie | “j2/k | Reference 
Peir tal Dy2 for Dj2 | Mean rj2 | Mean <)2/k/ from from for 
from from Di2 Binary Diz date 
(om* seo™*) Viecosity 


He -A 0.641 273.2 3.059 27.3 24.6 30.1 (a) 
Bg - 02 0.697 273.2 3.201 61.4 58.2 59.8 (a) 
B2 - Ng 0.674 273.2 3.325 55.2 47.8 60.4 (a) 
0.743 268.2 46.1 (b) 
0.76 295.2 47.7 (e) 


Hg = 0.626 273.8 3.395 67.4 63.8 53.6 (a) 
02 0.181 273.2 3.587 102. 90.7 96.5 

0.22 293.2 67.7 
02 co 0.188 273.2 3.512 91.9 116, 
CO = ig 0.192 273.2 3.636 100, 68.2 104, (s) 


COg B20 0.096 273.2 3.938 20. 


Hg - co 0.651 273.2 3.279 60.6 65.0 (a) 


Aig CO, 0.660 273.2 3.482 79.6 76.0 (a) 


Bg 0.635 273.2 3.424 65.6 96.2 (a) 


02 00g 


CO = Cog 
Bg | 0.146 273.2 3.839 132. 93.3 (a) 


COg = Cy 
-A 
A- 
A= % 
A = 


3.1) 66.5 68.9 


(a) ‘‘Mathematical Theory of Non-Uniform Gases,"’ by S. Chapman 
and T. G. Cowling, Cambridge University Press, Teddington, England, 1939 

(b) L. E. Boardman and N. E. Wild, Proceedings of the Royal Society 
of London, series A, vol. 162, 1937, p. 511, 

(c) L. Waldman, Naturwissenschaften, vol. 32, 1944, p. 223. 


It is not surprising that the force constants for the h 
carbons do not behave properly. In order to fit their second 
virial coefficients, it is necessary to use a form for the intern 
ular energy involving three adjustable constants rather than tw 
(7). We are trying to evaluate the collision integrals for 
three-constant model and hope that it will prove suitable fo 
hydrocarbons. 

There are some substances for which our force constants could 
not be obtained from the experimental viscosity data. They are 
listed in Table 11, together with their Sutherland constant and 
the temperature index of their viscosity. For these substances 
there is no possible choice of e/k and ro which would lead to the 
observed temperature dependence. Obviously, our simple model 
of the intermolecular potential (designed for spherical nonpolar 
molecules) does not apply in these cases. These molecules fall 
into the following classes: 

(a) Polar Molecules: H,O, NH;3, HBr, HCN, HI, HgCh 
The energy of interaction of polar molecules is quite different 
from that of nonpolar molecules. Stockmayer (6) has considered 
the interaction of two polar spherical molecules. He finds thst 
in addition to the interaction energy which we have assumed, 
Equation [1], there is a term proportional to the product of the 
dipole moments, inversely proportional to the cube of the separ 
tion, and dependent on the orientation of the molecules. With 
this Stockmayer potential it is possible to fit the second vir 
coefficients for simple polar molecules with high precision. It 
order to predict the transport properties for polar molecules, the 
collision integrals should be evaluated for this same potential 
The work involved is stupendous, but sooner or later it will hav 
to be done. 


le) 
CHgCl 3.375 855 346 312 4.29 3 
CHCLs 5.430 327 581 402 §.1 4 
i} 3.305 360 261 243 3.69 2 
4 0.16 293.2 100, (0) 
805 4.290 252 366 323 4.15 0.153 273.2 3.909 1a. 126, (a) 
4.540 1550 538 444 588 j 0.77 293.2 3.193 4.3 | 64.3 (c 
cue cH 4.221 18s 263 232 4.02 1 0.20 298.2 3.560 107, 83.8 (c 
| Clg © CH) 4.232 205 235 az 4.19 0-20 295.2 5.426 119. 96.2 (0) 
} 
CxHe 5.061 254 321 278 Be ~ Be 2.78 14.7 12.7 
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| ban (01) TABLE 11 VISCOSITY OF ANOMALOUS GASES 
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X 107 = ksT'/2/[(1 + (S/T)] 


Sutherland Con- | ence 
Temperature stant divided by | for 
Range c! A kg S | Temperature in | Viscosity 
Gas (K.) Middle of Range | Data 
ai ow 
tei tah | B20 300 - 400 | 2.039 | 1.079 | 140.2 | 459.4 1.313 (a) 
penny 500 - 600 | 1.227 | 1.164 | 235.8 | 1051. 1.911 
ad Si 600 - 700 | 1.598 | 1.123 | 244.4 | 1108. 1.705 
7 : NH3 300 - 400 1.203 | 1.181 | 202.7 740.7 2.116 (a) 
pease! Je. 9 500 - 600 | 2.576 | 1.053 | 189.4 | 684.3 1.244 
600 - 700 | 6.207 | .9427| 164.7 | 518.7 ~7980 
HI 300 400 | 6.889 | .9837] 221.9 | 312.9 28940 
prot 400 - 600 [10.42 | .9152| 229.4] 334.4 .7431 
HBr 300 - 400 | 5.004 | 1.040 | 245.3 | 376.2 1.075 
} Bits HCN 300 - 400 07443] 1.215 | 166.3 | 836.2 2.389 (a) 
een a 500 - 600 | 1.131 | 1.144 | 185.4 | 999.1 1.817 
iy HgCl2 500 - 600 | 1.521 | 1.180 | 351.6 | 1192. 2.165 (a) 
600 - 700 | 4.841 | 1.000 | 248.1 | 656.5 1.010 
750 850 | 3.406 | 1.057 | 314.1 | 982.8 1.229 
Zn 850 - 920 | 1.384 | 1.237 | 757.1 | 2374. 2.682 (>) 
920 - 950 |18.68 +8554] 338.9 | 557.0 .5957 
Cd 750 850 | 5.390 | 1.048 | 475.5 | 1011. 1.264 (>) 
850 - 900 | 9.836 | .9592] 406.0 | 734.2 8391 
Hg 500 - 600 | 7.488 | 1.039 | 486.1 | 640.1 1.164 
700 - 800 | 8.793 | 1.018 | 552.0 | 776.4 1.035 Pea 
800 - 900 | 8.827 | 1.018 | 595.7 | 892.6 1.050 
n = 350 - 450 | 2.163 | .9769] 72.73] 363.2 ~9080 
450 550 -6715 1.172 | 133.1 | 1022. 2.044 
Fe 50 - 150 | 3.237 |1.170 | 244.7 | 246.9 2.469 (c) 
200 = 300 /13.52 -8793]| 170.7 | 139.3 «5572 
nd (a) Braune and R. Linke, Zeitechr ft Jar kaliache Chemie, vol. A148, 1930, p. 195. 
b) iysikalisch—Chemische Tabellen y ndolt-Bérnstein. 
(c) E. Kanda, Bulletin of the Chemical Society of Japan, vol. 12, 1937, p. 463. 
his 
he The energy of interaction between polar and nonpolar mole- chance of three in four that the system will be in a triplet electronic , 
cules is of the same form as the energy of interaction between two state. The singlet cor nds to the normal H; molecule and oe 
y respo 
ild nonpolar molecules. It is a surprising fact that the effect of the has the force constants e/k = 51,000deg Kandre =0.5A. The 
are permanent dipole moment of the polar molecule is negligible in triplet state corresponds to the lowest excited state of the hydro- 
nd attracting the nonpolar molecule (8). However, on this account gen molecule—a state in which the molecules repel each other © 
ces we can treat such collisions as though they were between two except at the largest separations. The triplet state has the force 
the nonpolar molecules. constants (14), «/k = 3.8 deg K and ro = 3.5 A. Thus in colli- 
del (b) Metal Vapors and Valence Unsaturated Molecules: Hg, sions between hydrogen atoms, it is expected that one in four __ 
slar Cd, and Zn. Valence unsaturated molecules behave in a rather collisions will follow the potential curve corresponding to «/k = 
fall anomalous fashion. Sometimes their collisions follow one po- 51,000 deg K and re = 0.5 A, while the other three out of four os - 
tential-energy curve and sometimes another. At large separations collisions will follow the potential curve corresponding to «/k = Pp 
Ch. their van der Waal energy of attraction is perfectly normal. 3.8deg Kandr = 3.5 A. pa ; 
ent However, at shorter distances the energy of interaction depends The metallic vapors Hg, Cd, and Zn, are not valence saturated, =) 
red very largely on the particular electronic gtate, which corresponds and it is to be expected that their collisions should be anomalous 
hat to the collision complex. According to quantum mechanics, in the same sense as the hydrogen atoms. These hen - 


red, there are well-defined a priori probabilities that a collision will 
the result in a particular electronic state. 
ara The collision between two hydrogen atoms should serve to 


vith clarify this complicated situation. At large separations, the van 
irial der Waal energy of attraction is perfectly normal. However, 

In at shorter distances the energy of interaction depends upon the 
the spin orientations of the atoms (and the electronic state is deter- 
tial. mined by the spin orientations). In an arbitrary collision be- 


the collision will correspond to a singlet electronic state, and a 


tween two hydrogen atoms there is a chance of one in four that” 


atoms are initially in the 'Sp state, but their valence electrons are 
easily promoted during the course of collisions. 

Hildebrand, Wakeham, and Boyd (15) have determined the 
interaction potential between mercury atoms from a study of the — 
experimental Menke distribution function for liquid mereary. 
They found that the mercury atoms are so “squishy” that it is 
necessary to use the inverse ninth rather than the inverse twelfth | 
power to describe their energy of repulsion. This use of the ; 
smaller power might correspond to. our view that collisions ~ 
tween mercury atoms are a statistical mixture of two sorts— __ 
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those with large e/k and small ro (corresponding to the ground 
state of Hg.) and those with small ¢/k and large re (corresponding 
to an excited state of Hg2). If we try to fit Hildebrand, Wakeham, 
and Boyd’s potential with an inverse twelfth power, we obtain 
the force constants, «/k = 1522 and ro = 2.5 A. If we insert 
these force constants into Equation [29], we calculate values for 
the viscosity of mercury as shown in Table 12. There is a con- 
siderable discrepancy between the calculated and the observed 
values of the viscosity. It will be interesting to find out whether 
this discrepancy is due to the two types of collisions or just to the 
natural “‘squishiness”’ of these particular atoms. 


TABLE 12 VISCOSITY OF MERCURY " ¢. 
T. 107 (cale) Nx 107 (exptl)* 
3 $832 im 
169 7610 


* Landolt-Bérnstein, ‘‘Physikalische-Chemische Tabellen.”’ 

(c) Cigar-Shaped Molecules: n-Heptane. The transport 
properties are not very sensitive to the shape of the molecules. 
Ilowever, if the ratio of the length to the diameter becomes too 
great, all of the physical properties are affected. Thus the tem-_ 
perature dependence of the viscosity of n-Heptane is greater 
than would be expected for spherical molecules. 

(d) Fluorine. We cannot guess why the temperature depend- 
ence of the viscosity of F,; should be anomalous. Perhaps the 
experimental data should be checked. If they are substantiated, 
we would have to conclude that the forces between two fluorine 
molecules are of a different nature from those for any of the other 
halogens. This should have a bearing on fluorine chemistry. 
The force constants between pairs of dissimilar molecules 
could very easily be calculated from the coefficient of diffusion as 
a function of temperature, if these data were available. The 
expression for the coefficient of diffusion is independent of the 
force constants for the individual components, and hence this 
particular transport property is exceedingly well adapted to the 
calculation of the «2 and riz for pairs of unlike molecules. Tne_ 
International Critical Tables give values of the diffusion constant — 
for a number of pairs of gases at a single temperature. Using 
these figures and making the fairly reasonable assumption that 
the collision diameter riz is given by 


= + 72)/2 


calculated the values of ¢2/k for these molecule pairs. These 
results are displayed in Table 10. It will be noticed that in many 
cases the values of ¢2/k can be fairly well approximated by the 
geometric mean of the ¢,/k and ¢,/k for the components involved. | 


to values of the viscosity of mixtures which agree well with ex- 
perimental data. 
In Table 10 we have omitted the consideration of Dy: for D2 
diffusing through Hz. The recent value of Di: given by Wald- 
man (16) agrees perfectly with our expectation on the basis of 
the force constants already obtained from the viscosity of He. 
An older experimental value of Dy, quoted by Chapman and 
Cowling was considerably in error. 
In this and the following sections, the formulas for the various 
transport properties will be set forth, and their application will 
be discussed. The formulas for the transport coefficients are 


CoEFF:CIENT OF VISCOS:TY 


TRANSACTIONS OF THE ASME ——™ 


(here r; and r2 are the individual collision diameters), we have — 


The values of ¢2/k, determined from diffusion coefficients, lead — 
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essentially those of Chapman and Cowling (10) and are written 
here for convenience in terms of the transport integrals which are 
given in Table 5. 

The coefficient of viscosity for a single gas is given by the 
relation 


n X 107? = 266.93(MT)'/* (2)]. .. . [29] 


where M is the molecular weight; 7' the temperature in degrees 
K; re the low-energy collision diameter expressed in angstroms; 
and V and W‘?(2) are slowly varying functions of k7'/e given 
in Table 6. To obtain the intermolecular force constants Equa- 
tion [29] is simply written for values of viscosities at two tem- 
peratures, the resulting two equations then being solved simul- 
taneously for ro and «. In Table 8(a) are shown the experimen- 
tal data from which the force constants were determined along 
with the corresponding calculated values of the viscosity. 

The temperature dependence of viscosity is often expressed in 
terms of a Sutherland constant, S 


X 10° = k,T'/*/(1 + (S/T)).......... (30) 


Both ks and S are supposed to be constants characteristic of the 
gas. Unfortunately, our relations show that this cannot be true 
over any large temperature range. If we require that at a par- 
ticular temperature » and dy/d7’ as determined from Equation 
[30] agree with that determined from Equation [29], is 
obtained as a function of k7'/e tabulated in Table 13. This 
result is useful, since «/k can be determined immediately from 
this table. The double values of ¢/(k7’) for a given value of § 
need cause no concern, since we usually know whether a gas is 
above or below the critical point, i.e., «/k7T, = 0.75. 

Viscosity may also be expressed in terms of a temperature 
index, 8 


where the exponent s, may be determined as a function of ¢/(kT 
in a method similar to that used for the Sutherland constant 
Values of s so determined are shown in Table 13. 


TABLE 13 TEMPERATURE DEPENDENCE OF SUTHERLAND'S 
CONSTANT AND THE TEMPERATURE EXPONENT, s 


7 = + (S/T)) 


a= 
s/t 
0.30 0.5598 0.8564 
Opie 0.9 0.8786 0.9677 
0.75 1.083 1.0200 

= 1.00 1.012 2.0030 
1.25 0.6660 0.9641 
1.50 0. 0.9267 
2.00 0.5466 0.8534 
2.50 ‘ 0.4392 0.8022 

3 0.3669 0.7684 

0.2629 0.7205 
0.2453 0.6970 
AAG 0.1857 0.6566 
0.1697 0.6452 

wo 0.1681 0.639 
0.168 0.438 


For the binary mixture, the formula for the first approximation 
to the viscosity already has become rather complicated 
R, + + Rs + (E/H,) + (E/H:2) 
(Ri/H,) + (R:/H2) + + (Ra/E) 
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in which 
Viscosit Ho - vi it - 
Ry = (21/22(2/3 + (33) | 
2.0 19.93 41.29 78.50 100.0 0.0 18.35 39.45 60.30 78.08 100.0 
Rz = (22/2:)(2/3 + AM2/M))........... [34] 300 EXe 1493 1501 1506 1370 892 2087 2019 1925 1764 1494 8@9 
CGe 1493 1507 1508 1372 689 2064 2021 1934 1774 1524 889 
R, 2((2/3) — A] [35] CcDe 1493 1509 1512 1379 669 2064 2024 1939 1782 1531 689 
400 EX 1944 1945 1933 1713 10861 2566 2507 2381 2192 1658 1087 
, 2 co 1920 1926 1913 1696 1065 2567 2506 2388 2178 1857 1065 
Ry = 2A(M, + M2)?/3MiMz. . .-- [36] CD 1920 1928 1918 1703 1065 2567 2509 2394 2166 1865 1065 
r(9) hp 500 EX 2353 2358 2321 2026 1256 3017 2950 2790 2556 2158 1259 
H,; = kT/e;)], (i = 1, 2). . [37] CG 2301 (2302 2275 1990 1226 3015 2940 2795 2541 2158 1228 
‘ cD 2301 2303 2280 1996 1228 3015 2943 2802 2551 2168 1228 
1 
E = 37.75((M, + (1; | [38] $50 EX $556? 2542 2506 2173 1341 3220 3147 2978 2733 2288 138) 
é cG 2479 2478 2445 2130 1308 3224 3140 2986 2714 2302 1308 
cD 2479 2479 2450 2137 1308 3224 3146 2993 2721 2313 1308 
Here z,; is the mol-fraction of the ith component; M; is the 
Viscosity C02 ~ N20 Viscosity - CO 
molecular weight of the ith component; ther; and riz are the low- 
; i 
- «(0.0 40.24 60.33 60.97 100.0 %2 0.0 23.37 42.01 77.33 100.0 
: velocity collision diameters measured in angstroms; A is a 
. 300 1468 1494 1495 1490 1493 77 
function of the collision integrals and is tabulated as a function of 
cG 1489 149 1496 1496 1493 1779 1880 1946 2034 2064 
kT’/e in our previous paper (12). The H; are simply the first COP 1779 1044 1697 1998 2064 
n 
approximations to the viscosity of the ith component. 
Using the force constants between like molecules which were CD 1936 1965 1961 1946 1920 2210 2292 2358 2485 2567 
)} determined from viscosity data and those between dissimilar 500 EX 2355 2365 2365 2358 2353 2848 2650 2741 2908 3017 
cG 2338 2332 2325 2314 2301 2593 2725 7 
molecules which were determined from diffusion, we have calcu- Sees 2956 
¥ lated the viscosity of several binary mixtures.‘ The results of a a 
. . . 246 
these calculations are shown in Table 14(a) along with experimen- >: 
" tal figures. It will be observed that the agreement is excellent in : : 
Viscosity C2 Viscosity Az ~ Nod 
most eases. This is a nice illustration of the use of force constants Ms 
0.0 24.05 56.95 76.21 100.0 0.0 39.89 $9.61 78.57 100, 
obtained from one transport property in the calculation of an- “ at oe 
is . 300 1761 1574 1308 1169 1033 1468 1461 1451 13468 6891 
- other of the transport coefficients. CG =«-1777:«1862 1306 1176 1029 1489 1509 1483 1376 889 
3 The viscosity of multicomponent gas mixtures has been worked we 
: out by C. F. Curtiss and J. O. Hirschfelder (11). For a mixture CG «2192-1946 1653 1501 1330 1936 1932 1876 1710 1065 
" of f components, the generalized viscosity may be expressed as 800 EK 2560 2292 1963 1766 1622 2355 2292 2206 1990 1256 
CG 2556 2264 1961 1792 1602 2338 2311 2229 2009 1228 
follows 
re 550 EX 2727 2453 2108 1921 1753 2558 2477 2376 2137 1341 
' co 2729 2444 2104 927 172 262 2489 
Je Ja 2 1 8 24869 2392 2150 1308 
1) Ji2 Jz Joy Viscosity Nz - 02 Viscosity CO N2 
Jy T(°K) Miz 0.0 24.08 $8.93 78.22 100.0 | 0.0 18.46 39.70 65.68 83.71 100.0 
300 EXe 2057 1995 1894 1843 1781 | 178. 1762 1781 #%41775 «1776 
t pe) 39] CGe 2064 1994 1894 1839 1777 1779 1826 1865 18652 1823 1777 
CDe 2064 2015 1921 1858 1777 1779 1778 1780 1780 1780 1777 
= } : 400 EX 256@ 2480 2345 2275 2190 2190 2186 2183 2191 2184 2183 
|. ae CG 2568 «2475 «2343 2272 2192 2210 2245 2279 2279 2252 2192 
1 1 1 0 cD 2568 2497 2372 2292 2192 2210 2196 2201 2205 2208 2192 
. . . . 
ey, X10’ = — - =~ 500 EX 3017 2909 2741 2658 2560 2560 2560 2556 2549 2551 2548 
lJ | co 3015 2901 2741 2654 2556 2593 2617 2656 2661 2636 2556 
oe cD 3O1S 2923 2768 2674 2556 2593 2564 2573 2562 2588 2556 
j ic > 550 EX 3220 3109 2932 28640 2727 2727 «#2721 #2719 #2722 #2719 2714 
in which is the fth-order determinant of the J,;, the J;; 277) 2792 2636 2060 2014 2789 
(for 7 ¥ j) and J;; being given by CD $224 «3125 2956 2854 2729 2771 2737 2746 2757 2763 2729 
Viscosity C2Hy - CO Viscosity 
Ji; —A;; + [40] 0.0 26.32 43.54 80.62 100.0 | 0.0 37.04 78.62 92.25 100.0 
254 2 
f 300 EX 1776 1553 1402 1135 1033 617 674 985 970 #691 
cat { B B cG 1779 1538 1399 1144 1029 819 892 995 9680 869 
= —A,; A; M,/M,).... 
By + + ,/M;)... [41] 400 EX 2183 1943 1763 1460 1342 1070 1130 1233 1194 081 
k=l ce 2210 1930 1768 1466 1330 1074 1152 1241 1194 1065 
500 EX 2548 2279 2098 1760 1622 1308 1366 1459 1392 1256 
and the A,,; and B;, are defined as | 6G ~=—2893 2279 2097 1757 1602 1309 1390 1462 1389 1228 
20 m—1 550 EX 2714 2433 2240 1900 1753 1422 1478 1566 1465 i347 
A;; = (0.017663)7 kT /e;;)) 40-2771 2440 «22249 1891 1728 1418 1499 1566 1482 1308 
1 
xX [M.M,/(M, + [42] Viscosity CO: Viscosity N20 
40.25 57.76 78.83 100.0 0.0 20,16 58.29 79.82 100.0 
B;; = kT /e, 
(0. ) Iris] kT 300 817 1058 1174 1326 1493 «926 1167 1326 1488 
1 
> 4 ,/(M; + M,)*)'/2 [43] ce 619 1033 1146 1304 1493 819 917 1145 1307 14869 
400 EX 1070 1383 1533 1730 1944 1070 1213 1525 1725 1943 
7 7 1920 074 120 4 1703 1936 
In Table 15 are shown some experimental figures for the vis- 
cosity of a helium-neon-argon mixture; along with these data are 1300 140) 2080 2398 
given the calculated results obtained by using Equation [39], 
letting f = 3. The force constants between like molecules which CG 4=:1418 1769 1939 2186 2479 1418 1581 1959 2227 2525 
jon Me 


_ ‘The diffusion data used to get the «:2/k are those values tabulated 
in Chapman and Cowling (10). The experimental figures listed are 


from Landolt-Bérnstein with the exception of the Hz: — N: data, * EX = experimental data; CG = calculated using » geometric mean 


«/k; CD = calculated using an ¢/k calculated from diffusion. 


32] - came from A. van Itterbeek, O. van Paemel, and J. van Lierde ae 
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The viscosity of moist air is particularly useful for the deter- 
mination of Reynolds numbers in aerodynamics. The values 
compiled in Table 14(b) were calculated by assuming that moist 
air may be treated as a mixture of two components, air and 
water vapor. The approximations in Equations [13] and [14] 
were used to get the interaction constants ¢./k and rj, in which 
the force constants for water were from the second virial coeffi- 
cient tabulated by Stockmayer (6). ‘The force constants for 
air are those in Table 8. The B;,; for water, which are defined 
in Equation [43], were taken directly from the experimental 
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Th 
_ , TABLE 14(6) VISCOSITY OF MOIST AIR TABLE 14(d) VISCOSITY OF AMMONIA MIXTURES tho 
10~"g/cm-sec 
= n( g/ ) “ x 107 Ws x 10? TAI 
me Mixture Temp. Calo, Expt 
Per cent Moisture MBs 293 86.83 1092 
47 
100 702 701 700 688 in 
180 1038 1036 1033 1016 373 68.83 1389 1396 
71.43 1566 15¢9 
200 1337 1336 1333 1316 = $6.38 1705 i7lo 
273.16 1724 1722 1720 1704 2037 20) 
300 188 1649 1847 1832 473 86.83 1770 ire = 
71.43 1346 1346 
400 2290 2200 2288 2278 wre 56.38 2085 
29.20 2299 2296 
$00 2678 2678 2677 2671 ¥ 4415 
600 3034 3035 3033 623 68.83 1962 1339 
71.45 3132 2112 
800 3680 3680 3682 3687 = 
1000 4257 4260 4263 4274 11.1) 2590 2572 
1200 4761 4765 4768 4786 Cty = 293 68.67 1000 
1400 6253 8257 5260 
2000 6680 668s 6690 6720 873 68.67 1278 12% 
3000 868s 8691 8730 1288 1303 
8000 12070 12090 12100 12160 eater 10,96 1265 1260 
473 68.67 1640 1647 
= 69.61 1623 
61.72 1605 622 
29.93 1577 1595 — 
TABLE FORCE CONSTANTS DETERMINED FROM 
VISCOSITY OF NH: MIXTURES s23 86.67 1906 
69.62 1788 1792 
$1.72 1786 1764 
ai 
Hy = 99 3.094 
“93 90.0% 1007 
1s st woe 
29.75 1086 10687? 
= Nits 133 3.483 10,44 ton doll 
373 90.05 1288 les 
70,87 1323 13. 
Cal 247 3.754 61.77 1344 1350 
29.75 1321 132% 
10.82 1196 1204 
473 90.05 166) 
70.87 1679 1680 
were used are those obtained from viscosity data; the force con- pong pea co 
stants between unlike molecules which were used are those ob- ae ams — 
; iQ] $23 90.05 1662 lees 
tained by taking an arithmetic-mean collision diameter and a geo- 
metric-mean ¢/k. $1.77 1535 1623 
29.7 1735 ? 
The methods presented here are well-suited to the prediction 
of transport properties for such industrially important mixtures 
as flue and fuel gases. In Table 16 we compare the experi- 
mentally observed values of the viscosity of flue and fuel gases “— pn = 
with values calculated using Equation [39], together with the 13.51 1931 1924 
force constants given in Tables 8, 9, and 10. The agreement in 373 67.65 1448 1459 
more than half of the examples is excellent; however, in some arses i971 i972 
of the other mixtures there is a considerable discrepancy. This aan ao aa 
might be explained on the basis of small errors in the experi- a S| a anh site 
mental gas analysis. In any case we believe that our calculated HAL v0.99 - — 
values have an inherent accuracy of within 0.5 per cent. The 7] 29.86 2607 2604 
fact that some of these mixtures contained as many as seven liga aes — = 
components caused no computational difficulties. 


(a) Landolt-Bérnstein, ‘‘Physikalisch-Chemische Tabellen.” 


viscosity values of steam (18), making use of the simple relatios 
1/(2n,) 

Force constants between ammonia and several gases wet 
obtained by fitting the experimental viscosity data (19) at tw? 
different temperatures. These values, shown in Table 14¢) 
were then used to calculate the viscosity of the binary mixture 
in Table 14(d). Here again, the B,, for ammonia were obtained 
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those in Table 8. 


TABLE 15 VISCOSITY OF TERNARY 


MIXTURE OF Ne-A-He 


from the average experimental values of viscosity (19, 20, 21). 
The individual force constants for the nonpolar component were 


Volume Percent Thea 107 g/cmsec 

T% Ne A He Cale Expt 

193 55.76 26.70 17.54 2718 

31.93 32.3 35.9 2562 2569 

2.6 | $8.51 19.83 2429 

| 2.62 Su.29 2500 

373 55.76 26.70 17.54 3205 3237 

31.93 32.13 35.94 3025 

21.66 58.51 19.83 2695 2886 

2.89 23.82 Su. 2938 257 

55.76 26.70 17.54 3752 3790 

31.93 32. 35.9 3551 357% 

21.66 58.51 19.83 3425 ws 

21.89 23.62 5.29 3470 

Like Molecules Unlike Yolecules 

Ne 2.60 35-7 Ne-A 3.11 68 
A 3.418 | 124.0 Ne - He 2.75 1s 
He 2.70 6.03 A He 3.059 27 


* M. Trautz and K. F. Kipphan, Annalen der Physik, vol. 2, 1929, p. 746. 


TABLE 16 VISCOSITY OF MULTICOMPONENT MIXTURES INDUSTRIAL GASES 


In this report we do not consider quantum corrections, inas- 
much as they are numerically small and negligible at any reasona- st 
ble temperature (7' > 15 deg K). The quantum corrections 
would be expected to be larger for hydrogen than for any heavier — 
molecules. The magnitude of this correction may be seen from 
a comparison of the viscosity of H, and D,. If there were no — 
quantum corrections, n#, would equal This 
would be true regardless of the form for the energy of interaction — 
as long as classical mechanics applies, but quantum pen orl 


would introduce deviations. From Table 17 it is seen that there 
is no appreciable deviation (nor quantum correction) down to | 


ss PABLE 17 VISCOSITY OF LIGHT AND HEAVY 
METHANE AND LIGHT AND HEAVY HYDROGEN 


(a) 
15 n 62 10 
30 146 158 ua 
15 332 347 
290 886 884 876 
Kony, 
T(x.) coy, ow, (expt2) Yon, (eae) 
(>) 
225 87h 868 
250 961 95 
300 1095 un 115 
7 (a) A. van Itterbeek, and O. van Paemel, Physica, 


vol. 7, 1940, p. 265. 
(6) A. van Itterbeek, Physica, vol. 9, 1940, p. 831. 


Composition (Volume %) 
co Heavier OK, x 107 | Ref. 
8.6 | 2.3 89.1 ay 293 1756 1761 2 
3.3 | 3.9 62.8 rT 293 1749 1765 2 
6.2 10.7 83.1 fia 293 1793 1789 2 
0.4 28.6 | 1.6 59.5 293 1738 1798 2 
0.80 | 2.00 2.20 85.00 ae 300.5 1827 1792 1 
524.5 | 2715 2661 
tat 973 4117 4008 
1279 4856 4753 
6.70 | 0.10] 7.80 | 2.20 83.20; 307.5 | 1842 1835 1 
Pap) 519 2655 2653 
975 4048 4019 
mrs 1285 4808 4783 
6.40 | 3.00] 0.30 | 0.70 89.60) 314 1904 1856 1 
518 2706 2644 
974.5 | 4113 4017 
1287 4895 4777 bed 
6.00 | 0.10 | 25.70 |11.50 56.70 a 302 1823 1829 1 a Seca 
526 2686 2696 oy 
0.6 29.8 | 3.9 | 0.3 | 55.4 te 293 1743 1794 2 eee rey, 
8.9 30.7 | 3.3 | 0.4 | 56.7 me 293 1747 1797 2 : a 
8.7 32.6 | 1.5 | 0.2 | 56.8 293 1749 1802 a. 
3.70 | 0.30 | 27.10 | 9.50 | 1.60] 67.80 300.5 | 1615 1818 1 
ol 565.5 | 2819 2823 
981 4045 4041 
1282 4792 4803 
1.7 | 0.9 | 6.0 |57.5 |24.0 | 7.8 2.1 293 1262 1254 2 
2.1 | 0.9 | 5.7 .|53.0 [24.3 | 11.7 2.3 293 1304 1290 2 
2.0 | 1.4 | 4.6 |54.9 |23.5 | 11.6 2.0 293 1310 1398 2 
3.3 | 0.6 | 3.8 [51.8 [29.6 | 10.0 1.4 293 1332 1269 2 
2.2 | 0.6 | 4.1 |53.1 |29.5 | 9.2 1.3 293 1306 1254 2 
2.2 |1.0 | 4.0 |52.3 |29.9 | 9.4 1.2 293 1307 1261 2 
2.5 | 0.8 114.9 |53.0 |16.1 9.2 293 1355 1373 2 
4.8 | 0.3 |26.4 |17.2 | 2.6 | 48.2 0.5 293 1714 1743 2 
$3.56 | 0.3 |27.3 |14.4 | 3.7 | 50.0 0.8 298 1732 2 
3.1 | 0.5 [28.6 |17.7 | 4.2 | 45.0 0.9 293 1715 1719 2 


Schmid, Gas- und Wasserfach, vol. 85, 1942, p. 92. 
* F. Herning and L. Zipperer, Gas- und Wasserfach, vol. 79, 1936, pp. 49-54, 69-73. Whe} <*434 
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15 deg C. Similarly, in the case of CH, and CD, where it is 
expected that = (Mcu,/Mcn,)'/%cp, Here, from the 
figures shown in Table 17, there is no appreciable quantum 
correction indicated by the experimental data down to 90 deg K. 
Only in the cases of H: and He is it expected that the transport 
properties would show a small quantum correction above 15 deg 
K. In these two cases it appears probable that a part of our 
difficulty in obtaining a suitable fit with the experimental vis- 
cosity data may arise from small quantum corrections. The 
conclusions have been substantiated by the theoretical work of 
Uehling and Uhlenbeck (22, 23, 24), and Massey and Mohr (25). 


COEFFICIENT OF DiIFFUSION 


The first approximation for the coefficient of diffusion is given 
by the following equation 


0.000929167°/?|(M, + M:)/M,M,)*/? 


(1; kT /e2) 


(Dw) 
in which Dy is the coefficient of diffusion in em? sec~!; p, the 
pressure in atmospheres; the M,, molecular weights. Note that 
the first approximation to the diffusion coefficient is independent 
of composition. This is no longer true in the case of the second 
approximation 


(Diz)2 = — A). [45] 
Here A, a small quantity usually less than 0.03, is defined by 
A = 5(C + Pats? + 
in which 
P, = + M2]~*%2/3V (273.16 p/T’). . [47] 
P, = + p/T). . [48] 
Py = [8(M, — M2)? + + M2)?........ [49] 
Q, = (P:/M,?)(6M,2? + — + 8M,M,A)..... [50] 
Q. = (P2/M22)(6M,? + 5M.? — 4M.2B + 8M,M,A)..... [51] 


3(5 — 4B)(M, — M:2)?/(M,; + M2)? 
+ 4AM,M.11 — 4B)/(M, + M2)? ?..... [52] 
+ 2P:P(M, + M2)*/M,?M:? 


Here the z; are mol-fractions of the ith component; the M; 
are molecular weights; A, B, and C are functions of kT7'/e.z 
given in Table 7; Vo is the molar volume under standard condi- 
tions, i.e., 22414.6 cc.; and [m]: and [m], are calculated first 
approximations to the viscosity of the pure component given by 
the formula 


[ni = kT/e;)]... . [53] 


The possibility of getting good force constants between pairs 
of dissimilar molecules from Equation [44] has already been 
mentioned. This equation could be written for two tempera- 
tures, inserting two diffusion measurements, and the resulting 
equations solved simultaneously for rj: and €:2/k. 

In the case of self-diffusion 


M,= My, a =e@ 1 = 


and Equations [44] and [45] reduce to the particularly simple 
forms for the first approximation to the coefficient of self-diffusion 


(Du) = 0.00131407T"/2/ [preW (1; kT [54] 


and the second approximation is:given by 


= 
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Te? 


A = 5(C — 1)*/(11 


and as before is a small correction factor. 

The coefficients of self-diffusion may be calculated from our 
previously assigned values of the force constants without making 
any adjustments. The results are shown in Table 18, along with 
experimental values. Harteck and Schmidt determined the 
self-diffusion coefficient (SDK) for hydrogen by using ortho- and 
para-hydrogen. The self-diffusion coefficients for the other gases 
shown were determined using gases containing tracer isotopes. 
In all of these cases the agreement is very good between the ex- 
perimental and calculated quantities. Additional experimental 
data would be very useful for purposes of comparison. 

The available values for the coefficient of ordinary diffusion 
have been analyzed to give the force constants of Table 10 for 
the interaction between dissimilar molecules. 

In a mixture containing f-components the concept of diffusion 
may be generalized (26). If U, is the average velacity of mole- 
cules of the ith species relative to U, the mass average velocity 
of the gaseous mixture, then rigorously 


f 
U, = (n*/pn,) M dy, grad z;.......... 
k=1 


where 
i 
k=1 


is the total number of moles of gas in a cubic centimeter and 

is the over-all density. The d;; are not the usual diffusion cor 

stants for binary mixtures, D;;, but the two are very closely 
related, in the general case by 


rt 0 Ag Au Ais Aw 
+ | Ase 0 Ax | Au 0 Ax | 
dis = M 0 Aj Ais Au 
An 0 123 Au 
|\Ax An 0 Au. 
Aa Ae Aw 
— = 
Here the in the determinant are 
= + (m4 Ma/M,) - (n,/D,,).. 
Be axe 


The other d;, may be obtained from the final form of the dx 
by permuting the indexes or from Equation [59] by suitable 
modifications of the determinants in the numerator. This gen- 
eralized formula may be obtained also from the work of Hellund 
and Uehling (27). 

For the binary mixture 


and for maid mixtures 


(Due = — A)... (55) 
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TABLE 18 COEFFICIENT OF SELF-DIFFUSION 


Di (em?/sec) Reference 
for Exptl 
Cas T %K. P(ata) Cale Exptl Values 
Hydrogen 7) 1 1.243 1.285 0.0025 (a) 
85 1 0.167 0.152 + 0.008 (a) 
2.4 i 0.01043 | 0.00826 + 0.0002 (a) 
Krypton 293 1 0.093 0.093 + (b) 
Xenon 293 1 0.055 0.0029 (b) 
Neon 293 1 0.491 0.473 2 0.002 (c) 
Argon 295 0.4211 0.422 0.423 0.003 
Nitrogen 1 0.198 +0. 
ethane 292 0.00811] 26.38 26.32 + 
Rydrogen 0.127 
Chloride 


(a) P. Harteck and H. W. Schmidt, Zeittscar ft fur physikalische Chemie, 
vol. 21, 1933, p. 447. 

(0) W. Groth and P. Harteck, Zeitschrift Elektrochemie, vol. 47, 1941, p. 
167. 

(c) W. Groth and E. Sussner, Zeitschr-ft fir physikalische Chemie, vol. 
193, 1944, p. 296. 

(d) F. Hute iinson, Physical Review, vol. 72, 1947, p. 1255. 

(e) E. B. Winn, Physical Review, vol. 74, 1948, p. 698. 

(f) E. B. Winn and E. P. Ney, Physical Review, vol. 72, 1947, p. 77. 

(g) H. Braune and F. Zehle, Zeitschr jt fir physikalische Chemie, vol. 49, 
1941, p. 247. 


THERMAL-DIFFUSION RATIO 


Since the second approximation to the thermal-diffusion ratio 
involves very complicated algebra, only the first approximation 
will be set forth here. I. is 


kp = — — + + Qsr:22). . . [63] 


in which 


5 Wl; kT’ /ez) 


— 3M.(M, — M,) — 4AM,M;...... [64] 


Ti2 


Ti M, kT /e2) 
— 3M,(M, — M.) — 4AM,M:........ [65] 


5 \ riz WL; KT /er2) 
(6M,2 + (5 —4B)M,? + 8AM,M)]...... [66] 
5 \re — WO (1; kT 
ve + (5 4B)M,? + 8A M,M)] [67] 


Here the M; are the molecular weights of the ith species; the 
z; are mol-fractions; the A, B, and C are functions of kT7'/e: 
Previously tabulated; and the rn, re, and rj are low-velocity col- 
lision diameters in angstroms. When the thermal diffusion of 
isotopes is under consideration, Equation [63] may be used where 
the S's and Q’s have the more simple form 


= AM,[(2/M,)'/* — 4M,] — 3M.(M;— M,)...... [69] 
= — —3M\(M,— M2)... (70] 
+ (5 — 4B)M,? + 8AM,M3J. . [71] 


2A, . = 
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Q. = A(2/M;)'/2(6M,? + (5 —4B)M2? + 8AM,M)] ....... [72] 
Q; = 44% M,M:2)~'/? + 3(M, — — 4B) 
+ 44M,M11 — 4B)........ [73] 


A graph of kp versus composition for light and heavy methane 
calculated with the foregoing formula is shown in Fig. 6. The 
force constants for a mixture of isotopes are the same as those 
for the pure substance. It is interesting to note that these theo- 
retical values predict the change in sign in the thermal-diffusion 
coefficient which has been found to occur at low temperatures. 
At very low temperatures the thermal diffusion is so small that 
no practical use can be made of this inversion. 


Experimental data generally are reported as the ratio Ry of 
the thermal-diffusion ratio kp, to the corresponding value for 
rigid spherical molecules. While the calculated and experimental 
kp are functions of temperature for real molecules, kp for rigid 
spheres is independent of temperature, and it is computed using 
the rigid-spheres quantities 


A = 0.4, B =0.6,C = 1.2, = 1/2, and W'?(2) = 1... [74] 


Table 19 shows some values of Ryp(calc) and Rp(exptl). For 
those gas pairs for which diffusion data were available, «2/k ob- 
tained from diffusion (see Table 10) were used; otherwise, it was 
necessary to employ the geometric mean of the «/k for the single 
components. For all of the gas pairs, ri. was taken to be the 
arithmetic mean of the ro for each of the two components. Force 


3(M, — M:2)*(5 — 4B) + 4AM,M,.(11 — 4B) 


W(2; kT (2; . (68] 


paren 


W (1; kT /e2) 


constants for ammonia were obtained from second-virial-coeffi- 
cient data. 

Since the concentration gradient which results from thermal 
diffusion is opposed by ordinary diffusion, a steady state is 
reached after a certain time interval. van Itterbeek, van Paemel, 
and van Lierde (28) have measured thermal diffusion in gas 
mixtures at low temperatures as per cent change in composition 
at the steady state Ay, which may also be calculated from the 
following integral 


ow 
— 
= 
4 
a os 0 06 oF os a8 
tS 
| 
Ay = @ ln T............... [75] 


4, 


TABLE 19 THERMAL DIFFUSION OF GASES 
Gas Concen- Refer- 
Mixture tration T("K) Rr Calc. Rp Expt. ence 
He Ne 53.8 % He $85.2 a 
233.2 270 
117.2 
, 
He -A $1.2 % He 585.2 66 a 
4 233.2 +63 
He Xe 53.6 He $85.2 275 a 
233.2 +70 266 
Ne-A 51.2 % We $85.2 266 «57 a 
233.2 .82 .48 
117.2 227 28 
Ne Xe 54.2 Ne 585.2 266 266 
233.2 46 
= 233.2 15 
He 333 «63 -50 b 
- ato 620 ° 
clég, - cl3x, 274 +49 
CHg He 506 e 
Og = 735 -61 63 e 
CO = +60 40 
Hp = CO2 $96 70 1.03 


©) 02. Grew, Proceedings of the Royal Society of London, vol. 189, 
1947, p. 
(b) B. F. Murphy, Physical Review, vol. 72, 1947, p. 836. 
(c) L. G. Stier, Physical Review, vol. 62, 1942, p. 548. 
(d) W. W. Watson and D. Woermiey, Physical Review, vol. 63, 1943, 
184 


p. 
(e) *'N. ~ Schmahl and J. Schewe, Zeitschrift Elecktrochemie, vol. 46, 
1940, p. 210 


TABLE 20 THERMAL DIFFUSION IN GAS MIXTURES 
Ay = change in per cent H: 


Gas Average 4y 
Mixture Volume Te °K Expt* Cale. 
- le 35.6 290.4 90.2 6.9 7.1 

50.9 290.4 90.2 8.2 8.2 
ae 66.7 290.4 90.2 7.7 7.9 
- CO 39.7 293.3 90.2 5.6 | 
$1.7 293.3 90.2 6.6 6.7 
73.7 293.3 90.2 5.7 6.4 
Hp - He 32.3 29.7 90.2 3.4 3.8 
50.5 291.7 90.2 4.6 4,2 
65.4 291.7 90.2 3.7 3.7 
Hy - Be 40.9 292.1 64.4 7.6 8.1 
50.8 292.1 64.6 8.4 9.0 
78.0 292.1 64.4 6.3 ed 
Hy = 02 33.8 293.6 90.2 4.0 5.7 
48.2 293.6 90.2 5.5 7.21 
73.7 293.6 90.2 5.3 6.9 


(a) A. e sonacbonts, O. van Paemel, and J. van Lierde, Physica, vol. 
13, 1947, p. 


This integration was performed numerically, making use of 
Equation [63] for ky, for the gases and temperatures in Table 20, 
where the experimental and calculated values of Ay may be 
compared. 

CoEFFICIENT OF THERMAL CONDUCTIVITY 
For a single gas the coefficient of thermal conductivity \, 
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through the second approximation is given in terms of the vis- 
cosity », and the specific heat at constant volume C,, by the 
relation 


(Hn/VM)IC, + (9/4)R). [76] 


Here R is the usual gas constant per mole; M is the molecular 
weight; H and V are functions of k7'/e previously mentioned. 
The ratio H/V is very close to unity. The factor |C, + (9/4)R] 
depends upon the Eucken assumption that, during a collision, 
thermal equilibrium is established between the translational and 
internal degrees of freedom in the molecule. The experimental 
values of \ determined by Johnston and co-workers (29, 30) pro- 
vide an opportunity to check the validity of this equation. 
Table 21 shows the comparison of the observed versus the cal- 
culated value of (H/V) = (AM/n)[C, + (9/4)R]-". The agree 
ment is fairly good in the case of helium where there are no 


TABLE 21 THERMAL CONDUCTIVITY 


Gas H/V 100°K. 200°K. 300°K. 
He Expt. 0.9933 0.9897 0.9733 

Caled 1.0042 21.003 1.0045 

Exptl (a) 0.9676 1.0258 1.0675 

Caled 1.0000 1.0002 1.0009 { 
(a) 0.9%0' 0.9974 

Caled 1.0004 1.0013 = 
expt. (@) 0.8788 | 0.9479 

Caled 1.0001 1.0003 
02 (@) 0.9529 1.0042 1.0320 

Caled 1.0000 1.0005 1.0015 
Air Expt (>) 0.9499 1.0022 1.0107 

Caled 1.0001 1.0008 1.0019 


(a) H. L. Johnston and E. R. Grilly, Journal of 
vol. 14, 1946, p. 233. 
6) 


Taylor and H. L. Johnson, Journal of | 
Chemical Physics, vol. 14, 1946, p. 219. 

internal degrees of freedom. In all other cases the discrepancies 
are large. This indicates that the Eucken assumption is not 
valid, and hence Equation [76] must be modified so as to take 
into account the difficulty of transferring energy from transla- 
tion to rotation and vibration. The time lag in the specific heat 
is another indication of this difficulty. At very high tempera- 
tures, such as occur in combustions, the molecules behave more 
classically, and Equation [76] should apply. 

Until the discrepancies in the Eucken assumption are settled, 
there seems little advantage in trying to apply the complicated 
Chapman-Enskog relationships for the heat conductivity of 
gaseous mixtures. Instead, we shall use Equation |76), using 
the viscosity and specific heat for the mixture to estimate the 
heat conductivity. 

Unfortunately, accurate experimental measurements of heat 
conductivity are very difficult to obtain, so that there is no possi- 
bility of developing a more satisfactory empirical formulation at 
the present time. 
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Experimental Determination of Heat 


ct 


By F. G. KEYES 


AN examination of the available data for the heat condue- 
P.4 tivity of gases indicates that approximately 38 substances 
have been investigated, and 5 binary mixtures among the 
simpler gases. The most consistently accurate data appear to 
be available for helium, hydrogen, oxygen, nitrogen, carbon 
monoxide, carbon dioxide, and the essentially ternary mixture 
air. All the results are for atmospheric pressure or less, and the 
range of temperature extends from approximately —180 to 
300 C in most cases. 

The experimental method employed in the conductivity work 
cited has been almost entirely by the so-called “hot-wire” 
method perfected over the last 20 years. The method has been 
used to obtain the heat conductivity under pressure for liquid 
water, steam, nitrogen, and dioxide. However, the 
hot-wire method does not appear to be the most suitable for the 
determination of heat conductivities under pressure, 


carbon 


because 
of the difficulties of design as convection effects become enhanced 
with pressure. 

A correlation of the low-pressure heat conductivities for the 7 
gases referred to indicates that the data are reliable to approxi- 
mately +3 percent. It is conceivable that the hot-wire method 
as at present developed is not capable of yielding results of 
higher accuracy than that indicated when the wire is used for 


1 Abstract of a presentation of the experimental methods and 
results obtained to December 1, 1948. 

? Department of Chemistry, Massachusetts Institute of Tech- 
nology. 

Contributed by the Research Committee on Properties of Gases 
and Gas Mixtures, the Applied Mechanics Division and the Heat 
Transfer Division, and Section M of the American Association for 
the Advancement of Science, and presented at the Annual Meeting, 
New York, N. Y., November 28-December 3, 1948, of THE AMERI- 
CAN SocieTY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Soci iety. ‘Paper No. 48—A-154. 


S,? CAMBRIDGE, MASS. 


both heater and thermometer. The most important of the 
reasons for this statement is connected with the temperature 
distribution along the wire and its distortion due to the Thomson 
effect when the comparatively large heating currents are flowing. 
Allowance for the Thomson effect has not been made so far as is 
known, but it could be taken into account, aithough accuracy in 
the measurement of the Thomson effect has only recently become 
promising. 

The method employed in the present investigation is the very 
old one of containing the gas of interest in a cylindrical annulus fixed 
by concentric silver cylinders. In this method uniformity of the 
wall temperature of the inner heated cylinder can be secured, and 
the geometry of the system ascertained with precision. Thenumer- 
ous electrical leads from thermocouples and heater are controlled 
in temperature by a “heat station’ having its own heater and 
thermocouples directly above the silver cell. In this way con- 
duction along the leads can be controlled, and the gas above the 
cell kept at the same temperature as the mean temperature of the 
gas in the annulus. Electrical leads out of the stainless-steel 
pressure vessel in which the cell is contained have been insulated 
in two ways: in the first method by the use of Teflon disks be- 
tween which the leads are contained under pressure; and by 
employing pressure-tight heater and thermocouple metal cases 
passing through the pressure vessel containing the cell, a neces- 
sary arrangement where slightly conducting fluids are to be 
measured, of which water is an example. 

Measurements are being carried out on steam, liquid, and 
gaseous carbon dioxide, nitrogen, and mixtures of carbon dioxide 
and nitrogen to considerable pressures from 0 deg C to higher 
temperatures. At the present time temperatures higher than 
400-450 C will not be exceeded. The results for steam are ap- 
proximately in agreement with the values of Timroth and Var- 
gaftig to 200 C. For nitrogen, our values extend to 150 atm and 
are in good agreement with Vargaftig’s data which extend from 
40 to 63 c and to a pressure of 87 atm. 
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This paper discusses the engineering application of scale- 
model study of the combustion-air distribution for a pro- 
posed boiler installation. By obtaining an intimate mix 
of fuel and air, a more nearly uniform and nonreducing 
atmosphere results in the furnace to avoid the phenome- 
non of tube wastage. Following the operation of the pro- 
totype boilers, field tests were made for direct comparison 
with the model results. These comparisons, the actual 
combustion-gas analyses, and the boiler performance are 
reviewed. 


BACKGROUND AND OBJECTIVES 


URING late 1941, and extending into 1942, a serious tube 
LD wastage or loss of metal from the face of furnace-wall 

tubes was experienced in many slag-tap pulverized-fuel- 
fired furnaces. This phénomenon had occurred previously, but 
to a minor degree, and perhaps had been too easily dismissed as 
caused by erosion from fuel impingement. It is believed that the 
severe accentuation of the phenomenon was the result of the 
sustained high loads which boilers were called on to carry during 
the great industrial activity brought on by the war. 

Tube failures from this cause resulted in serious loss of boiler 
capacity during a critical period, and intensive study of the sub- 
ject made possible the use of temporary expedients which reduced 
the wastage and decreased boiler outage while a more thorough 
investigation was being made. 

The Bureau of Mines has investigated the problem very 
thoroughly and reported the circumstances under which loss of 
metal results and the chemistry involved in the attack in its re- 
ports presented before the Society in 1944.* 

In the Philadelphia Electric Company’s system, tube wastage 
was severe in two plants and of a somewhat milder nature in two 
boilers at its Chester Station. Test work on the Chester and 
some other boilers indicated that the loss of metal was experienced 
in areas where carbon monoxide was present in the furnace gases. 
Therefore it seemed obvious that an effort should be made to 
eliminate carbon monoxide by improvement of air distribution 
to the burners and gas flow in the furnace. 

The company’s new Southwark Station, then being designed, 
was to contain boilers very similar to those at Chester where loss 
of tube metal had been experienced. Since air-flow tests and 
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ASME, vol. 67, 1945, pp. 279-288. 

“External Corrosion of Furnace-Wall Tubes—II Significance of 
Sulphate Deposits and Sulphur Trioxide in Corrosion Mechanism,” 
by R. C. Corey, B. J. Cross, and W. T. Reid, Trans. ASME, vol. 67, 
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furnace probing had disclosed that secondary-air distribution to 
the burners and within the burners was not entirely uniform, it 
was decided by the Philadelphia Electric Company and The 
Babcock and Wilcox Company to construct a '/,-scale model of 
the duct work, burners, and primary furnace, and to conduct 
tests on this model to determine (1) the flow pattern through the 
secondary-air duct; (2) the air distribution through the wind box 
and burners, with the thought of providing as uniform distribu- 
tion of air as possible to all parts of the burner; (3) to determine 
probable gas flow within the furnace. In laying out the design 
of the secondary-air duct for the Southwark boilers, a strenuous 
effort was made to route the duct as directly as possible from the 
preheaters to the burners. By eliminating side offsets and re- 
ducing bends in the duct to a minimum, it was believed that the 
distribution of air as delivered to the burners would be more uni- 
form and result in improved fuel-air mixture with more stable 
gas flow within the furnace. In order to check this hypothesis, 
the scale model was constructed by the Electric Company and 
test work was started in January,1945. 


Score ann Limir 


Fig. 1 is a general view of the entire test setup. In the fore- 
ground are the fan with its motor drive, the 16-in. duct feeding 
the simulated air preheaters at the top of the model, and the 
smaller pipe which feeds the primary air to the coal pipes at the 
left. Uniformly perforated plates, having a resistance compara- 
ble to the actual air preheaters, were used in place of building 
model preheaters, so that the scale model started at the air outlet 
of the air preheaters. The primary and secondary-air control 
dampers are shown in the foreground and the location of the two 
measuring orifices are evident in the long runs of straight pipe 
leading to the model. 

Fig. 2 shows the outline of the boiler in white, the secondary- 
air duct in transparent plastic with black metal banding, the in- 
complete burner-wind box construction, and at the base of the 
model, the primary furnace with the front wall tubes and rear 
slag-screen tubes clearly shown. 

Fig. 3 shows the detail of three burners and wind boxes in vari- 
ous stages of construction. Fig. 4 is a close-up of the secondary- 
air dampers, the coal pipes, the primary-air supply header, and 
the simulated arrangement of the four coal pulverizers. Devia- 
tion from actual design was made on the pulverizers and the 
primary-air supply, as actual combustion could not be produced 
on the model. Dust boxes were provided in place of pulverizers 
and were equipped with air-injection connections to permit 
blowing fine-ground powders through the burners into the fur- 
nace. 

Inasmuch as the model was constructed primarily of plywood 
and transparent plastic, it was of course necessary to limit the 
observations to such phenomena as could be tested without com- 
bustion. The secondary-air flow and the primary-air flow could 
be easily simulated. However, due to the absence of combustion 
and its effect on flow patterns, readings in the primary furnace 
proper are difficult to evaluate. 

Determining the air distribution in the burner ports required 
the development of a special Pitot tube as the secondary-air ports 
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on the model were very small, being less than 3/,. in. wide. Fig. 
5 shows the 1l-in. Pitot tube which was specially constructed to 
take the velocity readings in the burner ports. Of particular 
note are the small tubes at the left end of the instrument which 
are 0.040 in. OD X 0.025 in. ID, approximating the model scale 
on this portion of the instrument. It was necessary to increase 
the internal diameter of the extension tubes to speed up the re- 
sponse of the differential gage when shifting the Pitot tube from 
position to position in making a traverse. The shape of the 
burner ports where the Pitot-tube readings were taken suggested 
that the hole in the static tube should be at the same elevation 
as the impact tube. It was recognized that the streamlined lead- 
ing end of the static tube could disturb the flow approaching the 
impact tube with the two tubes located immediately adjacent to 
each other. The relative position of the impact tube with respect 
to the static leg of the tube was carefully investigated and it was 
found that if the tubes were separated 4 diam they had no in- 
fluence on each other. The U-shaped template near the measur- 
ing tip was the guide which rode on the underside of the furnace 
roof tubes at the burners and made it possible always to measure 
in the same relative position. 


ScaLte-MopeE. Atr-FLow CoNnsIDERATIONS 


The total combustion air required at the burners on the actual 
boiler at a steam flow of 935,000 Ib per hr is calculated to be 
16,300 lb per min. The primary air at this rating, with four 
pulverizers operating, is 2100 lb per min. Therefore the second- 
ary air equals 16,300 — 2100 or 14,200 lb per min (380,000 cfm at 
600 F). 

As the model was made at '/, linear scale, the areas were in the 
ratio of '/,. Hence model equivalent of actual mass flow was 
/w of the latter requirement or 142 Ib per min. This rate is re- 


ferred to as “equivalent mass flow.” wh) 
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Since the design preheat-air temperature was 600 F, as against 
80 F average model ambient temperature, a correction for weight 
per unit volume was necessary. The specific volume of air at 
600 F is nearly double the specific volume at 80 F, hence by pass- 
ing 283 lb per min through the model, velocities corresponding 
to the actual velocities were obtained. This rate is identified as 
“equivalent velocity flow.” 

Some authorities on model work hold that, in order to have 
hydraulic similitude between a model and its prototype, it is neces- 
sary to maintain the same Reynolds number. In order to accom- 
plish this end on a '/;»-scale model with the air at 80 F rather than 
600 F, it would have been necessary to have an air flow approxi- 
mately 6 times that of the mass-flow requirement. Unfortu- 
nately, the fan and fan drive were of insufficient size to deliver this 
air quantity, but under certain test conditions with six of the 
eight burners shut off, values of 3'/, times mass flow were at- 
tained. 


Trestinc METHODS AND CALCULATIONS 


The several methods of testing employed were principally 
Pitot-tube measurements of air velocity in the secondary-air duct 
and burner ports, chemical smoke observations, telltale ribbons, 
and wet-paint panels in the primary furnace. The Pitot-tube 
readings were converted into values of velocity in feet per minute 
by formula. These velocity readings were then averaged in two 
directions and plotted as profiles from front to rear and from side 
to side of each burner. The curves plotted show per cent devia- 
tion above or below the average velocity. 

In studying a new arrangement of wind-box approach, chemical 
smoke was employed to determine its merits. The chemical 
smoke employed was titanium tetrachloride, impregnated on 
cotton waste and blown out of the smoke pot by means of com- 
pressed air. This method of observation was particularly success- 
ful when the humidity was high enough to make adequate cloud- 
ing. The smoke itself was employed in two ways. One method 
was to introduce chemical smoke in the model so as to fill the en- 
tire air stream under consideration. The other was to leave the 
air stream untouched and introduce the chemical smoke through 
a pencil-sized pipe or wand and explore different regions of the 
model with air flowing. With the use of a spotlight, it was pos- 
sible to outline the smoke in the model by either the first or the 
second method. With the exception of the deposition of chemical 
which tended to dirty and disfigure the interior of the model, the 
chemical smoke and spotlight method of testing proved to be 
highly successful. 

Telltale ribbons in the wind box or on a horizontal wire frame 
in the primary furnace proper which could be moved vertically 
from the top to the bottom of the furnace gave very good indica- 
tions of the direction of air flow, the presence of voids, turbulent 
zones, or backwash, but of course did not indicate the actual veloc- 
ity at the point of the ribbon. 

Another method of testing was to introduce, through the 
simulated coal pulverizers, dust made of animal bone black or 
ferric oxide. The latter had the advantage of being yellow in 
color and more suitable for motion photography. Bone black 
was used in the majority of the tests involving the use of dust, 
as it was possible to obtain it in fineness comparable to the pul- 
verized coal to be used in the actual burners. Static electricity 
of considerable magnitude created in the air and dust lines pro- 
hibited the use of pulverized coal or any combustible powder be- 
cause of the explosion hazard. A sheet-metal panel was used for 
recording observations made with dust. This panel, cut to the 
exact size of the cross section of the primary furnace, was freshly 
coated on both sides with white enamel. The wet panel was 
placed in the furnace beneath the burner under test in such a 
position that the panel itself was directly below the center of the 
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burner. With the secondary and primary air flows established 
at the predetermined values, bone-black dust was admitted 
through the primary ports. This black dust, issuing from the 
burner ports, impinged upon and impregnated the white enamel 
surface in such a manner as to leave on the panel a positive out- 
line of the air pattern issuing from the burners. It was possible 
then to examine the panels and photograph them for record (see 
Figs. 7 and 15). 

A limited use was made of motion pictures using 16-mm film in 
both black and white and in color. Some of the exposures taken 
were with smoke introduced in the secondary-air duct, smoke 
wand in the primary furnace, telltale ribbons, ferric oxide in the 
primary furnace, and chemical smoke introduced through the 
burner ports into the primary furnace of the original and final de- 
signs. 
Discussion oF ORIGINAL DesiGN; ARRANGEMENT I 


Fig. 6 is a sectional side view of the design of the burner and 
wind box originally constructed on the model. This view shows 
the coal piping A, distributor elbow B, riffle casting C, primary 
tips D, and burner ports EZ, as well as the outline of the wind box. 
Flow lines have been indicated on this sketch to show the air-flow 
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pattern as observed with the smoke wand. An item of particular 
interest to be noted here is the angle of discharge of the jets from 
the burner ports, as viewed from the side. The flow from the rear 
half of the burner ports was inclined slightly toward the front 
wall, rather than being normal to the burner roof tubes: It will 
be noted there were zones at the front of the wind box beginning 
at the wind-box dampers, and at the lower rear corner of the wind 
box, which were filled with turbulent eddies. Fig. 7 shows a wet 
paint panel taken with the original design which clearly indicates 
the path of the air stream as it leaves the burners and flows 
through the primary furnace. 

A velocity traverse taken in the secondary-air duct at the pre- 
heater outlet is shown in Fig. 8, which indicates fairly uniform 
distribution from side to side of the duct. The distribution from 
top to bottom is definitely unbalanced, but, since the duct made 
several bends before reaching the burner wind box, it was not 
considered necessary to correct the top to bottom distribution 
at the preheater outlet. The velocity profiles taken in the ports 
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of one burner, as shown in Fig. 9, indicate that the flow was al- 
ready high at the rear of the ports, and the distribution practi- 
cally identical for the two flows studied. The fact that the air 
distribution from side to side of the duct was reasonably uniform 
is further substantiated by the average velocities in each burner 
plotted in Fig. 10, for equivalent mass flow and equivalent veloc 
ity. It is also of interest to note that the distribution for these 
two flows remained essentially the same. 

In order to establish what effect an unbalance of flow through 
the two preheaters would have, different-sized restrictor plates 
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were installed in each of the simulated preheaters; the A-pre- 
heater plate, having 480 holes of */3:-in. diam, and the B, or left- 
hand preheater plate, having 312 holes of !/,-in. diam, resulting 
in 100 per cent increase in flow area through the B-preheater. 
The maldistribution from side to side leaving the preheaters is 
shown in Fig. 11 while the relatively uniform distribution from 
side to side at the burners is shown in Fig. 12. 

From these data it is evident that the objective was to obtain 
& higher flow at the front of the burner ports and a jet which 
would issue in a direction normal to the furnace-roof tubes. As 
the traverses made both in the duct and in the burner ports show 
that the distribution remained identical for a range of flows, it 
seemed feasible to limit the velocity traverses to a single flow for 
establishing the distribution obtained with any design. 


Discussion oF INTERMEDIATE ARRANGEMENTS 


In continuing the test work, decision was made to model all of 
the ideas developed concerning various designs in the wind box 
and air duct; thus with smoke-pattern observations and a veloc- 
ity profile, evaluati ion of any baffle arrangement could be made. 
Each arrangement was designated as I, II, etc., tested as just 
outlined, and discarded if it did not show promise. Those which 
showed promise were tested more completely and often reap- 
Peared in some later arrangement as a modification. Outlining 
each of the forty-odd designs which were studied would be im- 
Practical. 


One or two arrangements had considerable theoretical promise, 
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but owing to the difficulty of their eventual operation, mainte- 
nance, or physical limitations, they had to be replaced with some- 
thing of a more practical nature. For instance, considerable 
thought was given to building a false roof from the front of the 
wind box through the cluster of primary tips so that the high re- 
sistance, created by the convergence of the tips and the turbulent 
zones in that same physical area, would be eliminated. 

Such a design was carefully modeled and investigated. The 
real difficulty with this design was the sharp offset through which 
the secondary air had to be deflected to pass through the burner 
ports. Various modifications in the form of resistance screens and 
baffles were tried with this wind-box design but failed to produce 
the distribution desired. 

It became necessary to concentrate all of the modeling effort on 
the two end burners, namely, A-1 and D-2, as these were the only 
ones which could be torn down, modeled,and remodeled with any 
degree of ease. Also they were the only burners capable of com- 
plete observation from the side, which was of paramount im- 
portance in determining the merits of any new design. Pitot-tube 
measurements could be taken on any of the burners. 

It will be recalled from the discussion heretofore of the original 
design, or arrangement 1, that there was a marked tendency for a 
heavy downwash of the front-wall tubes. This condition sug- 
gested the design and testing of two distinct burner center-line 
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positions with respect to | the front wall. Early in the test the 12 
D-2 burner was relocated toward the rear so that its center line 
was 1.5 in. model scale (15 in. actual size) further away from the 
front wall. There were advantages for this new position of the 
burner center line with respect to the front wall. However, it 
was impossible to determine from the model whether or not this 
change in position would influence slagging conditions on the 
front wall. The test work on the model continued, using different 
baffle arrangements for both positions of the burners and employ- 
ing smooth curve baffles of many different radii and dissimilar 
loci, thus making similar arrangements for the two positions of 
the burner. 

The original design of secondary-air dampers on a horizontal 
plane at the wind-box entrance prevented the extension of baffle 
arrangements from the wind box up into the secondary-air duct ——; ; rE 
as far as seemed desirable. Consequently the secondary-air POSITION IN PORT 8. pont aan 
dampers were relocated to a position further up the duct, and 

_ with their axes normal to the face of the secondary-air duct. 
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> Discussion OF FiInaAL ARRANGEMENT 


The final design was developed from the most promising fea- 
tures of many of the arrangements tested. A sectional side view 
of the final design is shown in Fig. 13. It will be noted that a 
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filler baffle A, was employed at the front end of the wind-box 
dampers to fill this pocket and eliminate the eddies formed in this 
gone. A curved rear baffle plate B, was installed tangent to the 
= sloping wall of the secondary-air duct and formed a large 
radius, the lower extremity of which was tangent tothe small radius 
at the rear of the burner ports. This curved baffle plate 
~ was found to give a smooth flow pattern which eliminated the 
_ski-jump effect at the rear burner ports and resulted in a jet issu- = 
ing normal to the furnace-roof tubes. A curved deflector baffle | 
_C, was installed in front of the primary tips just below the wind- 
box roof to eliminate eddies in this zone. Practical operating POSITION IN PORT R. PORT NUMBER 
_ considerations requiring access and observation dictated the Fic. 16 Va.ocrr us Bunn Poare or Move. Wit 
lower extremity of this deflector baffle, and the base baffle D, at Maximum AnD Minimum FLows; Finau Desicn 
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the front of the wind box. A curved vane: E, was installed from a 
point just below the burner wind-box dampers F’, through the 
rear row of primary tips to improve the front-to-rear velocity 
distribution at the burner ports. This result was not obtained 
completely with the vane alone, as the congestion of the primary 
tips at the outlet of the front channel resulted in high flows 
through the rear channel. Therefore it was necessary to balance 
this restriction. Resistance screens of various restriction were 
tested in the rear channel and a 65 per cent open screen G, was 
found to be the optimum size. The velocity profile at the burner 
ports, with the final design, as shown in Fig. 14, indicates that 
the distribution was uniform and slightly higher at the front of 
the ports, as contrasted with Fig. 9, the original arrangement, 
which showed less uniform distribution and higher velocity at 
the rear of the ports. 

The jet pattern in the primary furnace is shown in Fig. 15 and 
indicates a direction of flow normal to the furnace-roof tubes as 
compared to Fig. 7. Velocity profiles in the burner ports on the 
final arrangement for the maximum and minimum flows are 
shown in Fig. 16. The similarity between the curves for these 
two flows substantiates further the earlier conclusion that the 
distribution did not vary with the quantity of flow for a given 
arrangement. 


ComPARISON OF MopE.L Wits AcTuAL BoILerR 


The burners, wind box, and secondary-air duct for the boilers 
were designed to duplicate this final arrangement on the model. 
Naturally, there was considerable interest in learning if the actual 
boiler showed the same flow characteristics that were observed on 
the model. Therefore a series of velocity readings in the burner 
ports were taken on the boiler in the same manner in which they 
were taken on the model. The results are similar to those ob- 
tained on the model as shown in Fig. 17. In Fig. 18 a summation 
is made of the average velocity per burner on the boiler and the 
model. The curves are both in good agreement one with the 
other. The end burners A-1 and D-2 show a slight reduction in 
air velocity. 

Aserices of photographs taken during these tests are reproduced 
as follows: Fig. 19 shows the 20-ft-high scaffold erected in the 
primary furnace for the Pitot-tube traverses. Fig. 20 shows a 
close-up of the Pitot tube in the test position in the No. 3 port of 
the A-1 burner. Fig. 21 shows the chemical smoke issuing from 
the No. 1 port of A-2 burner. rae 
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DESCRIPTION OF STEAM-GENERATING UNIT “= 


These boilers are of the open-pass type, having a rated capacity 
of 850,000 Ib of steam per hr with a 4-hr peak of 935,000 lb per hr. 
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The design pressure and temperature conditions are 1075 psi and 
900 F. Fig. 22 is a sectional side view of the boiler. Its salient 
features are as follows: The primary-furnace walls are of tube-to- 
tube construction, with full stud-and-chrome refractory covering 
on the furnace side. The primary furnace is of the continuous- 
slag-tap type. At the exit of the primary furnace, widely spaced 
tubes form a slag screen. The flow of gases is upward through 
the first open pass throug’ spread tubes at the top of the first and 
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second open passes; downward in the second open pass at the 
base of which is located the rear ash hopper. The last pass of the 
boiler contains a screen, secondary and primary superheaters, 
economizer, and above the boiler are located the two air pre- 
heaters and induced-draft fans. The combustion air is supplied 
by two forced-draft fans through the air preheaters into a single 
secondary-air duct which is routed across the top and down the 
front of the boiler into the wind boxes. The hot primary air is 
taken off each side near the center of the vertical run of the 
secondary-air duct and continues to the four pulverizers. 

The secondary-air duct routing is of particular note both in 
over-all design and in the model changes in the wind-box region. 
The route is short, direct, and with a minimum number of bends. 
All turns are “‘easy’’ bends with a high aspect ratio and a low loss. 
The only offset in the entire run is at the wind box proper. Of 
particular note are the two sets of turning vanes which are located 
in the bends just ahead of and following the vertical run. These 
vanes were made of three turning leaves whose spacing, length, 
and radius of curvature, were determined by air-flow nomo- 
gram. 

The segmental stiffening members were placed transversely in 
the turning vanes at the quarter points of the width of the duct. 
Model air-flow tests proved the location, type, and size of these 
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PERFORMANCE REcorD 


At the time of writing this paper, the first two boilers had been — 
in service approximately 12 months, August 1, 1947, to July 31, 

1948, with total boiler service-hours of 16,461 and an availability 

factor of 95.3 per cent. In this period the average steam flow 
was 799,000 lb per hr, average preheated-air temperature 600 F, 
CO, 14.5 to 15.5 per cent at the economizer outlet, and average 
exit-gas temperature 345 F. The coals burned during this period 
were from various sources. The average Btu content as-fired was 
13,000 with a range of 12,300 to 13,600 per lb; moisture content 
averaged 4.4 per cent ranging from 1.9 to 7.1 per cent; the vola- 
tile matter averaged 28 per cent, ranging from 19.0 to 38.0 per 
cent; the ash averaged 10 per cent with a range of 9.1 to 10.6 
per cent; and the sulphur content averaged 2.5 per cent with a 
range of 1 to 4 per cent. 


OPERATING RESULTS AND OBSERVATIONS 


The operating experience with these boilers showed that some 
coking occurred on the end burners, which may be attributable 
to the lower air velocity. In the early model tests it was noted 
that the velocity at the front and rear of the burner ports dropped 
sharply due, presumably, to the frictional drag of the adjacent 
surfaces. In order to attain a relatively flat velocity profile, it 
was thought advisable to lengthen the burner ports 0.6 in. (0.3 in. 
model size on each end). This was done to scale on the actual 
boilers and resulted in sufficient air-velocity reduction to increase 
the tendency to form coke. The explanation of this may be in the 
fact that the higher frictional resistance in the model was such 
that the design length of the increased opening was too great at 
prototype scale. With the partial closure of this increased open- 
ing, the operation is improved. The wide range of volatile matter 
in the coal being burned is another factor which makes the prob- 
lem more complicated because of the increased tendencies of the 
higher-volatile coals to coke. With the coals being used some 
wear has been experienced in the coal directional ports. Investi- 
gation of this condition is being continued. 

Probing of the furnace with a water-cooled tube for gas samples 
was done at the top of the first open pass. A uniform total air 
condition across the boiler is shown in Fig. 23. It was possible 
to reduce the average total air to as low as 108 per cent with no 
carbon monoxide present at the top of the first open pass. 

Primary-furnace observations indicate that the ignition point 
is close to the burner ports. The flame issuing from the burner is 
essentially normal to the furnace-roof tubes, and of similar direc- 
tion to the path observed on the model. Observations indicate 
the flame to be very luminous, free from smoke tails, and with 
well-defined boundaries over a wide range of loads, coal condi- 
tions, and with various numbers of byrners in service. The 
flame appears to sweep smoothly in its course through the furnace 
with a noticeable lack of eddies or backwash along the walls. A 
colored motion-picture. film taken in two different boilers at 
various locations, such as burner discharge, primary furnace, 
slag screen, top of open pass, and slag-tap hole, indicates very 
good combustion conditions in these boilers. 

After several months of operation, the primary-furnace walls 
were covered with a smooth uniform thickness of slag having n0 
well-defined or discernible pattern, nor is there any tangible 
evidence of tube wastage. Complete credit for the condition of 
the furnace walls cannot be attributed entirely to the perform 
ance of the burners, as due consideration must be given to the 
full stud and refractory wall construction. It will be recalled 
that two designs of burner center-line position were developed 
which are 15 in. different in the distance from the front wall of 
the furnace. Other than the change in burner center-line pos 
tions, the boilers are identical. It is impossible to say now thst 


= — 

y 

desig 

State 

Th 
the n 

A. 
 . 


= 
LANE, MORRISON—SOUTHWARK STATION BOILER AIR-FLOW MODEL TESTS = 949 
ne at | 
ent | L I I 
SUPERHEATERS I | 
is 
vate ATTEMPERATOR 
| | 
Ba 
Fig. 22) Sectionau Stipe View; SourHwark STATION BoiLer 
at there is any difference in the operating performance of these two 160 
ace, designs ; however, it must be recognized that the months of 
ery service on this equipment are insufficient to allow a conclusive ” 
statement at this time. < 140 
alls 
ACKNOWLEDGMENT 
ible The authors thank the many people in both companies for i 
n of their aid, advice, and assistance in the construction of the model, Fs 120 
rm the model tests, the boiler tests, and the preparation of this paper. « 
the 
ed 
I of A. G. Curistte.! This paper presents an interesting model ss DOOR NUMBERS 
hat .,. Professor of Mechanical Engineering, Johns Hopkins Uviver- Fig. 23 Tora Arr-DistriBuTion Curves Across Top or First 
aity, Baltimore, Md. Past-President and Fellow ASME. 


Oren Pass or Borter 


by 
‘ 
Rif 
» 
Ag 
Ad 
a 
As 
: 


950° TRANSACTIONS 
study of gas and fuel distribution in a large furnace. Such a 

model presents difficulties both in operation and interpretation 

of results. One cannot duplicate in the model the increase in gas 

volume that occurs in the furnace nor the ‘chimney,’ and other 

effects of the high temperatures in the furnace. It is, therefore, 

gratifying to note that observations made on the flame and the 

slag deposits of the boiler itself in operation appear to confirm 

the conclusions of the model study. This will encourage model 

studies of other plant equipment. 

These model tests emphasize the need of careful design of the 
ductwork into the wind box and of the contour of the wind box 
itself. The improvements in the model tests were principally 
due to changes in ducts and wind box to insure proper direction 
of the air to the burners. It is a reasonable deduction that the 
elimination of eddies in the improved ducts decreased in some 
measure the head losses of the preheated air and thus decreased 
the work of the forced-draft fan. 

It has been said that tube wastage in earlier furnaces was due 
in some way to carbon monoxide. This gas formation appeared 
in eddies adjacent to the tube surfaces. A correction of the 
difficulty would appear to be the elimination of such eddies, and 
various schemes have been tried to effect this elimination. The 
authors note that there was a notable lack of eddies or backwash 
along the walls. It would be helpful if they would discuss the 
relative amount of eddying in the new boilers and in those boilers 
in which tube wastage occurred. 

Turbulence is desirable to insure rapid and complete combus- 
tion of the pulverized fuel. Did the model indicate the same 
degree of turbulence as was seen in the actual boiler? 

The writer saw some of the model tests and wishes to commend 
the authors upon the means used to show the flow effects at the 
burner nozzles and in the combustion chamber. 


Avutuors’ CLOSURE 


Professor Christie recognizes the problem of translating model 
observations and test results to full-size performance for this 
type of air-flow model work, where combustion and temperature 
effects cannot be duplicated. 

An examination of the flame-propagation motion-picture films 
taken in the Southwark boilers clearly indicates a smooth 
progressive turbulent mass flow through the primary furnace 
with little, if any, recirculation of flow from the flame boundary. 
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From the observations and results obtained in the Southwark 
boilers, it can be definitely stated that the modeling of ductwork, 
burners, and furnace proves much can be learned of the flow 
conditions that will be encountered on the actual boilers. It 
was possible to detect unsatisfactory flow conditions and to 
alter the model so as to obtain improved flow conditions which 
were reproduced on the actual boiler. 

Carbon monoxide is not solely responsible for tube wastage 
but it is an indicator of a reducing atmosphere which must be 
present to establish the conditions necessary for wastage to occur, 
There is a marked improvement in the primary-furnace-wall 
appearance during combustion in these boilers as compared to 
other boilers on the system in which tube wastage had occurred. 
This is further borne out by subsequent inspections of the 
furnace-wall surfaces with the boilers out of service. The 
authors’ opinion is that much of this improvement can be directly 
attributed to the smooth mass flow pattern of the boundaries 
of the flame and the absence of recirculating eddies or voids which 
contribute to a reducing atmosphere adjacent to the furnace 
walls. On the other boilers on the system in which tube wastage 
had occurred there was considerable recirculation along the 
furnace walls and flame eddies existed in the corners of the 
furnaces both at the junction of the side walls and the junction 
of the side walls with the furnace floor. The installation of 
baffles, vanes, and resistance screens in the ductwork and burners 
has improved the flow conditions and helped to reduce the eddies 
in these furnaces. These changes also completely directed 
the coal and air stream away from the walls of the primary 
furnace. 

The model motion pictures, wet-paint panels, and visual 
observations made with chemical smoke and powder indicate 
close similarity of conditions in the furnace just below the 
burners with those observed on the actual boilers at this location 
with combustion taking place. Tests on the model with finely 
ground powder as a substitute for pulverized coal gave rapid 
mixing of the powder with the secondary air. Fig. 15 clearly 
indicates the density of the powder streams issuing from the 
model burners diminished uniformly until a completely homo- 
geneous mixture of powder and air was attained at a point one 
quarter of the way down in the furnace where the powder was 
completely dispersed in the air stream resulting in a mixture o! 
uniform density. 
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By R. C. COREY,' H. A. GRABOWSKI,? anv B. J. CROSS? 


Extended studies of the mechanism of external corro- 
sion of furnace-wall tubes of high-capacity slag-tap fur- 
naces, which were begun in 1942 by the Bureau of Mines 
in co-operation with the Combustion Engineering Com- 
pany, have shown that liquid alkali-metal pyrosulphates 
can be formed under operating conditions from deposits 
of alkali-metal sulphates on the tubes. The rate of at- 
tack will be considerably higher than when the alkali- 
metal sulphates, or “enamel” deposits, do not form a 
liquid phase, which was described in a previous paper of 
this series. The phase boundaries for three compositions 
of alkali-metal sulphates in the system M,SO,-SO, have 
been established. The conditions for the thermal de- 
composition of coal ash, leading to the formation of the 
SO, necessary for the corrosion process, have been deter- 
mined. Alkali-metal sulphate deposits on furnace tubes 
are believed to result from volatilization of alkalies in the 
coal, which condense as corresponding oxides on the tubes 
and then convert to sulphates by reaction with SO; in the 
furnace atmosphere. Furnace-wall-tube attack, associ- 
ated with deposits consisting mainly of FeS, is believed to 
be related to the deposition of pyrites on the tubes. The 
pyrites, originating from coarse coal, or coal that is poorly 
distributed in the burners, with respect to size, adheres 
to previously formed deposits of alkali-metal sulphates, 
oxidizes relatively slowly to FeS and Fe,Q,, and thereby 
produces sufficient SO; to react with the alkali-metal sul- 
phates and the oxide on the metal. The net effect is to 
cause corrosion by the same processes that have been 
ascribed to corrosion by the alkali-metal-sulphate type of 
deposit. The relationship between the results obtained 
in the laboratory, and observations of furnaces before and 
after preventive measures have been applied, is described. 


J NTERIM reports to the ASME in 1945, showed that corro- 
sion of the fire side of furnace-wall tubes in pulverized-coal- 
fired slag-tap furnaces is associated with two distinctly dif- 

ferent types of deposits on the tubes. 
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Corres of Furnace-Wall Tubes— 
Further Data on Sulphate Deposits and 
the Significance of Iron Sulphide Deposits _ 


Greatest frequency and severity of attack have occurred where 
the deposit on the tube was saltlike and quite soluble in water, 
in which it gave a strongly acid reaction. Previously, reference 
has been made to this type as enamel deposit’ because of its 
glazed appearance, and has been investigated intensively since 
June, 1942, to determine its part in the corrosion process. 

The other type of deposit found on furnace-wall tubes where 
attack occurred was rich in iron sulphide and magnetite, prac- 
tically insoluble in water and strongly magnetic, and bas been re- 
ferred to as “iron sulphide’’ deposit.5 However, since the fre- 
quency and severity of attack associated with this deposit were 
considerably less than in the case of the enamel type, less em- 
phasis was placed on studies of its properties during the early part 
of this investigation. 

The investigation has continued to the present time, and it is 
the purpose of this paper to report the results obtained since 1945, 
from extended studies of the enamel and the sulphide types of de- 
posits. It is believed that definite conclusions now may be made 
regarding (a) the conditions necessary for the formation of, and 
corrosion by enamel deposits; and (6) the chemical and physical 
properties of iron sulphide deposits, and the mechanism of corro- 
sion where such deposits occur. 


REVIEW OF PROBLEM AND Previous WorK 


During 1941 a number of central stations and industrial plants 
reported thinning of the fire side of furnace-wall tubes of pul- 
verized-coal-fired slag-tap steam generators operating at high 
pressures and steaming capacities. As the result of wartime de- 
mands, which required prolonged periods of operation at full load 
and reduced overhaul periods and maintenance, external corro- 
sion became an acute problem. The extent of attack in some 
typical cases is shown in Fig. 1. Through co-operative efforts of 
the boiler manufacturers and the operating companies, attack was 
abated somewhat by temporary measures, such as supplying a 
blanket of air to the walls, and applying protective coatings to the 
tubes in the affected areas. These measures are a matter of rec- 
ord.§ 

Many theories were propesed to explain this type of corrosion, 
but there was no real progress made toward a plausible hypothesis 
until careful inquiry revealed the fact that thinning of wall tubes 
had been noted several years earlier, and had been attributed to 
“slag erosion,” a vague theory which did not fit the facts. Never- 
theless, this information made it possible to eliminate from 
further consideration a number of factors, factors based upon the 
assumption that external corrosion was a new phenomenon. The 
conclusion reached was that thinning of tubes had progressed 
slowly over a period of years and had gone practically unnoticed = 
until accelerated attack, incurred by unusual operating schedules, __ a 
caused excessive thinning, and even failure of wall tubes. A 


* “Boilers and Combustion, 1944,’’ Publication M4, Edison Elec- 
tric Institute, 1945. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those __ 
of the Society. Paper No. 48—A-160. 
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an Since the protective measures used to mitigate or arrest ex- 
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ternal corrosion were not entirely successful in each case they were 
used, it became obvious that before rational preventive measures 
could be applied, fundamental studies would be necessary to de- 
termine the cause and the mechanism of tube attack. The basic 
requirement for such an investigation is close liaison between the 
field and the laboratory, so that the data from each may be cor- 
related. To this end, the Combustion Engineering-Superheater, 
Inc., and the Bureau of Mines began a co-operative investiga- 
tion of the problem in June, 1942, which has continued to the 
present time. 

The results of the first phase of the investigation, which dealt 
primarily with corrosion in the presence of enamel deposits, were 
presented at the 1944 Annual Meeting of the Society, and were 
subsequently published.*> Examination of numerous furnaces in 
which corrosion was active, and studies of actual and synthetic- 
enamel deposits under controlled laboratory conditions, suggested 
that attack was the result of chemical reaction between (a) the 
normal oxide on the tubes, (6) the alkali-metal sulphates, com- 
prising the enamel deposits on the tubes, and (c) the SO; in the 
atmosphere in contact with the deposits. The sequence of events 
proposed is shown in Fig. 2 and was described as follows: 


Step A. Assuming a furnace with clean tubes is placed in 
operation, then normal oxidation of the steel will occur at tube- 
metal temperatures, which normally lie between 600 and 800 F, 
and the oxide formed thickens parabolically with time. In the 
absence of adverse conditions, a more or less limited thickness is 
approached. 

Step B. A layer of alkali-metal sulphates, generally consisting 
of a solid solution of 3 mols K.SO, and 1 mol of Na»SO,, which 
corresponds to the mineral ‘‘glaserite,”’ forms on the surface of the 
oxide. This is believed to result from deposition on the tubes of 
alkali-metal oxides, which originate from the flame and from the 
molten slag on the hearth by volatilization, subsequent reaction 
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Typicat Corropep FurNace-WaALL Tuses From 700 To 1400-Psi Stac-Tap Units 


with the SO; in the surrounding atmosphere forming alkali-met 
sulphates. (For simplicity, KeSO, is shown in Fig. 2 rather tha 
the solid solution. The conclusions are the same in either casi 

Step C. 
surface temperature increases until ash particles begin to adhere t 


it. As the result of a porous structure, the initial deposit of as 


has a relatively low thermal conductivity; therefore, as 
thickens, the outside temperature increases gradually to the poi! 


where the ash begins to sinter, and ultimately to slag. 


this process SO; is evolved as the result of reactions in the as 


during the melting process. 
Step D. 

alkali-metal sulphates and reaction occurs at the oxide-sulphat 

interface, forming a complex alkali-metal ferric trisulphate 


badd (enamel) (oxide (gas) 


This process reduces the thickness of the oxide and the metal 
oxidize further to renew the oxide layer. Daring this period t 
layer of slag thickens and reaches an equilibrium thickness, # 
the temperature at the surface decreases. 


Step E. Deslagging increases the temperature of the deposit 


the tube, causing a portion of it to exceed the decomposition te® 


perature of the K;Fe(SO,);, releasing SO, part of which diffuses’ 
the oxide-sulphate interface and reacts with excess K,SO; # 
Fe,O;.. Meanwhile, more alkali-metal-sulphate deposits on © 


tube until another layer of slag is formed, and the cycle &™ 


peated. 


There were insufficient data, however, to confirm certain o! ™ 
For example, 


postulates in the mechanism just described. 


sequence of events was based largely on the results of controll 
experiments at 1000 F, a temperature considered for the p™ 


As the layer of alkali-metal sulphate thickens, th: 


During 


Some of the SO; thus formed diffuses through th 


Fig. 2 
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TuBES BY SULPHATE 


MECHANISM OF CORROSION OF WALL 
Deposits 


liminary work to be close to the upper limit at which corrosion 
reactions would occur on furnace-wall tubes in high-pressure 
steam generators. However, since the metal temperature of the 
fire side of such tubes is known normally to be several hundred 
degrees lower than this, it was considered desirable to extend the 
data for enamel deposits down to about 500 F, thus covering the 
temperature range in which corrosion was likely to be most ac- 
tive. 

Furthermore, although evidence was meager at the time the 
first reports were made to the Society that alkali-metal pyro- 
sulphates were an active constituent in enamel deposits, they 
could not be dismissed entirely from consideration, since condi- 
tions for formation of pyrosulphates appeared to be favorable. 

It is noted also that one of the steps in the mechanism of corro- 
sion postulates that alkali-metal oxides, originating from the 
alkali metals in the flame, condense on the tubes and subsequently 
react with the SO, in the surrounding atmosphere to form the 
This had not been demonstrated ex- 
perimentally, although it was known that deposits of alkali-metal 
sulphates condense on relatively cool surfaces in glass furnaces, in 
Which the primary source of sulphur is the sodium sulphate added 
to the charge. 

Therefore, to obtain sufficient data to permit more general 
g Onclusions regarding the mechanism of corrosion by enamel de- 


@ Posits, and to determine the factors in corrosion by iron sulphide 


deposits, the i investigation since 1945 has been concerned with the 
following main topics. 


-EXTERNAL CORROSION OF 


FURNACE-WALL TUBES 


Score OF INVESTIGATION 


1 Determination of the temperature and concentration of 
SO; required to convert alkali-metal sulphates to solid and to 
liquid pyrosulphates, which are known to attack iron and steel 
rapidly. 

2 Study of the reactions of Fe with alkali-metal sulphates and 
SO, over a range of temperatures and concentrations of SOQ. 
Included in this phase of the work is evaluation of the effect of 
small amounts of lithium, which has been found in enamel de- 
posits from several furnaces. 

3 Determination of the sulphur gases evolved from coal ash 
during heating below and in the slagging range. 

4 Determination of the phases condensed on water-cooled 
surfaces from high-temperature gases containing small concentra- 
tions of alkali metals and SOs. 

5 Studies of the reactions of iron sulphide and iron disulphide 
(pyrites) as related to corrosion, where deposits are rich in iron 
sulphide. 


Items 1 to 4, inclusive, represent extension of the work on 
enamel deposits since 1945, and item 5 relates to work on a phase 
of the problem that has not received attention previously. 

All subsequent discussion of alkali-metal sulphates will refer to 
three compounds: namely, (a) the solid solution containing 3 
mols of potassium per mol of sodium, (6) a synthetic mixture 
containing 80 per cent of (a) and 20 per cent of lithium potassium 
sulphate, by weight, and (c) pure potassium sulphate. The use of 
the first two substances is based upon the fact that analyses of 
numerous enamel deposits have shown the water-soluble portion 
to be either the solid solution 3 K,SO,- Na2SQ,, corresponding to 
the mineral glaserite, or mixtures of glaserite with up to about 
20 per cent of lithium potassium sulphate, LiKSO,.’? - This com- 
pound gives rather strong x-ray diffraction lines at 3.94 and 3.09 
angstroms. 

It will be shown later that small amounts of lithium have an 
important influence on the reactions of alkali-metal sulphates with 
SO; and Fe,O;, which can be related to the distinctly different b »- 
havior in furnaces of enamels containing lithium. It should not b2 
inferred that the K:Na ratio in the enamel deposits was in- 
variably 3:1, but in a large number of samples the deviation from 
this ratio was sufficiently small to justify the selection of this par- 
ticular composition for all the basic studies. Pure potassium 
sulphate never was found in enamel deposits, but was included for 
the purpose of comparison so that the effect of Na2SO, could be 
ascertained. For simplicity of description, these materials will 
be hereafter referred to as glaserite, “synthetic enamel,” and 
K.SO,. 


EXTENDED STUDIES OF SULPHATE DEPOSITS 


Formation of Pyrosulphates From Glaserite, Synthetic Enamel, 
and Potassium Sulphate. This investigation has shown that iron 
in contact with any one of the foregoing materials, and SO;, will 
corrode more rapidly at a given temperature than when it is in 
contact with either one of these constituents, or in air, at that 
temperature. The reaction may be written 


3 M.SO, + Fe,O; + 3 SO;-2 M;Fe (SO,)s. .. . [1] 


(enamel) (oxide (gas) An ihe 
tube) 


enamel deposits. 


?  Dwenty per cent by weight of LiKSO, is equivalent to approxi- pe 


mately 1 per cent Li. 


The physical appearance and chemical be- i a 
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where M is sodium or potassium, or both, and has been considered 
to be the basic reaction leading to corrosion of furnace tubes with y at 
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havior of some enamel deposits, which were described in detail in 
the earlier paper,® suggested that pyrosulphates might be an ac- 
tive constituent, although x-ray diffraction patterns did not show 
them to be present. Nevertheless, the possibility could not be 
eliminated that liquid pyrosulphates were present some time 
during the formation of enamel deposits, and that subsequently 
they either underwent thermal decomposition, or reacted with 
iron oxide according to the reaction 


3 M.8,0; + Fe,0;—2 M; Fe 
(liquid ) (solid) 


The product, alkali-metal ferric trisulphate, has been syn- 
thesized by Reactions [1] and [2] in two ways, namely, by a dry- 
reaction method, that is, where at no time did liquid phase occur, 
and by controlling conditions so that liquid pyrosulphate was 
clearly visible until the Fe,O; had reacted with it. That the 
liquid phase was pyrosulphate was confirmed by withdrawing a 
sample and making an x-ray diffraction pattern. Thus absence 
of pyrosulphate in enamel deposits, particularly where the iron 
and aluminum content is high, is not conclusive evidence that it 
was not an intermediate product during the corrosion process, 
since it may have all reacted to form M;Fe(SO,);. Furthermore, 
the rate of attack of furnace tubes in a few cases has been so high 
as to suggest strongly that the liquid-phase Reaction, [2], was 
appreciable. 

It was apparent, therefore, that the conditions necessary for the 
formation of pyrosulphates, by reaction of SO; with glaserite 
synthetic enamel and potassium sulphate, had to be determined, 
particularly to establish the phase boundaries of the liquid phase 
in each case. The apparatus for these studies is shown in Fig. 3. 
The procedure was to place a weighed quantity of the salt in the 
glazed-porcelain boat, which was suspended in the furnace and 
attached to the tared balance arm. The specimen was then 
heated to about 1050 F and when thermal equilibrium was 
reached, a gas containing an accurately determined amount of 
SO;, 3-5 per cent oxygen and balance of nitrogen,® was passed 
upward through the tube at a slow rate. The nitrogen trap at the 
top of the tube prevented SO; from condensing in the cooler por- 
tions of the tube and on the suspension wire. After noting 
whether a change of weight had occurred, the temperature was 
lowered in 25-deg steps, holding it constant at each level for 
approximately 15 min and observing closely whether an increase 
of weight occurred, which would denote reaction of the salt with 
the SO; to form pyrosulphate. 

At the first sign that reaction was occurring, the furnace was 
held constant at that temperature until the sample reached con- 
stant weight, and the total change was noted. Then the tem- 
perature was increased very slowly in 5-deg steps, until a loss of 
weight occurred. This temperature, within an error of +10 deg 
F, represented that at which the pyrosulphate had the same SO; 
vapor pressure as that of SO; in the surrounding gas. Observa- 
tions of the charge in the boat at this temperature showed that it 
was liquid, and x-ray diffraction analysis of the product after 
quenching in air showed it to be the pyrosulphate of the corre- 
sponding sulphate. The patterns for K,SO, and K.S,0; are shown 
in Fig. 4. Further confirmation was the fact that the total in- 
crease of weight corresponded to the stoichiometric amount. of 
SO; required to form the pyrosulphate. 

The concentration of SO; for these experiments was varied from 
approximately 0.05 to 1.0 per cent by volume, a range considered 


8 SO; was prepared by mixing SOs, Ov, and Ne in the desired ratios 
under pressure in a cylinder, and passing the mixture over a platinum 
catalyst at 750 F. Rather than determine the SO; in the final gas, 
the SO, was determined in the tank charge and corrections made for 
the volume contraction, 
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to cover adequately conditions likely to exist in a furnace. The 
temperature was varied from 400 to 1050 F, limits that were 
established by preliminary, semiquantitative tests with K,S0, 

It will be noted that the tests just described defined the bound- 
ary between solid glaserite, synthetic enamel, and potassium sul- 
phate and the liquid phase of the corresponding pyrosulphate. It 
was not possible to determine accurately, however, the temper 
ture at which the liquid phase solidified, that is, the melting point 
of these pyrosulphates. To obtain this information, quantities of 
the pyrosulphates were prepared and placed in the tubes shown in 
Fig. 5, which were evacuated and sealed. Then after heating the 


tubes 1 
slowly 

noted 
an accu 


Fie. 5 

roR Dr 

MELTI? 
ALKA 
Pyro: 


horizont 
phate, 
represen 
pyrosulp 
is forme 
Comp: 
Na,S¢ 
and the 
formatio 
it appea 
enamel ¢ 
per cent. 
NaSO, \ 
conclusic 
tion that 
It may 
enamel t 
ture cont 
glaserite 
This is s 
gtaphie ¢ 
ent in an 
fraction 
explains 
enamel, 
The Si; 
The qual: 
havior of 
per cent 
analyzed, 
Melting I 
and (b) 


- Tare weight ot 
3 
4 
Ground giass joint 
Nitrogen inlet ~ 
\ 
outlet 


COREY, GRABOWSKI, CROSS—EXTERNAL 

tubes until the salt was melted completely, they were cooled 

slowly and the electromotive force (emf) of the thermocouple 

noted at regular intervals. From the cooling curve so obtained, 

an accurate value of the melting point was obtained. It should be 


mentioned that the free volume in the 


ia ‘s tubes was small enough to prevent de- 

composition of significant amounts of 

the pyrosulphate, which conceivably 

2 ie could lead to erroneous results due to 

. af the formation of the corresponding 
normal sulphates. 

Having established the phase bound- 

__ PRL-PR-Rh aries in these systems, they were plotted 

ag as shown in Fig. 6, in which the recip- 


rocal of the absolute temperature is 
plotted against the logarithm of the 
concentration of SO; in the gas. The 
rather long extrapolation of line ab for 
the synthetic enamel was necessary be- 
cause of the difficulties and uncertainties 
involved in working with concentrations 
of SO; less than 0.01 per cent. Thus 
there may be a small error in the slope 
of line ab, which would shift slightly the 
point of intersection of ab and ac, but 
this is not considered to be important 
either to the interpretation of the results 
or the conclusions therefrom. 

For each case, the area abc shows the 
range of temperatures and concentra- 
tions of SO; in which liquid pyrosulphate 
can exist, line ab representing equi- 
librium between the solid, normal sul- 
phate and liquid pyrosulphate, and the 
horizontal line ac representing the melting point of the pyrosul- 
phate. The dashed line ad, the slope of which was estimated, 
represents equilibrium between solid normal sulphate and solid 
pyrosulphate, that is, the conditions under which pyrosulphate 
is formed in the absence of liquid phase. 

Comparing the diagrams for K,SO, and glaserite, two effects of 
Na,SO, are noted, namely, the melting point of the salt is lowered 
and the point a, representing the minimum concentration for the 
formation of liquid pyrosulphate is shifted to the left. Therefore 
it appears that the chance of liquid pyrosulphate occurring in an 
enamel deposit increases as the Na:SO, increases from 0-25 mol 
per cent. Although indications are that up to 50 mol per cent 
Na,SO, will produce the same effects, it is emphasized that the 
conclusions from these data apply only to the range of composi- 
tion that was investigated. 

It may be seen from the diagrams for glaserite and synthetic 
enamel that the addition of sufficient LiKSO, to produce a mix- 
ture containing 1 per cent Li depressed the melting point of the 
glaserite about 100 deg F, and shifted the point a considerably. 
This is significant in view of the fact that quantitative spectro- 
graphic analyses of several enamel deposits showed Li to be pres- 
ent in amounts up to approximately 1 per cent, and x-ray dif- 
fraction analysis showed it to be combined as LiKSO,, which 


explains the use of this particular salt to obtain a synthetic 
enamel, 
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The significant points in Fig. 6 are summarized in Table 1 
The qualitative conclusions from these data, with regard to the be- 
havior of enamel deposits in the composition range of 75 to 100 
per cent K.SO,, corresponding to the majority of the deposits 
analyzed, are as follows: (a) Sodium and lithium tend to lower the 
melting point of the pyrosulphate formed by reaction with SO; 
and (b) the range of temperatures in which liquid phase can exist 
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TABLE 1 BOUNDARY CONDITIONS FOR LIQUID PYROSUL- 
PHATES DERIVED FROM GLASERITE (3 Na2SO4) AND 
SYNTHETIC ENAMEL (4:1 GLASERITE AND LiKSOs,) 


Original salt K2SO, Glaserite Synthetic 
Melting rg of corresponding pyrosul- 
phate, deg F........ 635 535 450 
Minimum concentration of SO; to form 
liquid pyrosulphate, per cent by volume 0.005 0.0007 0.0002 
Approximate temperature range in which 
liquid pyrosulphate can exist above 
melting point when SO; by volume is as 1) 
follows: 
0.01 Fdeg 40 140 225 
0.05 F deg 130 230 310 
0.10 F deg 205 270 370 
0.50 F deg 335 375 518 
re 1.00 F deg 445 455 605 4 


above the melting point of the pyrosulphate increases with the 
concentration of SO;, in the gas that is in contact with the de- 
posit. 

Corrosion of Iron in Contact With Alkali-Metal Sulphates and 
SO,;. Although it is known that at any given temperature iron 
will corrode in liquid pyrosulphates at rates considerably higher 
than in air or low concentrations of SO;, there was need of com- 
parative corrosion data over a range of temperatures which might 
occur at the surface of furnace-wall tubes. Furthermore, it was 
thought that the results of corrosion experiments to obtain such 
data might reveal some specific effect of lithium that could be 
correlated with the observation that tube corrosion appeared to be 
more active where enamel deposits contained 0.5 to 1.0 per cent 
lithium. 

Corrosion rates of iron were determined by embedding a 
cleaned and weighed specimen of iron wire® in a small quantity of 
glaserite or synthetic enamel contained in a porcelain boat, heat- 
ing at constant temperature in a slow stream of gas containing 
SO; for a period of 168 hr, and pickling the specimens to remove 
corrosion products and determining the loss of weight. The 
volume ratio of salt to metal was kept relatively high to minimize 
the effect of changes in composition of the salt in contact with the 
metal, due to the products of corrosion. The experiments were 


® All tests were made with the same batch of iron wire of thermo- 
couple grade. 
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made in a horizontal modification of the furnace and catalyst 
shown in Fig. 3. 

The rates of corrosion at 700 to 1000 F, in 100-deg steps, and in 
concentrations of SO; of 0.1 to 0.5 per cent are given in Fig. 7. 
It should be noted that small inconsistencies in the results are due 
to experimental factors, inherent in this type of corrosion testing, 
that were difficult to control. Nevertheless, the trends are clear- 
cut and reasonable. 

Referring to Fig. 7, it was found that at 900 F and 0.1 per cent 
SO, neither the glaserite nor the synthetic salts melted, which is 
consistent with the phase diagram in Fig. 6. Accordingly, neither 
salt should melt at 1000 F, but the synthetic melted in contact 
with iron at that temperature, with a sharp increase in corrosion 
rate. Since glaserite did not melt under the same conditions, it is 
believed that the lithium in the synthetic has a specific effect, pro- 
ducing a complex iron compound that melts near 1000 F. The 
x-ray diffraction patterns of the synthetic enamel before use, its 
corresponding pyrosulphate, and the product from reaction with 
iron and SQ; at 1000 F are shown in Fig. 8. Attention is called to 
the distinct difference of the latter pattern from the others, in- 
dicating the corrosion product to be a unique phase. It has been 
synthesized in the laboratory by placing mixtures of synthetic 
enamel and FeO; in SO; at high temperatures, in an effort to de- 
termine its composition, but as yet the work is incomplete. 

The data in Fig. 7 show also that over the range 0.1 to 0.5 per 
cent SO; the concentration of SO; in the gas appears to affect the 
rate of corrosion only in so far as it is sufficient to cause liquid 
pyrosulphate to form. Compare, for example, the rate of corro- 
sion of iron in glaserite at 1000 F from 0.1 to 0.5 per cent SO;, no 
liquid phase occurring. Up to 900 F there is no consistent trend 
that would indicate one liquid pyrosulphate to be more corrosive 
than the other. 

Sulphur Trioxide From Thermal Decomposition of Coal Ash. 
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PYROSULPHATE, AND Propuct Arrer Reaction WitH Iron 

One of the basic premises in the proposed mechanism of ¢ T, 
sion of furnace-wall tubes is that the concentration of SO, i duri 
gases in contact with the enamel deposit is sufficiently hig were 
reaction to occur by either Equation [1], in which no liquid | and 
is formed, or Equation [2], in which liquid pyrosulphate para 
intermediate product. T 

Analyses of gases from close to furnace walls, in areas v vola 
attack was active, showed the concentration of SO; to be neg we 
ligible, but the concentration of SO, to be of the order of 0.1 per \ 
cent by volume.‘ Data for the dissociation equilibria of the reac- beat 
tion SO;=SO, '/, Oo, which are plotted in Fig. 9, show that ra 
under furnace conditions the ratio of SO; to SQ» should be ex- aie. 
tremely low. For example, with low oxygen concentrations of | a 
per cent or less, which are not unusual in areas where tube attack ag 
has occurred, the concentration of SO; becomes '/,9 or less that of oie 
the SO, at temperatures as low as 1400 F. Consequently, at of be 
furnace temperatures of 2500-3000 F, quickly quenched samples ficati 
of gas should show negligible amounts of SOs. mt 

Further to consider is the characteristic of wet-bottom furnaces ~ 
that slag covers the tubes in affected areas completely and almost by H. 
continuously during operation. Generally, the tubes are exposed 
directly to the furnace gases only during starting-up with a clean 
furnace, and during deslagging periods when the load is reduced or 
the walls are lanced. 

These factors pointed to the probability that the SO; necessar) 
for the corrosion reactions originates from the sintering and slag- tr, 
ging of ash which adheres to the furnace tubes rather than from 7 
the SO; in the over-all furnace atmosphere. Due to the intimate he 


contact of the ash with the tubes and the barrier formed by the 
overlying slag, which is shown schematically in Step C, Fig. 2: 
dilution of the SO; would be negligible, and the concentrations al 
the surface of the enamel deposits would be considerably highet 
than if the tubes were exposed only to the furnace gases. Some 
support of this thesis is found in the fact that although the 
furnace-wall tubes in dry-bottom furnaces frequently are coated 
with enamel deposits similar to those found at slag-tap furnaces, 
the rate of corrosion of such tubes occurs at a negligible rate. This 
is consistent with the fact that whatever ash accumulates on the 
tubes in dry-bottom units does not slag to any extent. 
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Fic. 9 Dissociation oF SO; at Various CoNcENTRA- 
TIONS OF Oz 


To obtain data on the sulphur gases evolved from coal ash 
during heating, ashes selected to represent high and low sulphur 
were heated at various temperatures in a slow stream of nitrogen, 
and the gases evolved were analyzed for SO, and SQs3. 
paratus used for this work is shown in Fig. 10. 


The ap- 


The ash samples were prepared by oxidizing at 1380 F high- 
volatile A Pennsylvania and high-volatile B Illinois coals. The 
ash analyses are given in Table 2. 

A weighed sample of the ash was spread thinly in a porcelain 
boat and placed in the fused-silica furnace tube, which was 
heated previously to the desired temperature. Tank nitrogen 
containing about 0.2 per cent oxygen was passed through the tube 
at a rate of 150 ce per min, corresponding to a velocity of 18 em 
per min. The exit gas passed to a fine-frit sintered-glass disk in 
agas-absorption tube containing 50 ml of 0.2 N NaOH and 3 ml 
of benzyl alcohol. The SO, and SO; were determined by a modi- 
fication of the method described by Johnstone,'® in which the 


“The Corrosion of Power Plant Equipment by Flue Gases,’ 
by H. F. Johnstone, University of Illinois, Bulletin No. 41, 1931. 
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IDT, deg F 
ST, deg F 2270 
7 FT, deg F 2430 be 


High-temperature globar furnace Pt-Pt-Rh thermocouple 


TABLE 2. ANALYSIS OF COAL ASH USED FOR HEATING TESTS 


High volatile-A High volatile-B 


(Penna) (Illinois) 
CuemIcAL ANALYSIS 
54.8 
: AlsOs + Fe2O;3.......... 36.4 
40. 0 


we 


FusisiLity 


solution first was titrated to pH 4.6 with 0.2 N HCl, a few ml of 
3 per cent H,O, added, and the solution finally titrated again to 
pH 4.6 with 0.2 N NaOH. The first titration minus the second 
gives the SO;, and 2 times the second titration gives the SOu. 
Check determinations, using metered quantities of a mixture of 
SO, and Na», with two absorption bottles in series, gave absorption 
efficiencies of 98-99 per cent for the first bottle. To avoid ex- 
cessive pressures in the heating-furnace tube, due to the high 
pressure drop across the sintered-glass gas-distributor tube, the 
end of the system was placed under a suction, regulated so that 
for the desired flow rate the pressure in the tube did not exceed 
lin. Hg. 

Fig. 11 shows the cumulative weight of SO, and SO;, expressed 
as percentage of total sulphur in the ash, given off during various 
periods of heating. For temperatures at and above the IDT of the 
ashes the sulphur is lost very quickly, as may be noted from the 
results at 2100 and 2300 F. However, in the sintering range, 1900 
F, more of the available sulphur was lost in a given length of time 
from the Llinois ash, which had the lower IDT, than from the 
Pennsylvania ash. The significance of these results to the present 
problem is that the portion of the ash deposit on the tubes which 
does not fuse unless the slag sheet pulls away from the walls, can 
lose an appreciable percentage of its sulphur in a relatively short 
time at temperatures near the IDT. 

It appears from Fig. 11 that the ratio of SO; to SO, is quite low 
and that the amount of SO, available for reaction with the enamel 
deposit might be insufficient unless the concentration of SO, 
were of the order of several per cent. The ratios shown correspond 
in magnitude to those for equilibrium at 1900 to 2300 F in low 
partial pressures of oxygen. It must be considered, however, that 
the temperature gradient through the slag to the enamel deposit is 
very steep, since there is no evidence that enamel deposits ever ex- 
ceed about 1200 F in affected areas. Further, the concentration 
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Fig. 11 Evotution or SO2 and SO; From Coat Ash HEATED TO 
Various TEMPERATURES IN ATMOSPHERE OF NITROGEN 


of oxygen, due to infiltration between the tubes of air from the 
casing, may be appreciable at the surface of the enamel, or at the 
interface between the enamel and the ash adhering to it. These 
factors, low temperature and high concentration of oxygen, favor 
a higher ratio of SO; to SOs, as may be seen from Fig. 9. 

In general, therefore, although the sulphur is released from ash 
at temperatures where the ratio of SO; to SO, is extremely low, its 
passage through the ash toward the enamel is in the direction of 
lower temperature and higher concentration of oxygen, with con- 
tinuous increase of the ratio. 

Appreciable quantities of oxygen also may be available from 
decomposition of the coal ash, as the result of slagging reactions 
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involved in the reduction of Fe,O;. Sherman!! heated Central 
Illinois ash at various temperatures in a vacuum fusion system, 
and at 2400 F obtained the following amounts of oxygen, ex- 
pressed as per cent of the weight of the ash: 0.6 in 5 min, 1.5 in 
25 min, and 1.9 in 60 min. 

It is conceivable, therefore, that where slag temperatures are 
high, due to flame impingement or other factors resulting in 
local high rates of heat release, sufficient oxygen and SOs: are 
released from the ash to produce relatively high concentrations 
of SO; at the surface of the enamel. 

Volatilization of Alkali Metals. Deposits rich in alkali-metal 
sulphates commonly occur on primary heating surfaces, such as 
boiler tubes, and secondary heating surfaces such as superheaters 
and air heaters of stoker-fired and pulverized-coal-fired furnaces. 
Barkley, Burdick, and Berk,'? and Crossley,'* made chemical 
analyses of numerous deposits from heat-absorbing surfaces of 
different types of units, one of the objectives being to evaluate the 
effect of such deposits on boiler availability and thermal effi- 
ciency. Alkali-metal sulphates were found to comprise a large 
percentage of these deposits. The first papers of this series** 
reported the results of chemical and x-ray diffraction analyses of 
a large number of external deposits from furnace-wall tubes of 
slag-tap units, up to 90 per cent of a solid solution of sodium and 
potassium sulphate being found in them. 

Clearly, the source of the alkali metals is the coal, and any 
doubts in this respect should be dispelled by the significant fact 
that the mol ratio of potassium to sodium in the furnace-tube de- 
posits corresponds in most cases exactly to that of the coal burned 
Yet there is no evidence that the alkali metals are combined in 
the coal as sulphates. The question that naturally arises is “how 
do the alkali metals combine as sulphates on the heating sur- 
faces?”’ A plausible assumption is that the alkalies condense on 
the tubes as alkali-metal oxides and react immediately with th: 
SO; in the furnace gases, or with that evolved by the ash as de- 
scribed in the previous section. Since each of these compounds is 


11 Discussion of ‘‘The Horizontal Cyclone,”’ by Grunert, Skog, 
Wilcoxson, Trans. ASME, vol. 69, 1947, p. 632. 

12 **Test Data on Gas-Side Sulphate-Type Deposits on Tubes Be- 
yond Boiler Furnace,” by J. F. Barkley, L. R. Burdick, and A. A 
Berk, Trans. ASME, vol. 70, 1948, pp. 81-89. 

13 ‘Deposits on the External Heating Surfaces of Boiler Systems,” 
by H. E. Crossley, World Power Conference, Fuel Economy Section 
C2, paper No. 3, The Hague, 1947. mit.) 
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relatively stable, as may be inferred from the fact that their vapo 
pressures at furnace temperatures are of a low order of magnitude 
it is probable that extremely small concentrations of SO; wi 
react with and 
Some investigators have added solid materials containing 2 Na. SO, 
alkali-metal sulphates directly to the flame in experimental fur- Nag 


iaces, and observed the product formed on water-cooled surfaces. Camera diameter =70 mm. 
However, since there is a good chance that a certain amount of Cu Kee radiation 


such materials is transported directly by the flame and deposited babe teats 


on the water-cooled surface unchanged, it seemed more appro- 
priate to establish conditions so that only alkali-metal vapors 13 X-Ray Drrrraction PaTrern or Conpensation Propuct 


From VOLATILIZATION OF Na:CO; 1n ATMOSPHERE WiTH Low 
reach the cold surface, since this is likely to be the situation in fur- Concunrra Tio’ or 80: 


naces under actual operating conditions. Then, by supplying SO; : 
— aes gases it becomes possible for the corresponding sul- elements, may originate in the same way, with the favorable _ 
factor that the concentration of SO; increases continuously with 
These conditions were established in this investigation with the ; i ‘ 
a ae : the attendant drop in temperature and contact with catalyzing 

apparatus shown in Fig. 12. Alkali-metal salts were heated above surfaces during passage of the gases from the furnace 
the melting point in the refractory cup by a natural gas-air flame, Tikes by 

ntained : slightly reducing ulpbur trioxide, prepared by Enamel Deposits. It is clear that the fundamental mechanism of 
passing a mixture of SO, and ©, over a platinum catalyst, was ad- 


‘ . external corrosion of furnace-wall tubes involves chemical reac- 
mitted to the furnace through a quartz tube, the end of which : i : 
. tion between (a) the normal oxide on the tube, (6) the sodium and 
was located close to the water-cooled steel calorimeter. The 


eal fitted with oe ‘ intai bl : potassium sulphates, comprising the enamel deposit on the tube, 
(c) the SO; in the atmosphere in contact with the enamel 
form temperature on the surface exposed to the furnace, was 
‘ ‘ deposit. The previous paper on this subject,® in which this theory 
designed so that the metal temperature would be between 600 and =, a pinganyre ' a 
900 F with a f pa ‘ f d 2500 F. This t first was proposed, considered only the ‘‘dry” reaction, that is, — 
fo orimeter was selecte epreser : ‘ 
presenung form the solid compound (KNa);Fe(SO,)3. This reaction is given 
emperatures in high-pressure steam genera- . ,, . 
in Equation [1], and the sequence of events at the tube surface is 
shown schematically in Fig. 2 of this paper. 
For the first test, NasSO, was vaporized in the cup. In a short 
ed ae SY The results of the experiments which have been described 
time the metal temperature began to fall, indicating deposition 
: pst show, in addition, that under certain conditions of temperature 
of solids on the surface. The test was concluded when the tem- , ic hoi 
. : ; and concentration of SO;, liquid pyrosulphates can form from 
perature reached 500 F, and an x-ray diffraction pattern made of 
reaction of the SO; directly with the sodium and potassium sul- 
the residue on the specimen showed that it was the heated modi- 


fication of Na,SO,. Although the flame was colored yellow during 
the test, indicating that the vapor was dissociated to some extent, Equation [2], there direct of the par 
it could not be decided whether the deposit on the specimen was by the liquid pyiendgheatt aera in of the ECP 
due to vaporization and condensation of Na,SO. vapor, or sodium sound (KNa) F (SO,): a in the case of the dry reactio , 
ions from the flame combined with and SO; at the metal surface ily th K.SO,-N 
and formed Na,SOy. It was clear, however, that a deposit could 
‘ 4y ’ Vros y 

a on the specimen without transport of solid phase in temperature as 535 F if the concent ration of SO; is 0.0007 per cent . 

In the next test, NazCO; was vaporized without the addition of 
SO, to the atmosphere. The product on the specimen was found little 1 lithium is 
by x-ray diffraction to be anhydrous Na,CO,;. Following this, deposit, which corresponds approximately to 20 per cent LiKSO 4 
NaCO; was vaporized with the addition of a slow stream of SO, he Iti sat to 450 i th 
correeponding volume; the temperature range in which liquid phase can persist 

hes to eulphate was not: complete, dus is higher for a given concentration of SOs. Lithium has been 

found also to produce a complex compound with SO; and iron 

oxide which melts at about 1000 F, a factor which may account for 
contact with SO, and the vapor from Na,SO, and Na,CO, heated the fact that in furnaces where lithium has been found in the 
242500 F in reducing atmosphere. Further work is needed to pan the have a deep-red color and have a 
establish the limits of temperature and concentration of SO; and 
trical conductivit y methods have shown that deposits of sodium 
conclude that deposits on furnace-wall tubes originate in the and potassium sulphates undergo chemical reaction to produce — 
manner described. compounds with relatively low melting points. For example, — 
Flint’! reports ‘‘dew points” in the temperature range between 
350 and 650 F where sodium and potassium salts deposit on the 
apparatus, and attributes them to the formation and melting of 
bisulphates and pyrosulphates. However, he does not give corre- 


Indirectly, dew-point determinations on flue gases by elec- 


In explanation of why such deposits are heaviest in areas where 
heat absorption is high, that is, where flame concentration is 
greatest, it is believed that it is in these zones of the furnace that 
the concentration of alkalies and sulphur is highest, and were it 
hot for the fact that ash and slag quickly cover the walls, such de- 20 af the: and 


posits conceivably could become extremely thick. The deposits phenomena in Flue Gases,” by D. Flint, Journal of the Institute of 
which occur on screen and superheater tubes, and on air-heater Fuel, vol. 21, 1948, pp. 248-253. ; 
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lations of these dew-point temperatures with the composition of 
the corresponding phases. 

Regarding the relative rate of corrosion of iron in contact with 
SO; and glaserite and synthetic enamel, it has been shown that 
where liquid pyrosulphate forms, the rate of corrosion is con- 
siderably greater than when the sulphate does not melt. In the 
latter case, however, the rate of corrosion still is greater at a given 
temperature than if the metal were in contact with furnace gases 
only. From this it must be concluded that deposits containing 
alkali-metal sulphates in appreciable amounts, regardless of loca- 
tion in the furnace or on secondary heating surfaces, tend to cor- 
rode the steel with which it is in contact at a higher rate than 
normally would occur with clean surfaces. It should not be in- 
ferred from this that the presence of these deposits will lead to 
rapid destruction of such surfaces, but the danger exists that if 
conditions become favorable for the formation of liquid pyro- 
sulphates, that is, a pseudo dew point, rapid attack will ensue. 

The results of this investigation suggest that by far the largest 
source of SO; for these reactions is the ash deposit between the 
enamel and the slag. If this ash becomes heated to within a 
hundred degrees or so of the IDT, or higher, the sulphur com- 
pounds in the ash decompose at a rate that may result in high 
localized concentrations of SO; in direct contact with the enamel, 
and the consequent formation of liquid pyrosulphates. 

It is obvious that a given amount of ash in contact with a tube 
can yield only as much SO; as is available from thermal decom- 
position of the sulphates, and it is probable that if a certain area of 
furnace wall retained the ash and equilibrium layer of slag laid 
down from the time the unit was placed in operation, attack of the 
metal would proceed only until the supply of SO; was exhausted." 
However, observations of a number of slag-tap furnaces during 
operation show that over short or long intervals, depending on 
operating conditions, the walls deslag, and it is during these 
periods that the slag layer is restored and further attack may take 
place, that is, the sequence of events depicted in Fig. 2. This 
points to the possibility that the rate of attack in a given furnace 
is related to the frequency of doslagging, but to date, no reliable 
correlation in this respect is available. 

With regard to the manner in which sodium and potassium 
sulphates are formed on furnace-wall tubes, it appears that during 
periods the walls are free of slag covering, the alkalies vaporized 
by the flame condense as oxides on the relatively cool tube sur- 
faces, particularly in areas where flame concentration is greatest, 
and reaction with SO; from the furnace gases converts the oxides 
to sulphates. Subsequent reactions with the higher concentra- 
tions of SO; from thermal decomposition of the sulphates in the 
ash then may lead either to solid or liquid pyrosulphates. 

Without exception, the worst cases of external corrosion that 
have been observed have had the following characteristics: 


(a) A relatively thin covering of dense glassy slag that was 
frequently bonded quite firmly to the wall and removed with 
difficulty. 

(6) A thin dark to reddish-brown layer of sint+red ash, which 
generally came off with the slag, but occasionally remained at- 
tached to the enamel deposit on the tubes. 

(c) A saltlike deposit that was thin, glazed, and reddish- 
colored on the portion of the tube most severely corroded, but be- 
coming less glazed, thicker, and brownish to greenish white around 
the sides of the tube. This deposit always was strongly acid and 
quite soluble in water. 

The most characteristic signs of amelioration of attack in areas 


16 The flowing layer of slag, which is replaced continuously during 
operation, liberates practically all of its sulphur to the furnace; this 
sulphur cannot penetrate the stationary layer of solid slag shown in 
Fig. 2, step D. 
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where corrosion previously was severe have been found to be as 
follows: 


(a) A thicker layer of slag that was easily detached, or fell 
from the wall during the cooling of the furnace. 

(b) A soft deposit of light to dark-tan ash on the tubes, and a 
porous layer of ash on the concave side of the slag which showed 
little or no signs of having been heated in the sintering range. 

(c) An enamel deposit on the tube that appeared less glazed 
and greenish to brownish-white, indicating the presence of less 
iron. 


In general, it appears that if the gases along the walls are 
diluted with sufficient air, particularly during starting up, heavy 
deposits of the enamel type will not form on the tubes. Further, 
by preventing localized high rates of input to the walls, to the 
point that the ash deposited on the enamel (Fig. 2, Step C) does 
not sinter appreciably, the chances are lessened for the formation 
of liquid pyrosulphates. 

That enamel deposits can exist on furnace-wall tubes without 
causing appreciable corrosion is exempli‘ied by pulverized-coal- 
fired dry-bottom furnaces, where rather thick deposits have been 
found on tubes in the burner zones. These deposits have similar 
chemical and physical characteristics to those from slag-tap fur- 
naces, but generally do not appear to have been fused, or to con- 
tain appreciable amounts of pyrosulphate. It is obvious that be- 
cause the tubes are for the most part exposed directly to the fur- 
nace gases, the SO; concentration does not become high enough 
to produce liquid pyrosulphate; nevertheless, it is high enough to 
react with alkali-metal oxides to yield sulphates. However, it 
should not be inferred that dry-bottom units are immune from 
attack, since if conditions inside area abe of Fig. 6 should be 
attained, attack may ensue. 

The success that has been had in reducing the rate of corrosion 
in slag-tap units by admitting a portion of the secondary air to the 
casing around the lower portions of a furnace, so that air could 
infiltrate between the tubes, may be attributed to two things, 
i.e., the temperature of the ash in contact with the enamel was 
reduced, resulting in less decomposition, and the air diluted what- 
ever SO; was present. Numerous examinations of furnaces after 
extended operation with an air belt showed corrosion to be ar- 
rested, the ash and slag to be more easily detached from the wall 
the ash to be softer and more porous, and the enamel to be less 
fused and lighter in color. 

Air-belting was a temporary, but effective expedient initiat 
by the boiler manufacturer’s engineers to arrest attack until mor 
effective measures could be devised. Were it not for the fact tha 
fly ash and other debris filled the space between the tube, | 
venting uniform distribution of the air to the affected wall areas, i! 
seems certain that complete arrest of attack might be obtained 
Other considerations, however, made it more desirable to change 
burner design to secure more uniform distribution of heat 
furnace, to provide a blanket of secondary air along the wall 
to prevent flame impingement on wall areas where attack tend 
to be active. There has been considerable promise along thes 
lines, but it is as yet too early to evaluate completely the a¢ 
vantages of various burner arrangements. Frequent and | 
sive field inspections were started some time ago to accumu! 
much data as possible on the effectiveness of burner desig! 
sustained operation, with only short and infrequent outages 
during the past few years, has made it virtually impossib 
plan a rational schedule of inspections. For example, it 
sirable to gage tubes in suspected areas at least twice a yea 

to record carefully the condition of the slag, ash, and tubes. 

Experience has shown that close adherence to the boiler 
facturer’s recommendation is absolutely essential to the su 
of any preventive measure. Trouble may be expected wh 
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sustained loads are carried in excess of the design capacity, ash 
and slag are permitted to accumulate in a manner to cause ab- 
normal flame conditions, improper or insufficient attention is 
given to burner damper settings, and the excess air is carried too 
low. Lack of attention to these factors can, and does lead to tube 
damage that might not ordinarily be experienced. 

Considerable attention has been paid to another method for 
preventing attack, that of applying protective metallie coatings 
to the tubes in affected areas. The laboratory and the field work 
on this phase of the problem is nearly completed, and will be re- 
ported in the next and last paper of this series. 


Deposits TO CORROSION OF 


TUBES 


LRON-SULPHIDE 
FURNACE-WALL 


SIGNIFICANCE OF 


In a few cases, severe tube corrosion has been found where, 
after the slag was detached from the walls, the tubes were covered 
with a dull, black, brittle, adherent scale beneath which little or 
none of the enamel type of deposit was evident, except around the 
Usually these deposits were quite thick, 
3/,¢in. not being unusual. The analyses of a few typical samples 
of these deposits are given in Table 3. 


sides of tubes. 5/30 to 


TABLE 3 ANALYTES. OF TYPICAL IRON SUL ae DEPOSITS 
FROM FURNACK-W ALL TUBE 
Sulphur Equiva- 

as as lent Car- 

Sample SiO. FeO, ALO, CaO MgO SO, Ss FeS bon 
3 .7 6.3 3.36 23.7 65.5 0.5 

B 4.8 68.0 4.7 2.9 0.4 2.47 21.2 «. 58.4 2.0 
ay 2.5 85.6 3.3 0.1 0.2 0.2 26.3 72.3 6.8 
Db 2.5 81.8 KS 32.3 88.8 1.0 
Nore: All samples were strongly magnetic, brittle, iridescent blue or 


black in appearance, and very slightly soluble in water. 


The x-ray diffraction patterns of each were the same as that 
shown in Fig. 14, in which comparison is made with a standard 
pattern of FeS to show the predominance of this phase. The 
diffraction lines of FesO, also are present. 

At first, the observation that there was very little of the enamel- 
type deposit beneath the iron sulphide deposit where the metal 
was most corroded, suggested that attack was caused by an en- 
tirely different mechanism from that described for enamel de- 
posits. The disturbing feature of these cases, however, was that 
enamel deposits never were entirely absent, there often being a 
paper-thin skin of fused enamel on the corroded area, which 
gradually thickened toward the side of the tube. 

Early in the investigation it was proposed that enamel had been 
present originally in these areas, but that carbon monoxide in the 


Furnace wall tube deposit «Fe 30,4) 


FeS 


Camera diameter =70 mm. 
Cu Ke radiation 
45 KV, 15 ma. 


Fig. 14 X-Ray DIFFRACTION PATTERNS or TrPIcaL Inon-SULPHIDE- 


edt) 


EXTERNAL CORROSION OF 


FURNACI 


{-WALL TUBES 
furnace atmosphere reduced the sodium and potassium sulphates — 
to the corresponding sulphides, which then reacted with the steel 
to form iron sulphide. As the laboratory experimental work pro-_ 
gressed, and correlations were made with a considerable amount of 
field data that had been obtained from frequent inspections of 
furnaces, three cogent objections to this theory became apparent: 


1 The amount of iron in these deposits far exceeded the 
amount that could be accounted for by the measured loss of 
metal. 

2 Assuming for simplicity that the original enamel consisted 
entirely of K.SO,, then the product of the foregoing reaction would 
have to be a complex potassium iron sulphide, which would pro- 
duce a characteristic x-ray diffraction pattern and a strongly 
alkaline reaction in water. None of the sulphide deposits exa- 
mined to date ever has had the slightest evidence of these charac- 
teristics. The assumption that the alkali metal subsequently is 
volatilized, leaving only iron sulphide, is convenient but im- 
probable because of the relatively low temperatures involved. 

3 The appreciable amounts of carbon in the deposits sug- 
gested strongly that it originated from the coal, and therefore 
that incompletely burned coal deposited on the walls, carrying 
with it pyrites, FeS., which oxidized on the walls relatively slowly 
to FeS. In at least one case, which came to the authors’ atten- 
severe tube attack occurred during a period when the riffle 
distributors in the coal-feed pipes had become badly eroded and 
poor distribution of the coal from the burners resulted. The 


tion, 


black deposits on the walls, at the time the poor condition of the 
rifles was discovered, were exceptionally thick and contained a 
relatively high percentage of carbon. 

Therefore, as a working hypothesis on which to base the ex- 
perimental work, it was decided that pyrites from the coal ad- 
heres to the tubes, a condition that can arise from poor distribu- 
tion of the coal stream leaving the burners or from excessive 
coarse coal, and oxidizes slowly to FeS according to 


FeS, O.—>FeS s+ SO, [3] 


If the oxidation proceeds further, Fe;0, may be formed accord- 

ing to 
3 FeS + 5 O.—>Fe,0, + (4] 

These reactions could account for the presence of FeS and 
Fe;O, in the deposits and for a comparatively large source of SOs, 
which could cause corrosion by reacting directly with the metal, or 
by oxidizing to SO, and reacting directly with the metal, or with 
enamel deposit on the tube to form pyrosulphates. 

The extent that pyrites decomposed was determined in a range 
of temperatures of the order that conceivably could exist in a de- 
posit in contact with a furnace tube. Pyrites of reagent grade, 
containing 95.3 per cent FeS., was crushed to pass a 100-mesh 
sereen, weighed into a poreelain boat, and placed in the furnace 
shown in Fig. 10. Two series of tests were run, one with a slow 
stream of tank nitrogen passing over the sample, and the other 
with a mixture consisting of 12 per cent CO and 88 per cent tank 
nitrogen. Since the tank nitrogen contained a few tenths per cent 
of oxygen, the conditions for the tests with nitrogen only were 
slightly oxidizing. 

The temperature was controlled from a shielded chromel- 
alumel thermocouple in contact with the boat. Although the 
indicated temperature probably did not represent the sample 
temperature any closer than +25 deg F, it was considered suffi- 
ciently precise for the purpose. 

Since FeS comprises the largest percentage of the deposits, 
similar tests were made with reagent grade FeS for the purpose of 
comparing its behavior with pyrites. The results of these tests 
are given in Table 4. 
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TABLE 4 CHANGE OF WEIGHT OF FeS: AND FeS WHEN 
HEATED 1 HR IN MILDLY OXIDIZING, —" STRONGLY RE- 
DUCING ATMOSPHER 


(Ox. = Tank N: containing 0.2 per cent O2; as = 12 per cent CO, 88 per 
cent Ne) 


-——-Change of weight, per cent——~ 


e x ed. 
.—22.4 +0.5 +3.1 
Nore: + indicates a net increase of weight. tar 


The product from the tests with pyrites was shown by x-ray- 


diffraction analysis to be FeS and a small amount of Fe;0,. The 
FeS was virtually unchanged, faint lines of Fe;0, appearing as the 
result of slight oxidation by the oxygen in the nitrogen. 

These data show that pyrites readily loses an atom of sulphur 
at relatively low temperatures, and that the extent of the de- 
composition at a given temperature is not affected appreciably by 
the atmosphere. 

The primary reaction probably is 


bd 
FeG,—>FeS + 
and when conversion to FeS is complete, the residual oxygen in 
the nitrogen oxidizes it as follows 


3 FeS + 5 O,—>Fe,O, + 3 SOz........... [6] 


It is apparent that the latter reaction takes place relatively 
slowly, as shown by the results with FeS, slight oxidation to 
Fe;0, occurring and producing a net increase in weight of the 
samples. 

The free sulphur from the primary reaction, Equation [5], 
may combine directly with the tube metal and form FeS at a 
relatively high rate, that is, at temperatures of 700 to 800 F the 
rate of attack would be much higher than that of normal oxida- 
tion in this temperature range. Although it is unlikely that free 
sulphur ever reaches a furnace tube, since a certain amount of 
oxygen always will be available to oxidize it, corrosion tests were 
made in evacuated tubes containing an iron-wire specimen em- 
bedded completely in FeS:, and in FeS for comparison. Con- 
ducting the test in this manner insured contact of the metal only 
with sulphur vapor from decomposition of the sulphides. The 
results are given in Table 5 


RATE OF CORROSION OF IRON IN FeS: AND FeS 
IN EVACUATED TUBES 


TABLE 5 


——Per cent loss of weight in 168 hr—~ 
F 850 F 1000 


Iron in 700 5 F 
FeS: 6.2 20.2 100.0 aft 
FeS nil nil 0.5 


It is to be noted that the rate of corrosion in the pyrites in- 
creased rapidly with temperature, being of the order of magnitude 
at 700 F, the nominal temperature of a furnace tube in a high- 
pressure boiler, of the rate of corrosion in molten pyrosulphate, 
as seen in Fig. 7. The results with FeS were to be expected since 
the sulphur vapor pressure of this compound is very low in the 
range of temperatures studied. 

On the basis of these experiments, and observations in the 
field where tube corrosion has been associated with iron sulphide 
deposits, it is believed that the deposition of pyrites on enamel de- 
posits may lead to rapid attack of furnace tubes. It is thought 
that the mechanism of corrosion does not differ from that in the 
case of enamel deposits, except that the pyrites is a richer source 
of SO, and SO; than coal ash, with the probability that liquid 
pyrosulphates are formed more rapidly. This may account for 
the fact that frequently the enamel is very thin under iron sul- 
phide, liquid pyrosulphate having formed and flowed from the 
areas where the metal temperature was highest. 
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This does not dismiss the possibility that deposits of pyrites, in 
the absence of enamel deposits, can cause corrosion by supplying 
local high concentrations of SOz and SO; to the surface of the 
tubes. The probability of this occurring, however, appears to be 
negligible since SO. and SOs, even in high concentrations, do not 
corrode steel appreciably faster than air, at temperatures nor- 
mally to be expected at the surface of a furnace tube, that is, 


700 to 800 F. 
att? a 


In summary, the sequence of events proposed for furnace-tube 
corrosion in the presence of sulphide deposits is as follows: 


SUMMARY AND CONCLUSION 


Sodium and potassium sulphates deposit on the tubes as in- 
dicated by Step B, Fig. 2. 

Unburned coal, containing relatively large amounts of pyrites 
adhere to the enamel and forms a thick deposit. 

The pyrites oxidizes slowly to FeS and Fe;0,, the sulphur 
evolved combining with oxygen to form SO, and SOs. 

Subsequent reaction of these gases with enamel then causes 
corrosion by the dry or ‘‘wet”’ reactions described in the first part 
of this paper. 

It is recognized by the authors that the evidence is indirect and 
the deductions therefrom are inferential. However, considering 
the practical difficulties, or even the mepouibility, of securing 
representative samples of deposit, in situ, during the operation of 
a furnace, the method of approach is considered to be justified 
and the hypothesis proposed for the mechanism of attack to be 
reasonable. Considerable weight was given to the fact that in 
two cases where severe corrosion occurred in furnace areas rich in 
iron sulfide deposits, mill adjustments and coal-distributor-pipe 
repairs improved conditions considerably, that is, to the extent 
that subsequent gaging of tubes in previously affected wall areas 
showed considerable reduction in the rate of thinning, and th 
characteristic sulphide deposits no longer were found. 

In conclusion, corrosion of furnace tubes, where pyrites deposits 
occur may, under certain conditions, lead to relatively high rates 
of attack. Such attack can be minimized (a) by close attention 
coal fineness to prevent excessive amounts of coarse coal reaching 
the furnace, (b) maintenance of distributors in the coal feed pipes 
to the burners, and (c) avoidance, in so far as possible, of fi 
impingement on the furnace walls. 


Discussion 


W. T. Reiw.'® The continuation of this study has yielded 
valuable information on the reaction of alkalies and iron oxid 
with sulphur trioxide on the wall tubes of modern boiler furnaces 
Originally started to explain the action whereby furnace-\ 
tubes were being severely corroded during normal servic« 
investigation has disclosed a basic mechanism whereby super 
heater elements or, indeed, any part of the heat-receiving surfa 
of a boiler could be damaged. Particularly, the explanation of t! 
quantitative effect of sulphur trioxide on the ability to for 
objectionable deposit was a necessary step in the over-all u 
standing of the problem 

Although external corrosion of wall tubes seems no longer 
occurring at the rates observed during 1942-1944, yet instances 
are still occurring where superheaters and other higher-temper® 
ture elements are being corroded at an excessive rate. Thes 
data will be most helpful in the future, as the increase in st 
temperature and the trend toward reheat poses new problems 
materials and maintenance for designers and operators alike. 

It is particularly interesting that the earlier conclusio! 


16 Supervisor, Fuels Research, Battelle Memorial Institute 
lumbus, Ohio. Mem. ASME. 
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garding the mechanism of corrosion, as proposed by this same that many problems will require solution in the future regarding 
group of investigators, has been confirmed. The actuality of the deposits on heat-receiving surfaces. These data will be of inesti- 


mechanism in 1945 was predicated on the availability of sulphur —mable assistance in such investigations. o 
trioxide at the surface of the wall tube. However, without knowl- 
edge of the actual concentration of sulphur trioxide required to 
permit the formation of corrosion products, it was not possible Mr. Reid’s comments are appreciated, especially so in view of 


then to state exactly that the mechanism was correct. Rather, his close connection with the experimental work conducted by 
the explanation was based largely upon the elimination of other the Bureau of Mines. 

possible factors. With the data available in this paper, however, Reports of tube corrosion of the type described in these 
the conditions required to produce “enamel” deposits can be papers have been infrequent during the past few years, which 
specified exactly; they are shown to be within the range in which may be the result of better maintenance and less forcing of 


sulphur trioxide can be present to form enamel. The tests made steam generators above design ratings since the end of the war. 
in the gas-fired furnace in which sodium sulphate was transported Also to be considered are significant improvements in new units 
in one case, and formed from sodium carbonate in the other, seem with regard to the distribution of heat and the coal-air streams 
convincing enough that the alkali metals can be condensed from in the furnace. However, field experiments with protective 
the gas phase on relatively cool surfaces in boiler furnaces. metallic coatings, applied to furnace tubes, still are in progress, 
Although it is understood that this report will be the last in this and it is hoped that sufficient quantitative data will be obtained 
. series and that the investigation is to be terminated, it isexpected during the next year to submit in the final paper of this series. 
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Methods and Instrumentation for Furnace _ 
Heat-Absorption Studies: Temperature and 
Composition of Gases at Furnace Outlet _ 


By PAUL 


As part of the general program of investigations by the 
ASME Special Research Committee on Furnace Perform- 
ance Factors, the Combustion Research Section of the 
Bureau of Mines is making a series of determinations of 
furnace heat absorption of representative pulverized- 
coal-fired boiler furnaces. During the course of these 
studies, modifications have been made in the test tech- 
nique to improve the precision of furnace testing. Auto- 
matic recording instruments have been employed, which 
permit more detailed sampling and examination of furnace- 
outlet gases than heretofore, without an appreciable 
increase in the time or work required. Improved designs 
of radiation shields have been developed for high-velocity 
thermocouples with accuracy comparable to the B&W 
multiple-shield high-velocity thermocouple, but which 
may be employed conveniently in pulverized-coal-fired 
furnaces. Detailed descriptions are presented of the 
distribution of gas composition and temperature at the 
outlet of a 640,000-lb per hr horizontally fired boiler fur- 
nace. Based upon this knowledge, the sampling charac- 
teristics of the gases at the furnace outlet for furnace 
heat-absorption measurements have been examined, and 
a procedure is suggested for the rational selection of sim- 
plified sampling schedules. The methods of calculating 
furnace heat absorption from the temperature and gas- 
composition data are examined critically with special 
emphasis on the effect of weighting with respect to mass 
velocity. Suggestions are presented whereby the signifi- 
cance of mass velocity for furnace heat-absorption calcu- 
lations may be determined from the temperature and gas- 
Teds of 

HE ASME Special Research Committee on Furnace Per- 

formance Factors was organized in 1941, to collect and 

rationalize data on commercially important furnaces as an 
iid to design and operation. The committee laid out a broad 
program of investigation of the many factors affecting furnace 
performance, an essential part of which was the accurate measure- 
ment of the heat absorption in furnaces by the determination of 
the temperature and composition of the gases leaving the furnace. 
At the request of the committee, the Combustion Research 
Section of the Bureau of Mines assumed responsibility for this 


INTRODUCTION 


‘Fuel Engineer, Combustion Research Section, Bureau of Mines. 
Mem. ASME. 
y,euPervising Engineer, Combustion Research Section, Bureau of 
lines. Mem, ASME. 
Fuel Engineer, Combustion Research Section, Bureau of Mines. 
Contributed by the Research Committee on Furnace Performance 
actors and the Fuels and Power Divisions, and presented at the 
' ual Meeting, New York, N. Y., November 28-December 3, 1948, 
« Tae AMERICAN SOCIETY OF MECHANICAL ENGINEERS. 
Nore: Statements and opinions advanced in papers are to be under- 
as individual expressions of their authors and not those of the 
Paper No. 48—A-161. 
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phase of the committee’s work. So far two units have been stud- a 
ied, and a complete report on the first has been presented to the - 
Society.‘ 

Because of the importance in this work of testing techniques 
and instrumentation, the Special Research Committee established 
a Subcommittee on Instrumentation, which in 1946, recommended 
methods for measurements related to the work of the committee, 
including the measurement of the temperature of the gases leav- 
ing the furnace. The primary objective was to devise accurate 
procedures that were convenient for use under plant operating 
conditions. In conjunction with the plant tests, considerable 
attention has been devoted to this end, and enough progress has 
been made to justify a separate report on this phase of the 
committee’s activity. 

In the subsequent discussion it is assumed that the enthalpy 
of the gas is defined completely in terms of a single temperature 
measured by a particular instrument. Although this assumption 
is not generally correct, as shown by the discussion of Mayorcas, 
Pritchard, and Thring,' it does hold for the conditions met so far 
in the work of the committee. However, the possible consequence 
of the failure of the enthalpy of a gas to be defined by an indi- 
cated temperature must always be borne in mind, so that where 
temperature measurements are not permissible, other procedures 
may be substituted. 


wl tay 


GENERAL CONSIDERATIONS 


Outline of Procedure of Furnace Heat-Absorption Measurements. 
The heat absorption in a boiler furnace is defined as the heat 
transferred by convection to the furnace-wall tubes, not including 
the screen, and the heat transferred by radiation to the furnace- 
wall tubes, including the screen. It is obtained as the difference 
between the heat available in the furnace (the low heat value of 
the fuel fired, corrected for unburned combustible, plus the 
sensible heat in the air used for combustion) and the sensible heat 
in the furnace-outlet gases and the refuse, and the heat trans- 
ferred from the furnace casing. With but slight modifications, 
the test procedure is that of Method (b) of the ASME Test 
Code for Stationary Steam-Generating Units. The most signifi 
cant difference between furnace and boiler testing, aside from the 
conditions under which the temperature and composition of the 
gases must be determined, is that the heat available in the pre- 
heated air is an important factor in the furnace heat balance. 
whereas, it does not enter into the over-all boiler heat 
balance. The accurate determination of this quantity, which 
usually amounts to 5 to 10 per cent of the total heat available in the 
furnace, presents some difficulties. It may be determined most 


4“An Investigation of the Variation in Heat Absorption in a 
Pulverized-Coal-Fired, Water-Cooled, Steam-Boiler Furnace. II. 
Furnace Heat Absorption as Shown by the Temperature, Composi- 
tion, and Flow of Gases Leaving the Furnace,” by W.T. Reid, Paul 
Cohen, and R. C. Corey, Trans. ASME, vol. 70, 1948, pp. 569-585. 

5**Problems of Gas Temperature Measurement Above 1500° C,”’ 
by R. Mayorcas, W. Pritchard, and M. W. Thring, presented at the 
Third Symposium on Combustion and Flame and Explosion Phenom- 
ena, The University of Wisconsin, Madison, Wis., Sept. 7-11, 1948. 
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conveniently from a heat balance on the air heater, and this pro- 
cedure is currently being followed. Simultaneous determinations 
of the velocity and temperature of air in the primary and 
secondary-air ducts in a recent series of furnace tests will permit 
comparison of the two methods and evaluation of the simplified 
procedure. 

The other quantities in the furnace heat balance are calculated 
by standard procedures. The basic data for the temperature and 
composition of the gases, obtained by means of specialized tech- 
niques appropriate for furnace testing, are used to calculate the 
sensible heat in the furnace-outlet gases. The quantities of the 
individual gas components are calculated from the test data, 
and their heat contents are then obtained from the tables of 
Heck. 

The distribution of the residue (ash-pit refuse and fly ash) is 
determined by standard means, and from the analysis and dis- 
tribution of the residue the combustible loss is determined. 
The sensible heat in the refuse and fly ash is similarly calculated. 
The heat loss from the furnace casing is generally taken as one 
half that of the entire unit, as determined from the ABMA 
Standard Radiation Loss Chart. The value so obtained is proba- 
bly too high, and, if possible, a more direct estimate of this 
quantity should be meade from oserved casing temperatures 
and appropriate ra" :t.ou and convection heat-transfer coeffi- 
cients. 

Sampling Procedures. In addition to the chosen techniques 
of measurement, sampling procedures also are decisive in fixing 
the limits of precision of furnace testing. For the coal fired and 
the fly ash, standard procedures are available and should be 
followed. For sampling the furnace-outlet gas, there exists only 
the recommendation of the ASME Test Code for Stationary 
Steam-Generating Units that the cross section of the gas passage 
be divided into equal areas, preferably of not less than 18 sq ft 
each, and that a sample be taken from, and the velocity of the 
gas be measured at, the center of each area, and a weighted 
average calculated therefrom. Because of limited access to 

most boiler furnaces, it is frequently difficult to do this, and com- 
promises must be made. In a recent series of tests, the Test Code 
procedure was found to be quite adequate; indeed, a smaller 
number of samples would have been satisfactory. If this sam- 
pling procedure is followed in preliminary tests, the sampling 
characteristics of the furnace-outlet gases can be determined, 
and a logical choice of the number and location of sampling 
points can be made. This process is illustrated in a later sec- 
tion of this report. 


TEMPERATURE MEASUREMENTS 


Apparatus, Review. The accurate measurement of the tem- 
perature of gases in boiler furnaces presents special difficulties. 
These arise from the high temperatures at which measurements 
must be made and the high rate of heat transfer that may exist 
between the measuring instrument and the flame and the water- 
cooled surfaces of the furnace. Considerable attention has been 
given to this problem, both theoretical and experimental. Miulli- 
kin? and Mullikin and Osborn® have discussed the theory of this 
problem and the application thereto of the high-velocity thermo- 


“The New Specific Heats,” by R. C. H. Heck, Mechanical 
Engineering, vol. 62, 1940, pp. 9-12. 

7 “Gas Temperature Measurement and the High-Velocity Thermo- 
couple,” by H. F. Mullikin; Temperature—Its Measurement and 
Control in Science and Industry, Reinhold Publishing Company, 
New York, N. Y., 1941, pp. 775-804. 

8 “Accuracy Tests of the High-Velocity Thermocouple,”’ by H. F. 
Mullikin and W. J. Osborn; Temperature—Its Measurement and 
Control in Science and Industry, Reinhold Publishing Company, 
New York, N. Y., 1941, pp. 805-829. 
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couple, which has become the basic instrument for measuring the 
temperature of furnace gases. 

The single-shield high-velocity thermocouple (SHVT), shown 
in Fig. 1(a), consists of a thermocouple, generally of platinum- 
rhodium platinum, mounted at the end of a water-cooled holder 
or probe and surrounded by a cylindrical ceramic shield through 
which the gas is aspirated past the thermocouple at high velocity, 
The manner by which this arrangement decreases the error of 
temperature measurement will be apparent from simplified 
considerations of the heat-transfer balance of a bare thermo- 
couple immersed in a stream of gases in a water-cooled furnace, 
where the walls are colder than the gas, and radiation from the 
gas to the thermocouple is negligible. 


Sechoa 
b Multiple high vetocity thermocouple sheild 
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Heat is transferred by convection from the gas, at absolut’ 
temperature 7',, to the thermocouple at absolute temperatun 
T,, at a rate equal to h,A(7T, — 7,), where h, is the coefficient 0 
convection heat transfer, and A is the surface area of the thermo- 
couple. Heat is lost by radiation from the thermocouple t& 
the surroundings at a rate equal to eoA(7,4 — Ty‘), where 7, 
is the effective absolute temperature for radiation of the sur 
roundings, ¢ is the radiation constant, and ¢ the emissivity of the 
thermocouple surface, and by conduction along the thermo 
couple leads. Since the loss of heat by conduction can be reduced 
to a negligible amount by proper design of the couple component 
parts, it is neglected in this discussion. Therefore the beat re 
ceived by the thermocouple by convection at its equili 
temperature is equal to the heat lost by radiation and 


Thus the greater the difference between 7, and Te an 
lower the value of h,, the greater will be the value of 7, 
which is the error of temperature measurement of the ga 
The shielded high-velocity thermocouple is designed to decr¢ 
both sources of error of the bare thermocouple. Thus by aspit 
ing the gas past the thermocouple at high velocity, h, is consider 
bly increased, and, simultaneously, the shield is heated by th 
gas, bringing its temperature closer to that of the thermocoup 
and gas, decreasing the term 7’, — T's‘, which determines t 
radiation heat transfer. 

Experience has demonstrated that single-shield high-veloc 
thermocouples of the type shown in Fig. 1(a) are seriously 
error when used under extreme conditions, such as in boiler fur 
naces, and numerous modifications of this device have been mad 
consisting mainly of increasing the effective number of radiation 
shields between the thermocouple and the environment. 
these, the multiple-shield high-velocity thermocouple of Mul 
kin® Fig. 1(6) (B&W MHVT) has gained widest acceptance ! 
this country as a reference standard for the calibration of simpler 
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instruments of the type shown in Fig. l(a). As shown in Fig. 
1(b), the shield of the multiple-shield high-velocity thermocouple 
consists of a number of porcelain tubes inserted into a larger 
external cylindrical ceramic tube. The furnace gas is aspirated 
through all of the tubes and the spaces between the tubes; the 
thermocouple may be inserted into one of the tubes or a space 
between the tubes. There exist a multiplicity of surfaces heated 
by the gas between the thermocouple and the external environ- 
ment. 

Comparison tests between the indications of this multiple- 
shield high-velocity thermocouple (B&W MHVT) and true gas 
temperatures were made by Mullikin and Osborn,’ in a laboratory 
setup, and the differences were found to be negligible for the 
conditions of the comparison. In addition, comparisons between 
the indicated temperatures of a modification of the single-shield 
high-velocity thermocouple shown in Fig. l(a), B&W SHVT 
the modification consists in enclosing the thermocouple in a 
protection tube for work in dirty gases) and the B&W MHVT 
have been published.* These corrections, based cn field studies, 
in addition to the laboratory work of Mullikin and Osborn,® are 
used to correct data taken more conveniently with the B&W 
SHVT. 

It is the opinion of some workers in the field that the errors 
f simple high-velocity thermocouples, such as that shown in 
Fig. l(a), are unique to each condition of measurement. Thus 
for each furnace heat-absorption test, an instrument with low 
inherent error should be used, such as the B&W MHVT, or ex- 
tensive calibrations with such an instrument should be made 
during each test. Since either procedure involves use of the 
MHVT, the work required would be considerably increased, 
because the B&W MHVT can be used for only very short inter- 
vals in dirty gases, such as those of pulverized-coal-fired furnaces. 
Therefore the possibilities were considered of designing shields 
with improved accuracy, compared to the SHVT of Fig. 1(a), 
without appreciable loss of convenience in operation. Two de- 
signs were developed, constructed, and tested during a series of 
furnace heat-absorption tests on a pulverized-coal-fired dry- 
bottom steam generator rated at 640,000 Ib of steam per hr and 
%0 F total steam temperature. The results of these tests are 
presented in a later section of this report. 

Apparatus—Current Types. The main elements of the tem- 


'“Improved Application of Coal-Burning Equipment: Designing 
Coal-Burning, Equipment to Eliminate Trouble Spots,”’ by W. H. 
Rowand, ASME Paper No. A-46-81, bound at back of vol. 69, Trans. 
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perature-measuring system now being used are: (a). Water-cooled 
thermocouple holder, (b) refractory thermocouple shield, (c) 
thermocouple, lead wire, and insulators, (d) flue-gas connections 

and measuring system, and exhauster, (e) recording potenti- 
ometer, and (f) equipment for calibrating the thermocouple. 
These elements will be described in detail. fan 


+ 
ELEMENTS OF TEMPERATURE-MEASURING SYSTEM ai} 


(a) Water-Cooled Thermocouple Holder. Fig. 2 is an assembly 
drawing and shows most of the details of the water-cooled holder. 
The three outer tubes may be plain carbon steel but preferably 
should be of corrosion-resistant materials. The inner tube is 18-8 


stainless and has three thin fins welded to it, 2 in. from the front _ 
The 1'/;-in. tube has sets of © 


end, to center it in the */,-in. tube. 
120-deg spacers at 2-ft intervals along its length to center it in — 
the outer tube. The tip is copper and the fittings are brass. 
The back opening of the suction-connection fitting is large enough 
to pass the fins on the '/,-in. tube. This permits the !/,-in. tube 


to be removed from the back end of the holder, eliminating the 


necessity of dragging the thermocouple lead wire through the 
dirty gas tube, and accounts for the special design of the packing 
gland on the '/,-in. tube. The thermocouple spool is bakelite. 

These holders have been built to a maximum length of 15 ft. 
For assembly, the 1'/:-in. tube should be cut to length desired; 
the 1!/s-in. tube °/s in. longer than the 1'/,-in. tube; the #/,-in. — 
tube 8'/; in. longer than the 1'/,-in. tube; and the '/;-in. tube © 
not less than 11'/; in. longer than the 1'/--in. tube. 
cut to proper size, and °/;-in. water holes are cut in the 1'/:;in. — 
and 1'/;-in. tubes. The ends of all tubes are cleaned; the 1!/-- 
in. and 1'/;-in. tubes are sweated to the water-connection fitting. 
The copper tip is silver-soldered to the 3/,-in. tube; the #/,in. 
tube is then inserted into the tube assembly, and the 1'/rin. 
tube is silver-soldered to the tip. The suction-connection fitting p 
is then sweated on the */,-in. tube. 

The water-connection fittings can be adapted to suit available 
equipment. The water pressure should not be less than 60 psig 
for long holders (15 ft) at temperatures up to 2300 F. For higher 
temperatures a pressure of 100 psig is advisable. In any case, 
it always should be possible to place the bare hand on the holder 
at the outlet end. 

(b) Radiation Shields. The two new designs of radiation 
shield just mentioned are shown in Fig. 3. Each is 4 in. long and 
1'/s in. OD, and consists of a central cylindrical bore, in which the 
thermocouple is located, and an outer section containing a 
multiplicity of symmetrically arranged holes, which form an addi- 
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tional gas-heated surface to provide a second shield. The outer 
section of type G contains eight cylindrical holes, whereas that of 
type E contains four kidney-shaped holes. To obtain enough 
holes of adequate diameter, the over-all diameter of these shields 
is considerably greater than the SHVT, but not much greater 
than the B&W MHVT. These shields are made by the McDanel 
Refractory Porcelain Co., Beaver Falls, Pa., as extrusions from 
special dies, and their unit cost is comparable to that of the 
single-shield type. The shields were originally made in both 
an alumina-base and a zirconia-base refractory body. Experience 
has demonstrated no superiority of one over the other, and cur- 
rent supplies are being made of the alumina body (304), which 
fires to a more consistent size and shape than does the zirconia 
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Fic.3 THERMOCOUPLE SHIELDS, BuREAU OF MINES, 
Types E anp G 

Before use, a 2-in. X 4-in. strip of nichrome gauze, No. 24 wire, 
16 mesh, is wrapped around the base of the shield and fastened 
with a loop of No. 20 gage nichrome V wire to provide a flexible 
cushion between the shield and the copper tip. The wrapped 
end of the shield is covered with a stiff paste of Norton RA-1148 
refractory cement, so that the gauze is well covered. The paste 
may be allowed to dry, or the shields can be used immediately. 
The gauze end of the shield is forced into the copper tip of the 
holder, and the open spaces between shield and tip are sealed 
with more refractory cement. 

In a series of 11 furnace tests, about 350 measurements at 
temperatures up to 2450 F were made with 85 type E shields, 
the ash of the pulverized coal having an initial deformation tem- 
perature on the oxidizing basis of 2230 F. Although shields of 
the type in Fig. 1(a), were not used in these tests, and there is no 
exact basis for comparison, it is the opinion of the authors that the 
new shields gave little more trouble than previous experience 
indicates would have been obtained with the single shield. 

(c) Thermocouple, Lead Wire, and Insulators. The thermo- 
couple, consisting of 0.6-mm-diam Pt, 10 per cent Rh, and Pt 
wires, should be at least 4 ft long. One inch of bare wire is ex- 
posed at the hot junction, which is located 1 in. back from the 
front end of the shield. The ends of the thermocouple and the 
binding posts at the end of the holder are connected with bare 
compensating lead wires, consisting of a positive lead of No. 20 
gage thermocouple-grade copper wire and a negative lead of No. 
20 gage copper-alloy wire. The latter may now be obtained 
from the Wheelco Instrument Company, for lengths under 1000 
ft, or from the Driver-Harris Company, for lengths over 1000 ft. 

The thermocouples and lead wire are joined by butt welding 
in the oxy-gas flame without fiux, which will require some practice. 
The assembly of thermocouples and lead wires is strung through 


10 The reader is referred to the discussion of this paper for further 
details on the length of thermocouples. 
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24-in. lengths of °/j:-in-OD double 0.040-in-bore thermocouple 
insulating tubing. The insulators and wire are then threaded 
through the '/,-in-QD 18-8 thermocouple-protection tube. Ex- 
cess lead wire at the end is insulated with lengths of spaghetti, 
and after the thermocouple protection tube is placed in the 
holder, is wound around the spool, taped in place, and the ends 
connected to the binding posts on the spool. Connection between 
the binding posts and the potentiometer is made with standard 
compensating lead wire. 

(d) Gas Connections, Gas-Measuring System, and Exhauster. 
Because of the large flow cross section of shields E and G, the 
rate of flow of gas required is considerably greater than with con- 
ventional shields. For this reason the gas tube in the water- 
cooled holder is */, in. OD, and all gas connections must be of 
large cross section and capable of withstanding 15 in. Hg vacuum 
without leakage or collapse. Compressed-air hose, or steam hose 
is recommended for connecting the water-cooled holder and the 
exhauster. All connections are made with °/,-in. iron-pipe-thread 
steam-hose couplings. 

The gas-measuring system shown in Fig. 4 comprises a dial 
thermometer to measure the temperature of the gas, a '/-in 
orifice, and static pressure and differential manometers. The 
assembly is readily constructed from available pipe fittings. 
Moisture traps are provided on the manometer connections and 
may prove of value for work in gas-fired furnaces. 

If it is known, or at all probable that the thermocouple holder 
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will be depressed below the horizontal when immersed in the 
furnace, the gas flow should be adjusted to an appreciable rate 
before the holder is inserted in the furnace. This precaution is 
necessary to prevent condensed water in the gas tube from flowing 
down on the hot shield and cracking it. 

Gas is aspirated through the system by means of a Schiitte- 
Koerting steam-jet exhauster 1'/;-in. size, operated with com- 
pressed air. The air pressure should be not less than 80 psig; 
100 psig is preferable. Because of the operating characteristics 
of the exhauster, best control of gas-flow rate is obtained by 
operating the exhauster close to its maximum capacity, and 
controlling the rate of flow of gas by means of the throttling valve 
shown in Fig. 4. 

(e) Recording. Every effort should be made to record tem- 
peratures automatically with a high-speed electronic recorder at 
high chart speeds (strip chart) or with a 1-hr clock (radial chart). 
With such equipment, the inevitable fluctuations of the tempera- 
ture of the gas, illustrated in Fig. 5, are recorded, and a good 
average value of the indicated temperature of the gas can be ob- 
tained from observations lasting less than 1 min. Recent experi- 
ence has shown that this procedure represents a convenient 
method for obtaining a useful average of the temperature of the 
gas at a given point in the furnace. 
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(f) Checking of Thermocouples. The Subcommittee on 
mentation of the Special Research Committee on Furnace 
Performance Factors in its report of 1946, wrote: ‘‘Because of the 
Possibility of contamination of the platinum thermocouple by 
alloying with elements from the slag or by the action of hot gases, 
itis a wise precaution to check the accuracy of the thermocouple 
a frequent intervals. This can be done in the field by the use of a 
imple electrically heated immersion furnace, which is readily 
made up from an alundum tube, wound with resistance wire of the 
uichrome type, one end being closed by a plug of refractory 


material. The resistance should be such that a temperature of 
1800 F can be obtained with an applied voltage of 110 volts. 
A continuously variable transformer is desirable for control of 
the temperature. 

“The following detailed procedure for conducting the immersion 
test is recommended: The thermocouple being tested and its 
porcelain insulators shall be withdrawn from the water-cooled 
holder for a distance of at least one foot. An uncontaminated 
reference couple of the same composition and wire size, and fitted 
with identical porcelain insulators, at least one foot long, shall be 
tightly wired at three points to the service couple in such a manner 
that the hot junctions of the two thermocouples are as close to- 
gether as possible, but not touching. This assembly shall be 
inserted in the immersion furnace, and accurately centered in the 
tube at several depths of immersion, taking comparative readings 
of the two thermocouples when stable conditions are reached at 
each point of immersion. The thermocouples may be tested 
with or without exposure of bare wire at the hot junction, de- 
pending upon how the service thermocouple is used in the high- 
velocity holder, but both thermocouples must have the same 
exposure. A suitable plug of refractory material shall be used to 
close the insertion end of the furnace tube, while the calibration 
test is being run. 

“If the wires of the service thermocouple are not contaminated , 
its readings will check the reference couple at all depths of im- 
mersion in the calibrating furnace. If local nonhomogeniety is 
present, the amount of error will vary progressively for increased 
depth of immersion until final agreement may be reached, when 
the entire contaminated portion is within the furnace and at the 
temperature of the hot junction. 

“For ideal calibration, there should be an accurate reproduction 
of temperature gradient in the wires inserted into the immersion 
furnace corresponding to that which exists in the service thermo- 
couple, and if exacting accuracy is called for, it may be found ad- 
visable to adjust the resistor windings of the furnace tube. Read- 
ings observed at 4'/, in. immersion length, however, may be con- 
sidered as showing the nominal error of the service couple at the 
temperature indicated by the reference couple. 

“Although such a checking furnace can be carried only to 
about 1900 deg F, it serves to check for gross errors, and the ob- 
served trend of calibration may be extrapolated with reasonable 
validity to higher temperature ranges in which the couple was 
used. For greater accuracy, calibration can be made at higher 
actual temperatures in a furnace wound with platinum-wire 
resistors.”’ 

Calibration checks should be made daily, or at more frequent 
intervals, depending on the severity of service. If the ash on the 
wire is molten, contamination will be relatively rapid, even though 
combustion is complete and the atmosphere is oxidizing. To 
restore the thermocouple to its original calibration the con- 
taminated portion of the wire is cut off and a new junction is 
welded. 

Comparison of Thermocouple Shields. Although the relation- 
ship of the temperature indicated by a particular high-velocity 
thermocouple to the true gas temperature cannot be stated with 
absolute certainty, a knowledge of the relative relationship be- 
tween different types of high-velocity thermocouples can serve 
to establish the errors, relative to the best type, and the proba- 
ble magnitude of the error of the best instrument. As previously 
stated, the B&W MHVT has been taken as a standard for such 
comparisons. 


Comparisons have been made in a 640,000-Ib per hr pulverized- : 
coal-fired dry-bottom boiler furnace between shields E, G, and 


the B&W MHVT at various mass velocities, against a B&W 


MHVT at high mass velocity as a standard. These comparisons — 
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are made by inserting the two holders, suitably clamped together 
into the furnace so that the shields are parallel, and separated, 
by only a few inches. The location and relative position of the 
shields are so chosen that they are symmetrically exposed to 
radiation from the flame and to the cooled walls. Each couple 
is connected to a separate high-speed recorder, or the couples are 
connected differentially to a single high-speed recorder. The mass 
velocity in the standard is adjusted to the desired value, about 
15,000 psf-hr which is maintained constant throughout the test. 
The mass velocity of the couple being tested is started at a similar 
high rate and reduced by increments to about 5000 psf-hr. The 
temperatures of the two couples, or the differential temperature, 
are recorded continuously. The pressure drop through the 
couple holders is watched carefully for indications of plugging of 
the shields, and as needed, the holders are withdrawn from the 
furnace, and the shields cleaned or replaced. It will be noted 
that this procedure eliminates the effects of fluctuations of fur- 
nace conditions on the comparisons, except for variations in the 
performance of the two couples with gross changes in furnace 
conditions. 

The results of such comparisons are plotted in the manner 
shown in Fig. 6. In this type of correlation, the difference be- 
tween the temperature indicated by the comparison couple at the 
stated high mass velocity and the temperature indicated by the 
couple being tested, at the various mass velocities, is plotted 
against the mass velocity in the shield of the test couple. Curve a 
in Fig. 6is a plot of the B&W MHVT against itself and shows how 
the indicated temperature may be expected to vary with changes 
in mass velocity for essentially constant conditions of gas- 
temperature and radiation environment. Curves b and c in Fig. 
6 are similar plots for Types E and G shields, respectively, with 
the B&W MHVT at high mass velocity as standard; to convert 
them to comparisons against themselves, the values of the 
difference at 15,000 psf-hr mass velocity must be subtracted from 
the ordinates. 

These results show that the optimum mass velocity is approxi- 
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(Comparison with B&W MHVT, operated at a mass velocity of 15,000 psf 
per hr. Gas temperature 2000 F.) 


TRANSACTIONS OF THE 


mately the same for each of the three types of shields, about 
10,000 psf per hr. 
Type E shield indicates a temperature 30 deg F lower, and Type( 
shield a temperature 40 deg F lower than the BeW MHVT for 
the conditions of comparison used here. The temperature of the 
gases being sampled during these comparisons was approximate] 
2000 F, and the location was about 5 ft in front of the furnace- 
outlet screen at the elevation of the mid-plane of the furnace out- 
let, and about midway between the side walls. 
previously stated, the errors of high-velocity thermocouples must 
vary with the conditions of application, it is felt that the differ- 
ences just noted will apply, with little error, to the average 
conditions of measurement of the temperature of the gases leav- 
ing the particular furnace in which the comparisons were made 


and shields E and G are, respectively, 40 deg and 50 deg F less 
than the corresponding difference reported for the single-shield 
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Further, at or above the optimum mass velocity, 


Although, as 


The differences shown in Fig. 6, between the B&EW MHVT 


high-velocity thermocouple. Thus for the test on this partic- 
ular unit, the necessary corrections are not only smaller than 
with the single-shield thermocouple, but since the uncertainty 
in the correction must vary with its magnitude, they are proba- 
bly of a higher order of accuracy than that for the single shield. 

No new insight has been gained concerning the relationship 
between true gas temperature and that indicated by the B&W 
MHVT. Although the B&eW MHVT yields the highest tempera- 
tures, the relationship between indicated temperature and mass 
velocity is the same as that for the other two shields. Only care 
fully designed laboratory experiments under conditions closely 
simulating those of boiler furnaces will permit a determination 
of the absolute error of the B&W MHVT, and therefore those of 
the other shields. If an opinion may be ventured at this point, 
it is that this error would not be greater than the difference be 
tween the B&W MHVT and the Type E shield, in other words, 
less than 30 deg F for the conditions of the comparisons cited 
here. 


Gas SAMPLING AND ANALYSIS 


The sampling and analysis of gases at the furnace outlet 
present no problems markedly different from those encountered 
with similar measurements at other locations in the _boile! 
Except for the fact that the sampling tubes must be cooled ad 
quately, both to protect the sampler and to quench the samp! 
and higher velocities of sampling must be used to decreas 
time lag of sampling, familiar techniques and apparatus may 
used. Under certain circumstances, modifications of tect 
are permissible which greatly decrease the time required fo: 
plete furnace testing, and increase the convenience with © 
such determinations can be made. These modified tech: 
have been tested thoroughly, and their description is in 
here for the benefit of possible users. 

The modified gas-sampling and analysis system is desig! 
be incorporated with the temperature-measuring systen 
viously described. In pulverized-coal-fired furnaces, b 
of the rapid accumulation of ash in the shields, simultaneou 
perature measurement and gas sampling require rapid san 
and, unless a large sample collection-and-storage system |s § 
up and personnel and equipment are available to analyz 
many samples required, an automatic gas analyzer will be need: 
Of the available automatic gas analyzers, the Bailey oxyé 
recorder has been found to meet these requirements with 
range of conditions of gas composition for which it is appli 
However, the sample must contain no combustible gas, 
oxygen recorders of this type determine the oxygen by bur 
it with a standard fuel, for which the heat of combustion per U! 
quantity of oxygen burned is fixed. In the presence of 
combustibles, the meter indications are in error. 
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The basic method for determining the composition of the gases 
in the furnace is still the collection of gas samples and analysis of 
these samples with an Orsat apparatus. The function of an 
oxygen recorder, when one can be used, is to increase the number 
of samples which can be analyzed conveniently for one of the gas 
components, and thereby increase the representativeness of the 
average value of this component calculated. It is necessary, how- 
ever, to correlate the oxygen content of the gases with the other 
constituents, by means of regular though less frequent complete 
Orsat analyses of gases simultaneously analyzed by the recorder. 
This procedure also serves to maintain a continuous calibration of 
the recorder. When the check samples are being taken, the rate 
f flow of gas through the high-velocity thermocouple is reduced 
‘0 minimize plugging of the shields. 

The elements of the gas-sampling and analysis system are 
a) the gas-sampling train and constant-rate gas sampler, (b) 
the oxygen recorder, and (c) the apparatus for complete gas 
analysis. The latter equipment is standard; the others will be 
described in detail. 


y (a) Gas-Sampling Train and Constant-Rate Gas Sampler. 
- Fig. 7 shows complete details of a gas-sampling train, including 

4 Bailey oxygen meter. Referring to Fig. 7, the gas sample may 
Pp be obtained either through the thermocouple holder, the gas then 
entering the system at valve 3, or from other samplers at various 
A points on the furnace, depending upon the setting of valves 3, 
4, and 5. When gas composition and temperatures are deter- 
mined simultaneously, it is necessary for the Bailey oxygen meter 
to pump against the relatively high vacuum produced by the ex- 
hauster; however, with the large pipe and hose used, and with 
clean shields, the vacuum can be held under 14 in. Hg at the 
pump. This is the critical value for this particular instrument; 
if the vacuum exceeds this figure, the pump will not supply suffi- 
cient gas for analysis. 

The piping from valves 3, 4, and 5 to the analyzer must be 
installed according to the instrument manufacturer’s instructions. 
Compressed air for blowing out all the sample lines is supplied by 
means of valve 14. This should be done at least once each day 
snd more often if the lines appear to be getting dirty. It is neces- 
sary to close valve 10 to the pump and shut off the water to the 
‘op of the inductor when blowing out the lines. The double- 
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is for the purpose of preventing leakage of high-pressure air into 
the system. When compressed air is not being used, valves 12 
and 14 are kept closed, and valve 13 is kept open to the atmos- 
phere. 

The vacuum at the Bailey meter pump can be controlled by 
valve 7. The calibration of the instrument may vary with the 
vacuum at the pump, owing to changes in solubility of CO, 
with partial pressure. Therefore a constant vacuum should be 
maintained when possible; in recent tests this was 10 in. Hg, 1% 
as required by the high exhaust rates used. a 

The Orsat samples are taken from the system through valve 8. 
Although the oxygen meter discharges part of the gas at pressures — 

above atmospheric, this gas is not used for analysis because it has — 
been washed in the pump. In order to obtain raw gas before it _ 
passes through the pump, it is necessary to sample against the 
vacuum produced by the high-velocity thermocouple exhauster — 
and the meter pump. This is accomplished by the apparatus 
shown on the left side in Fig. 7. : 

The sampling rate for the Orsat is controlled by the screw 
clamp 29 on the tubing between the two bottles. To maintain __ 
the pressure low enough to draw the sample, both the top of the = 
lower brine bottle and the line passing over the upper brine bottle __ 
are connected through bubbler 21 to the auxiliary exhauster 22. 
The inner tube of the bubbler is large in diameter so that flow — 
can occur in either direction without drawing the liquid out of the 
bottle. All the flexible lines are of heavy rubber to prevent — 
collapse at the high vacuum. 

The sample is collected as follows: The brine is forced up into 
the tube above the stationary bottle close to the tee in the 
sample line, and after closing cock 16, the movable bottle is 
suspended on the spring sufficiently lower than the stationary a 
bottle to draw the sample at the desired rate (it will usually be 
necessary to adjust clamp 29 at the beginning of a series of tests 
to secure the required rate of flow). With cocks 16, 19, and 20 
closed, valve 8 is opened to connect the system to the sample line. 
Valve 23 is opened to supply air to exhauster 22, and cock 20 is 


then opened. 7 


The air to the exhauster is adjusted until a definite flow in the 
correct direction has been established, as indicated by the bubbler. 
With steady flow established, cock 16 is opened to collect the — 


valve arrangement, 14 and 12, with the bleed valve 13 between, sample. Care must be exercised to seers backflow of air rduring — 
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When the required amount of sample has been collected (about 
twice the volume usually needed for sampling) cock 16 is closed, 
valve 8 is closed, and cock 20 is closed. The lower brine bottle 


instrument operates on the principle of burning oxygen with a 


in an increase of the temperature, and consequently an increase 
of the resistance of the filament. This change of resistance upsets 
the balance of a bridge circuit, of which the filament forms one 
arm, and balance is restored by the rotation of a slide wire con- 
trolled by an amplifier fed from the bridge output. The slide wire 
is connected to a cam which operates the pen of the instrument. 
For testing service, a 1-hr clock is substituted for the 24-hr 
chart drive with which the instrument ordinarily is equipped. — 


This is accomplished in the inductor and in the pump used to pull - 
the sample, and the gas is filtered before it enters the instrument; 

excess gas is bled to the atmosphere by a pair of relief valves in 

the analyzer. In the washing process, CO, is absorbed in an 

amount proportional to its partial pressure, and therefore a 

constant percentage of the CO, in the raw gas is removed. Under 

one set of representative conditions, the figure was 15 per cent. 

For the conditions expected in a recent test, the average increase 

in oxygen content, resulting from the removal of CO, from the 

sample, was 0.1 per cent. Therefore the instrument was cali- 
brated to include this change in gas composition when analyzing 
washed gas. The instrument is most conveniently calibrated 
with standard gas mixtures; but to facilitate field checking, 
changes were made in the bridge circuit, which, in conjunction 
with spot analyses of flue gas, permitted the use of air as a stand- 
ard gas in trimming the instrument to indicate the oxygen content 
of the raw gas. To guard against errors due to changes in cali- 
bration, the instrument is checked at frequent intervals as an 
integral part of the test procedure, so that daily calibration 
curves are obtained. In a recent series of tests of 2 weeks’ dura- 
tion, it was not found necessary to readjust the instrument. 

The oxygen-recorder chart shown in Fig. 8 is typical. A 
daily calibration curve is shown in Fig. 9(a), and the relationship 
between the oxygen content of the raw gas and the CO; is given 
in Fig. 9(b), from the same analyses. Thus from the average 
indications of the instrument, the average oxygen content of the 
raw gas is obtained from Fig. 9(a), and thereafter the average 
CO, content from Fig. 9(b). The nitrogen content is obtained by 
difference. It should be noted that calibration data in Fig. 9(b) 
apply only to a specific set of test conditions and cannot be con- 
sidered to be typical. 


TypicaAL Resutts oF TEMPERATURE AND Gas COMPOSITION 
DETERMINATIONS 


Temperature of Furnace-Outlet Gases. The quality of the data 
obtained with the new technique is best illustrated by typical 
results obtained in a recent series of furnace tests. Fig. 10 is a 
drawing of the furnace outlet, approximately 19 ft high X 31 ft 
wide. Thirty sampling positions were used, in 6 columns desig- 
nated A, B, C, D, E, and F, corresponding to access doors located . 
in the front wall, each column having 5 sampling points desig- 
nated +6, +3, 0, —3, and —6, which are the approximate 
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the sampling period. Should this happen, it will be necessary to WP 
wait until the air has been purged from the line before sampling Wie ot Den > hate orgs nd 
can be started. This probably will take about 15 to 30sec, and > Wig 


is indicated when the oxygen recorder returns toa normalreading. _ 


is elevated to place the sample under pressure. The air supply 
to the exhauster is shut off at valve 23, and bleed cock 19 is hope, 
opened to restore the system to atmospheric pressure. The 
sample is transferred to the Orsat in the usual way through the a JO 
other side of 2-way cock 16. 
(b) Bailey Oxygen Meter, Operation, and Calibration. The Pe 


special liquid fuel on a platinum filament. The combustion results _ | 


For continued operation with dirty gas, the gas must be washed. Rue 
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OvuTLeT BY OxyGen REcOoRDER 


vertical distances in feet from the horizontal mid-line of the 
furnace outlet. At each sampling point plotted to scale there is 
given the average of approximately a '/; to l-min temperature 
record on the high-speed recorder. Lines of constant average 
temperature have been drawn on the plot. There are no wild 
points; and the isotherms, though quite complex, conform ex- 
cellently with the data and with each other. 

The turbulence and mixing characteristics of pulverized-coal 
firing, even under steady operating conditions for the furnace 
as a whole, cause the temperature, composition, and velocity o/ 
the gas at any point in the furnace to vary with time. On the 
other hand, it can be assumed that over a reasonable time inter- 
val the properties of the gas at any point in the furnace, particu- 
larly at the furnace outlet, will have well-defined average values, 
which are representative of the operating conditions. As shown 
in Fig. 5, the changes of gas temperature with time are quite 
rapid and extensive. The method of recording used permits 
determination of the average of the temperature values at a point 
over an interval of about '/,to1l min. Although itis not to be as 
sumed that the rapid fluctuations shown in Fig. 5 are the only 
variations of the temperature at a point with time and that the 
average for the short period of observation will coincide exactly 
with the true average for a test period of 2 to 3 hr, it is evident 
that much of the possible error of measurement of the averag? 
temperature at a point at the furnace outlet is eliminated by ' 
cording the temperatures over a definite interval of time. 
Further, if the residual errors were still great, the probability 
would also be great that the values plotted in Fig. 10 would be 
subjected to chance variations of considerable magnitude, and it 8 
hardly conceivable that the regularity inherent in Fig. 10 would 
be obtained. 

Finally, even if the data plotted in Fig. 10 are partly thet 
sult of chance variations of the averages of the periods of ol 
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servation for the test points from the averages for the entire test 
period, variations above the mean for any point are equally as 
Probable as variations below the mean, and the average of a 
considerable number of such observations would have a con- 
siderably lower standard deviation from the true average than 
that of an observation at a single point from the average at that 
point. In this light, then, Fig. 10 is presented as a representation 
of the distribution of the time-average temperature over the 
furnace outlet, subject to unknown, but presumably small, errors. 

From these data, also, one can obtain an idea of the sampling 
characteristics for temperature measurements, as determined 
by the dist ribution of the average temperature at various points 
at the furnace outlet. Thus symmetrically disposed rows of 
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DistTRIBUTION OF PERCENTAGE oF Excess Air AT FURNACE 
OUTLET 


samples give the numerically averaged temperatures for the com- 
bined gas at the furnace outlet shown in Table 1. 


TABLE 1 NUMERICALLY AVERAGED TEMPERATURES FOR 
COMBINED GAS AT FURNACE OUTLET 
No. of rows Numerical average __ 
of samples --——,s Location of rows temp, deg F 
2 1826 
: 
3 1851 
5 +6, +3, 0, —3, —6 1841 


using only +6, 0, —6 positions, appears to be adequate to deter- 


mine the average temperature for the whole furnace outlet for the 
test period. In general, such a procedure can be justified only as 
a result of the type of analysis given here. 

Composition of Furnace-Outlet Gases. The distribution of gas 
composition over the furnace outlet in the test just cited is shown 
in Fig. 11. The excess air.at the 30 sampling points is shown, 
and lines of constant excess air have been drawn. Some sys- 
tematic relationship between the temperature and composition 
plots can be seen; but the range of variation of excess air is quite 
low. The sampling characteristics, as determined by the dis- 
tribution over the furnace outlet, are again best illustrated by 
comparing the numerical averages of excess air for various com- 
binations of symmetrically arranged rows of samples. These are 
given in Table 2. 

In this particular case, although this is probably fortuitous, a 
single row of six samples, at the mid-line of the outlet, gives the 
same results as the 30 samples. The deviations, in general, are so 
small that a considerably restricted sampling scheme for gas 


For this particular furnace, a simpler sampling procedure 7 
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NUMERICALLY AVERAGED excess AIR FOR COM- 


TABLE 2 
BINED GAS AT FURNACE OUTLET 


Numerical 
verage excess 


a 
of rows ir, 
0 37.0 


No. of rows 


of samples air, per cent 


7 
3, —3 = 3 
0,—6 


+6, 0, 
+6, +3, 0, —3, —6 


composition would be permissible. Aside from the uniformity of 
distribution of the average composition at a point which Fig. 11 
may be taken to represent, it is hardly conceivable that any great 
fluctuations of gas composition with time, not already averaged 
by the recording instrument, could exist, for the reasons cited in 
connection with the analysis of the temperature measurement. 


Metnops oF CALCULATING SENSIBLE-HEAT CONTENT OF GASES 
LEAVING FURNACE 


Most of the uncertainty of measurements of furnace heat ab- 
sorption by the method of losses resides in the determination of 
the sensible-heat content of the furnace-outlet gases. Having de- 
voted considerable effort toward obtaining representative and 
accurate data, it is pertinent to examine the methods of calcula- 
tion of the heat content of the gases from the temperature and 
gas-composition data for significant avoidable errors which may 
be inherent in them. 

The most accurate method of calculation that is at all practical 
is described in the following equations 


W, 

where Hg, W,, We = hourly quantities, respectively, for the heat 
content of the gases leaving the furnace, the mass of fuel fired, 
and the mass of gas leaving the furnace 


W. 3) 
( 43] = mass of fuel burned to form gas at section 7 of fur- 
We nace outlet, lb per Ib; average for test period 


‘) = average values, respectively, of heat 
W content per pound of gas, heat con- 
vidaying gas formed per pound of fuel 
fired, and pounds of fuel burned to 


qe a, Jdsaney ale form a pound of gas, all for conditions 
ag ant ilgen, of gas at furnace outlet 


= heat content per pound of gas at section ¢ of furnace 
outlet, Btu per lb, average for test period 
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M,; = mass velocity out of furnace at section 7, psf-hr; average 


for test period 
dA, = area of ith section of furnace outlet, sq ft 

The integral is taken over the whole furnace outlet area, A. 

(He/W,); and (W,/Wg,); are calculated from the average 
values for the test period of the temperature and composition of 
the gas at the ith section of the furnace outlet. As shown pre- 
viously, with little error in the final results, these terms may be 
calculated from the corresponding average temperature and gas 
composition for the periods of observation. These calculations 
require that the average relative mass velocities of the gas out of 
the furnace for the test period (or as in the foregoing, for the 
period of observation) be known. That the form of the equations 
is correct is readily seen if it is assumed that the mass velocities 
are absolute values. In each case the equations become simple 
integrals of the desired quantity over the area of the furnace 
outlet. Although this method of calculation has been used in a 
number of cases, it is cumbersome and is readily simplified. 

For the usual conditions of temperature and composition of the 
gas at a furnace outlet, the relationship between the heat content 
per pound of gas, and pounds of gas per pound of fuel is expressed 
by the following equations 


(a + bt; )f(X,)... 


i 


where a and are constants independent of the fuel fired, c and d 
are constants for a particular fuel, ¢; and X; are the temperature 
and excess air for the gas at the ith section of the furnace outlet, 
and f(X;,) is a function of the excess air at the ith section, which 
for a given fuel, varies with X,; between narrow limits. 

If these substitutions are made in Equations [1] and [2], the 
results may be expressed with no significant error by 


= (0 + WY(X)............ 
We 


=c+ dX 


cane 


aa, 


ry M, aA, 

The limitations imposed are that the excess air should not vary 
over the furnace outlet by more than 20 per cent excess air, and 
that there be no combustible gas in the furnace-outlet gases. The 
significant point in these equations is that the heat content and 
quantity of the furnace-outlet gas may be calculated from the 
mean values of the temperature and excess air for the gas, suitably 
weighted for the mass velocity out of the furnace. Also, the mead 
percentage of any of the furnace-gas components similarly o- 
tained may be substituted for the mean excess air. 

Owing to the difficulty of making the necessary measurements, 
and the frequent lack of suitable access to the furnace, mas~ 
velocity data are rarely obtained in large boiler furnaces. Cal- 
culations are then based on area averages of the observed tem 
perature and gas niacin or, if the sampling points are re* 
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sonably well distributed, on simple numerical averages of these 
quantities. Because of these circumstances it is essential to 
determine (a) what errors may arise because of neglect of weight- 
ing for mass velocity, and (b) if any indications can be found from 
the temperature and gas-composition data, that weighting for 
mass velocity will be significant in any given case. The pertinent 
factors with respect to the furnace outlet are the spread of tem- 
perature and gas composition, the ratio of maximum to minimum 
mass velocity, and the nature of the relationship between the 
three variables. 

Examination of the data used for illustration in this paper indi- 
cated that for that particular furnace there readily could be a 
30-deg F difference in the mean temperatures calculated with and 
without weighting for mass velocity. In most cases, however, 
the difference may be expected to be less. In a previous investi- 
gation,‘ in which mass-velocity data were obtained, the difference 
between weighted and unweighted mean temperatures was about 
10 deg F, consistent with the relatively low temperature spread 
at the outlet for that particular furnace. In general, then, errors 
in the mean temperature varying from 0-30 deg F,, and possibly 
higher in rare cases, may occur if the effect of mass velocity is not 
considered. 

In any particular case, the simplest procedure is to carry out 
the calculations of the mean temperature and gas composition 
with and without an assumed mass-velocity distribution. The 
choice of the latter will depend on the availability of velocity- 
distribution data for similar circumstances, visual observations, 
or personal judgment. The decision as to whether or not velocity 
data shall be taken, or if some allowance for variations in the 
velocity of the gases should be made in the calculations, will 
depend on the purpose of the tests. These errors of calculation 
will have little effect on the correlation of the performance of a 
given unit with the operating variables, because the effects are not 
large, and will not vary much with changes in operating condi- 
tions. However, if the test data are to be used for the purpose of 
comparing units of widely different geometry and different firing 
methods, the errors of calculation may be significant and should 
be given consideration. It is in this second set of circumstances 
that the whole question becomes pertinent to the work of the 
committee. 

The value of velocity-distribution data for other aspects of 
furnace design and operation is well appreciated and in most 
instances is the strongest incentive for velocity measurements. 
Instruments suitable for furnace work have been described,‘ 
and these are not difficult to construct. They are Pitot tubes of 
the double-impact type, which are inherently sensitive to direc- 
tion, for it is necessary to determine at each point selected for 
study, the velocity head in the direction of flow. From the data 
and the geometry of the furnace outlet, the mass velocity out of 
the furnace can be calculated. Absolute calibration is not re- 
quired, since relative values of gas velocity are sufficient for 
weighting purposes. 

SUMMARY AND CONCLUSIONS 

Although the test procedure is far more complex and the 
experimental apparatus is on a much larger physical scale, the 
basic considerations of furnace heat-absorption measurements are 
similar to those of simple laboratory determinations of the proper- 
ties of materials. These are as follows: (a) The accuracy of the 
individual measurements; (b) the precision of the results, pri- 
marily as determined by the sampling characteristics of the 
material being studied; (c) the convenience of the experimental 
procedure; and (d) the relationship of the experimental results 
to the information desired. The foregoing description of the in- 
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advances in the art of furnace heat-absorption measurements 
have been made along each of these lines. 

The accuracy of the most critical of the measurements for fur- 
nace heat-absorption determinations, that of the temperature of 
the gas, has been improved with the development of the Type E 
shield. Although this instrument still requires calibration, the 
difference between its indications and that of the BEW MHVT, 
amounting to about 30 deg F at 2000 F, is sufficiently small so that 
little error is introduced in the calibrating process. Because it is 
as convenient to use in dirty gas as the single shield, it should 
become preferred equipment for temperature measurements in 
pulverized-coal-fired furnaces. 

The problem of obtaining representative measurements of the 
rapidly fluctuating temperature of the gas at the furnace outlet 
has largely been solved by the use of high-speed recording potenti- 
ometers. With such equipment the average temperature of the 
gas at a given point, over an interval of !/, min to 1 min, is readily 
obtained. Plots of these short-time average values yield smooth 
and consistent distribution patterns for the temperature of the 
gas at the furnace outlet, and it is believed that these plots are 
representative of average conditions for the whole test period. 

The use of an automatic oxygen analyzer permits the con- 
venient and simultaneous determination of the temperature and 
the oxygen content of the gas. A limited number of complete 
gas analyses serve both to calibrate the oxygen meter and to 
relate the oxygen content of the gas to that of the other gas 
components. 

An accurate specification of the number of points for sampling 
the gas at the furnace outlet requires, as in other sampling prob- 
lems, a priori knowledge of the distribution of the property being 
sampled, in this case the temperature of the gas. In the absence 
of such knowledge, the sampling specifications of the ASME 
Test Code for Stationary Steam-Generating Units provide a 
conservative estimate of the number of sampling points. As 
data are accumulated for a given unit, the number of sampling 
points may be reduced if the test results do not deviate too widely 
from the mean. 

The calculation of the heat content of the furnace-outlet gas 
from the temperature and composition data involves the addi- 
tional factor of the distribution of the mass velocity of the gases 
out of the furnace. Since it is always difficult, and in some cases 
impossible, to obtain the necessary data, typical cases where the 
velocity data were taken have been examined for the effect of 
weighting with respect to mass velocity on the calculated heat 
content of the gases. It has been estimated that the error in the 
calculated mean temperature of the gas will be in the range of 0 
to +30 deg F, and, in general, will be significant only for the 
comparison of units of different geometry and firing methods. 

No experimental data are available for the precision of a single 
furnace heat-absorption determination. The accuracy is also 
unknown, but should be readily determined by tests in some re- 
cently installed units which have practically no steam-generating 
surface other than the furnace, where comparisons could be made 
with independent determinations of the heat absorption in the 
furnace. As in all test procedures, evaluation of the method 
must be based upon an analysis of the results of a multiplicity of 
tests made under identical conditions. Because of the amount 
of work required per test, and the ever-present desire to cover the 
widest possible range of operating variables in each series of 
tests, this has not yet been done. By making these tests in a unit 

of the type described, both the precision and the accuracy could 
be determined simultaneously. Such tests are strongly recom- 
mended. 

Central-station steam-generator design has been subject to 
continuous development, which has brought about the present 
high level of performance. There is; however, yet room for im- 
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provement to increase availability, and to increase flexibility with 
regard to the coal burned. Essential to this continued develop- 
meni is the steady accumulation of accurate performance data 
particularly for the furnace. The development of the test method 
that has been described is one of many contributions to the con- 
tinued development of steam-generating equipment now being 
made by boiler manufacturers, steam-plant operators, and this 
Society through its Special Research Committee on Furnace 
Performance Factors, with which the Bureau of Mines is working 
in close co-operation. 
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potentiometer. 
F. G. Ely." It is gratifying to note the advances made in 


furnace-testing techniques which the authors have presented very 
clearly and comprehensively in this paper. In particular, the use 
of the fast-action temperature recorder with simultaneous analy- 
sis of gas composition, as well as the measurement of gas velocity 
over the thermocouple junction, effectively reduce uncertainties 
in measurement and correlation of the traverse data and shorten 
the time required for a survey of the furnace outlet. 

In a large well-proportioned furnace, it may be expected that 
gas mass-flow distribution would have no extreme unbalance, and 
the assumption of uniform distribution or a moderate adjustment 
based upon visual estimation, would not involve serious conse- 
quences in final calculation of the furnace heat balance. The 
authors appropriately have reserved opinion on this for changes 
in furnace geometry. It is not difficult to imagine furnace ar- 
rangements of practical and acceptable design in which the upset 
in gas-mass flow is as significant as that of temperature alone, and 
it is urged that further ingenuity and effort be applied to the 
development and use of an instrument that will provide at least 
a relative measurement of gas velocity and direction. 

For use of the high-velocity thermocouple in high-temperature 
zones of a furnace there is a possibility of error in temperature read- 
ings caused by heating of the splice between noble and base- 
metal wires if the aspirated gas is not cooled sufficiently in pas- 
sage through the water-cooled holder. When used for traverses 
where the furnace-gas temperature exceeds 2400 F, it is advisable 
to retain not less than a 4-ft length of noble metal before attach- 
ment of the copper-alloy lead wires. 


11 Research Engineer, Research and Development Department, 
The Babcock & Wilcox Company, Alliance, Ohio. Mem. ASME, 


R. B. ENGpAHL"* anv H. E. Cartton.'® Through the courtes 
of the authors, the writers were fortunate to be able to obtain a 
sample of the Type E aspirating-thermocouple shield shown in 
Fig. 3 of the paper. The shield seemed desirable for application 
in an oil-fired locomotive firebox where the comparative trans- 
parency of the flame and the large proportion of clean water- 
cooled surface combined to introduce an unknown but probably 
considerable error in measurement of flame and gas temperature 

However, in making temperature traverses, the shield was 
moved across high-temperature gradients, and it was found that 
the internal thermal stresses under these conditions were too 
severe to permit more than a few readings before the shield brok 
and was carried away. The readings which were obtained in- 
dicated that at a flame temperature of approximately 2500 F, 
the average temperature across the 8-ft width of the firebox, when 
being operated at low rate, was approximately 80 deg F higher 
than when measured with a simple single cylindrical shield. This 
was in a region immediately in front of the burner and in a shallow 
refractory firebox, hence the intense radiation of the initial flame 
plus the hot refractory compensated considerably for the radia 
tion to the comparatively cold firebox walls above the refract« 
pan. 

At a slightly higher rate of operation but in a position near the 
flue sheet of the boiler, where the gases leave the firebox and enter 
the boiler flues, the average temperature using a Type E shield 
was about 2300 F, which was approximately 260 deg F higher 
than the average temperature attained with the single shield. 

Despite the decidedly improved accuracy with the Type | 
shield, unfortunately it could not be used in this service because 
of the failure resulting from frequent thermal shock. Heat re- 
lease of the order of 120,000 Btu per cu ft per hr resulted in in- 
tense mixing and high-temperature gradients. It has been 


found since that a single quartz shield is definitely superior to 


even the simple porcelain shield, and the latter is distinctly 


better than the Type E shield when the shield is subjected to 


thermal shock. 


W.T.Rer.'* The authors have given a very realistic appraisal 
of various methods of shielding high-velocity thermocouples. 
Based upon designs chosen principally for mechanical strength, 
ease of installation, and freedom from clogging with ash, these 
shields, nevertheless, approach the performance of the MHVT 
construction which the authors consider most accurate. Miss- 
ing, however, is an analysis of the conditions existing in each 
type of shield. Perhaps consideration of the flow process within 
the various openings in different shields might disclose useful de- 
sign parameters. 

High rates of mass flow are important in high-velocity thermo- 
couples for two reasons, i.e., (1) to transfer heat to the ‘‘ther- 
mocouple” to compensate for radiation and conduction losses; and 
(2) to transfer heat to the “shield” to minimize radiation losses 
from the thermocouple. The MHVT shield has the advantage 
of several layers of low-conductivity material, where each layer 
assists in maintaining at gas temperature the surface “‘seen’’ by 
the thermocouple. The other shields now proposed by the 
authors are intended to duplicate this same condition. It is 
evident that any procedure which will result either in rapid 
transfer of heat to the internal surfaces of the shield or in mini- 
mizing heat transfer through the shield will be desirable. 

The data shown in Fig. 6 of the paper indicate that the Type 
E shield with kidney-shaped holes is somewhat preferable to the 


Battelle Memorial Institute, Columbus, Ohio. 
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Type G shield with a larger number of smaller circular holes. 
The difference is not great, but it may be significant. A further 
distinction is the apparent ability of the Type G shield to reach 
thermal equilibrium at lower mass velocity than the Type FE 
shield, although perhaps not so low as the MHVT. Unfortu- 
nately, these data are too few to assure that this is a fact. 

It would be very helpful in the future for designing an ultimate 
high-velocity thermocouple to have an exact analysis of the heat 
transfer in these shields. If the mass velocity were constant for 
each hole in the shield, then the Reynolds number and the film 
coefficient would be less as the diameter of the hole decreased, 
and the amount of heat transferred would be smaller. Con- 
trariwise, the use of a large number of small holes would decrease 
the cross section of the refractory, and the thermal conduction 
through the shield itself would be less. These effects, then, are 
opposite. If the relative magnitude of each could be evaluated, 
the optimum size and number of holes, and perhaps their ar- 
rangement, could be stated with certainty instead of being specu- 
lative as at present. 

Perhaps such an analysis is beyond the scope of this paper, but 
it is hoped that the authors will consider it for future develop- 
ments on instrumentation for furnace-performance testing. 


R. I. In the comparison of thermocouple shields, 
the authors have determined the relationship between tempera- 
tures obtained by the Type E and Type G shields and temper- 
atures obtained by the B&W MHVT, using the BREW MHVT 
as a standard. These comparison tests were made at various 
mass velocities through the shields and curves were drawn depict- 
ing the comparisons. Fig. 6 of the paper shows three curves (a, b, 
and c), curve a being a plot of the B&W MHVT against itself, 
showing how mass velocity affects the indicated temperature 
under essentially constant conditions of gas temperature and 
radiation environment. Curves b and ¢ are similar plots for the 
Types E and G shields, respectively, at various mass velocities. 
In each case the difference between the indicated temperature 
of the B&W MHVT at 15,000 lb psf-hr is plotted at various 
mass velocities. 

However, while agreeing with the methods, instrumentation, 
and so forth, of these comparison tests, the writer does not agree 
with the authors’ statement in the test that these results show the 
optimum mass velocity to be approximately the same for all 
three shields and that this optimum velocity is about 10,000 Ib 
per sq ft per hr. The optimum velocity chosen depends upon 
the characteristic of the curves drawn through the various 
points. While the characteristics of these various shields might 
be exactly as depicted by the curves, the writer does not feel that 
the data obtained, by themselves, substantiates the curves 
drawn. Particularly in the case of curve b in Fig. 6, a straight 
line could be drawn through the data taken on the Type E shield 
instead of the curve 6, and this line would then indicate that 
15,000 psf per hr was not a sufficiently high mass velocity to create 
4 stabilized indicated temperature for this shield. 

In other words, it seems that the data could be represented in 
another manner which would indicate an entirely different char- 
acteristic of the Type E shield and also indicate that 15,000 
psf per hr mass velocity is not high enough for this particular shield 
‘© reach its maximum indicated temperature. It seems that 
these data indicate that more comparison data are required, over 
& wider range of mass velocities, in order to assure that the true 
correction factors have been obtained for these shields, and also 
to verify the minimum mass velocity required in order to reach 
the flat part of the correction curve, or maximum indicated 
temperature for the particular shield. 


i 
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This is not to say that the authors’ curves are necessarily — 
incorrect, but rather it is felt that their knowledge of the charac- 
teristics of MHVT shields influenced them in drawing the curves. 
Perhaps more comparison data would be advantageous in order 
to prove the characteristics of the curves and the optimum mass 
velocity to use with the respective shield. 


AutHuors’ CLOSURE 


The authors wish to thank the discussers for their significant — 
contributions to the paper. 

Mr. Ely agrees with the authors that in most cases the distri- _ 
bution of the mass flow out of the furnace will have little effect on 
the final calculations of the furnace heat balance, but he believes _ 
that furnace arrangements of practical and acceptable design are 
imaginable in which the distribution may be significant. For il 
in such cases, he urges the development of a suitable device for 
measuring the relative velocity and the direction of the gases — 
leaving the furnace, to provide weighting factors for the observed — 
gas temperatures. 

The conventional water-cooled Pitot tube has some practical 
limitations, particularly where flame pulsations cause widely 
fluctuating readings, and make it difficult to locate the direction 7 
of the principal velocity vector. The Bureau of Mines has had 


some success with a type of direction-finding Pitot tube, in nthe “a 


two double Pitot tubes are mounted on perpendicular axes, in the 
same plane, at the end of a water-cooled probe. This is shown in 
Fig. 12 of this closure. Each Pitot tube is connected to a differen- _ 
tial manometer, and when the axis of one tube is parallel to the | 
velocity vector a maximum reading will be produced, while © 
the reading of the other will be zero. Since the fluctuations in the — 
latter are the smaller, location of the flow direction becomes rela- — 
tively simple, and the angle with respect to any arbitrary planeis _ 
shown on the scale by the plumb-bob pointer. : 
This instrument has been used successfully in a gas-fired fur- 
nace at temperatures up to 2600 F, and, with slight modification 
of the water-cooling arrangement, could be adapted for use at 
higher temperatures. 
Mr. Ely properly calls attention to the temperature errors that 
may be produced by excessive heating in the probe of the junction 
between the noble-metal thermocouple wire and the base-metal 
compensating leads, over which the aspirated furnace gas passes. 
He agrees with the recommendation in the paper that the noble- 
metal leads should be at least 4 ft long. However, since the 
manuscript was completed, the factors affecting the temperature 
of this junction have been studied and compared with some test 
data, and it is now recommended that the noble-metal leads ex- 
tend the full length of the probe, and that the junction with the | 
compensating leads be made at the external terminal block. For — 
economy, 0.4-mm Pt-Rh Pt, wire may be used for all but the — 
first 2 or 3 ft from the thermocouple junction, which should be | 
0.6-mm wire. 7 
For the conditions of the shield comparison cited in the paper, 
the temperature error from this source amounted to about 5 deg F 
for a mass velocity through the shield of 15,000 lb per hr and ft?, © 
and consequently the results given in Fig. 6 of the paper are not _ 
affected. 
Mr. Wheater is correct in asserting that more comparison data 
are required to establish fully the relationship of the various types _ 
of thermocouple shields. However, it should be mentioned that — 
in drawing curves b and c of Fig. 6, which show the effect of mass — 
velocity on the indicated temperature of Type E and Type G_ 
shields, respectively, the authors were guided not by the charac- 
teristic of curve a for the B&W MHVT, but by other data taken 
with Types E and G shields alone. Referring the indicated 
temperatures of these shields to the value simultaneously deter- 
mined with B&W MHVT, was intended to eliminate the effects 
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of unavoidable variations in flame conditions during comparison. 
Additional work on direct comparison of shields under widely 
different conditions is required, and will be done as opportunities 
arise. Other methods of comparison also will be tried. 

The observations described in the discussion of Messrs. Engdahl 
and Carlton demonstrate that an instrument of high inherent 
error, such as the single-shield high-velocity thermocouple, is 
extremely sensitive to the conditions under which it is used. For 
accurate work such instruments require calibration against a 
multiple-shield unit under the conditions of use. The more per- 
fect the performance of a shield, the lower will be its error for a 
given location in the furnace, and the less the error will vary for 
changes in conditions of application. Thus it is essential that 
instruments of poor performance receive detailed calibration in 
place, whereas instruments of high performance such as the 
Type E and Type G shields need only spot checks in representa- 
tive locations, or can be corrected on the basis of simple correla- 
tions. In oil or gas-fired furnaces, the B&W MHVT should be 
the preferred instrument. In pulverized-coal-fired furnaces, 
where plugging of the openings in the shield is a problem, Types E 
and G shields should be used, subject to one or two comparisons 
in place against the B&W MHVT. 

The breakage of shields in regions of high thermal gradients 
mentioned by Messrs. Engdahl and Carlton has also been experi- 
enced by the authors. It can be minimized to some extent by 
operating the-shield at very high flow rates, and is always reduced 
as’ experience is acquired in manipulating the probes in a particu- 
lar application. Unfortunately, Messrs. Engdahl and Carlton 
did not have a large enough supply of Type E shields to give the 
design an extended trial in their particular application.. They 
point out that a single shield made of fused quartz gave the best 
service, but of course was subject to the greatest error. For 
accurate work, which was not necessary for the purposes of their 
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INING DIRECTION AND VELOCITY OF FURNACE GASES Peep: 
‘ 
investigation, a more complicated shield would be requir: 
The best line would appear to be to attempt vo develop bodies fo 
the Type E shield which would have greater spalling resistance 
and there is some hope of accomplishing this. In pulverized-coal 
fired furnaces, it has been found that the single shield, of whatever 
composition, plugs nearly as rapidly as the Type E shield. 

As suggested by Mr. Reid, analysis of the heat transfer in the 
various shields would appear to be very helpful for developing ar 
optimum design from the thermal standpoint. Practically, this 
line of attack is not fruitful for two reasons, i.e., (1) the analysis 
is extremely difficult for all but the simplest physical designs, and 
(2) considerations of utility in pulverized-coal-fired furnaces ar 
decisive in fixing dimensions of apertures. Analyses of this type 
have been made by several investigators, notably Moffat," 
Schack." However, owing to the assumptions necessary for th 
analysis, and uncertainties in the values of the various parameters, 
the results are only semiquantitative, and although useful as a 
guide for development, are not decisive. 

Development work continues on practically all of the instru- 
mentation described in this paper. As more experience is gained 
through application of the techniques to a wider variety of fur- 
naces, changes undoubtedly will be necessary. It is hoped that 
ultimately a standard test procedure will evolve from these 
studies, to take its place with other power test procedures, and 
meet the needs of the industry for accurate furnace-performance 
data. 


6 “Errors in High-Temperature Probes,"’ by E. Marston Moffat, 
presented at the Annual Meeting, New York, N. Y., November 28 
December 3, 1948, of THe AMERICAN SocreTY OF MECHANICAL 
ENGINEERS. Paper No. 48—<A-52. 

17“The Theory and Application of the Suction Pyrometer,” by 
A. Schack, Institute of Fuel, Symposium on Gas Temperature 
Measurement, Journal of the Institute of Fuel, vol. 12, 1939, pp. 5-30 
$-38. 
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me speed detector is described and its applica- 
tion to the speed control of a steam or gas turbine is dis- 
cussed. A frequency-response method of analysis of regu- 
latory systems, involving the use of Nyquist’s criteria, is 
presented and applied to the analysis of the stability of the 
turbine-speed regulatory system. The results obtained are 
compared with results from the classical approach, in- 
volving the solution of the characteristic equation of 
motion of the system. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


moment of inertia about the x-axis of the gyro rotor 
n, = angular velocity of rotation of gyro rotor 
= angular velocity of rotation of plane of gyro rotor ring 
M = torque produced by gyro 
@ = angle between axis of gyro plane rotation n, and axis of 
rotor rotation n, 
M, = equivalent mass applied to collar of gyro, referred to 


rectangular motion of collar 
8 = angle of turning ofgyrogimbalring = | 
wit 


@ = speed deviation of machine group 


Ynax = Maximum travel of gyro collar 
y = departure of collar position from equilibrium position 
w = angular velocity of machine group 
@max = Maximum angular velocity of machine group 
Aw = departure from equilibrium angular velocity for machine 


group 
8 = static force on gyro collar 
k = coefficient of friction for push rod connected to gyro 
4, = degree of nonuniformity of detector 
¥ = relative deviation of machine group speed 


» = relative deviation of detector oot tem 

1, = fall time of detector atales 
T, = characteristic response time of detector a 
M, y 

M, = reduced mass of the detector = ir an jeedT 


z = instantaneous distance of servomotor piston from new 
position of equilibrium 
max = full travel of servomotor piston from no load to full load 
T, = traversing time of servomotor 


'This paper was translated from the German by A. M. Hopkin 
and presented by him under the sponsorship of the Industrial Instru- 
ments and Regulators Division at the Semi-Annual Meeting, Chicago, 
Iil., June 16-19, 1947, of Tue American Society oF MECHANICAL 
Encineers. It was brought to the attention of the Division by 
Edmund D. Haigler who visited the author, Dr. René Feiss, late in 
1945. Dr. Feiss is now head of the Diesel Engine Department of 
the Swiss Locomotive & Machine Works, Winterthur, Switzerland. 
His latest work has been on high-pressure supercharging of locomo- 
tive Diesel engines operating on the Franco-Ethiopian Railroad over 
4n 8000-ft altitude range. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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Modern Control Dynamics and Stability _ 
Criteria as Applied to Gyroscopic Speed _ 
Detectors With Hydraulic Drive 


af 
Prana 
u = relative servomotor deviation = z/2max 
P = instantaneous pressure in steam chest in excess of new 
equilibrium pressure 
Pax = pressure in steam chest at maximum load 
= relative pressure deviation = P/Psx 
T, = filling time of chest 
Mo = coefficient of resisting torque of power consumer 
H» = constant of proportionality between chest pressure and 
turbine driving torque 


T, = machine starting time va 
\ = change in generator load 
v, = harmonic input disturbance 
A, = amplitude of input disturbance 
y = frequency of input disturbance 
5 = damping factor 


ra = attenuation of transmission for a system 

= imaginary frequency = iy 4 

= transfer function of a system oo 

a, = general coefficient for characteristic equation 

= Hurwitz determinant 


Vv, = harmonic output disturbance 
A, = amplitude of output disturbance 
= phase shift of transmission for a system 


i 


© = Response function for a system for harmonic disturb- 
ances = = F(i 
(ty) 
DESCRIPTION OF SPEED DETECTOR 


The purpose of a speed detector in a speed-regulating system 


is to measure the speed of the regulated machine and to transmit 
the measured value to the device controlling the flow of energy 
into the machine. 


The most widely used and perhaps simplest speed-measuring 


device is one which utilizes centrifugal force. It may function 
either by measuring the displacement of weights (as in a pendu- 
lum or flyball governor) or by measuring fluid pressure (for ex- 
ample, as produced by a centrifugal pump). A further possi- 
bility is measurement of speed by electrical means, based on 
measurement of frequency, current, or voltage. The possibility 
of using the moment of a gyroscope as a means of measuring 
speed has been little used until now. A speed detector of this 
type, which is by no means simple in construction, is the subject 
of this paper. 


The theoretical considerations for this device may be reviewed 


briefly with the aid of Fig. 1. Let J, be the moment of inertia 
about the z-axis of a symmetrical weighted ring supported at its 
center of gravity by a Cardan suspension; n, be the angular 
velocity with which the weighted ring rotates; and n, the angu- 
lar velocity of rotation of the plane of the ring. The torque equa- 
tion for the rotating disk is 
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However, this relation is valid only for “fast” gyro- 
scope, in which n, is large compared with n,. For the “slow” 
gyroscope the following holds 


= [J, + VJ, — J,)(n,/n,) cos O]n,n,....... 


In the practical case where @ = 2/2 and n,/n, < 0.05 Equation 
[2] becomes essentially the same as [quation [1]. 

The idea of using a gyroscope as a speed detector is not new. 
About 10 years ago, for example, Vocca (1)* of Naples made a 
device similar to that shown in Fig. 1. 


Ratios oF Forces IN A PRECESSING SYMMETRICAL GYRO 
SupporTeD aT Its CENTER OF GRAVITY 


Fic. 1 


(Centrifugal moment M = P-a; moment of inertia of the mass of the gyro 
Jz, torsion vector B, vector of inherent speed of rotation Ne, vector of pre- 
cession velocity Np.) 


electric motor to drive the rotor. Since machine builders have a 
disinclination, not altogether unfounded, toward the use of elec- 
trical apparatus where absolute reliability of operation must be 
guaranteed, the author used a hydraulic rather than an elec- 
trical drive. 

Gyroscopes used for navigation purposes in aircraft have a 
pneumatic drive for the rotor. By evacuation of the gyro housing 
a sufficient pressure difference can be maintained. The incoming 
air is directed by a nozzle to impinge on a set of vanes or blades 
on the gyro rotor, causing it to rotate. 

Since oil under pressure is usually used in heavy machinery for 
lubrication, it was convenient to use it to drive the gyro rotor. 
Such a device is shown in Fig. 2, while Fig. 3 shows the vectors of 
Fig. 1 for easier understanding. 

The rotor S, which has angular velocity n,, is free to rotate 
about the z-axis’ and is carried in the gimbal ring P;} which rotates 
at the so-called “precession velocity” n,, which is the rotational 
speed of the prime mover. The rotational moment M set up by 
the precession of the gyro is absorbed by the springs F, causing the 
gimbal ring P to turn through the angle 8. As a result of the 
spring characteristic, this turning is proportional to the angular 
velocity n, of the prime mover. A thrust rod R and a lever U 
carry the displacement to the detector collar V, by which it is 
transmitted to the controlling device. The rotor S carries on its 
periphery two-sided Pelton buckets, on which two opposing jets 
of oil impinge. If the oil pressure at the two nozzles, W, and W, 
is the same, the speed of the rotor n,, is zero. It increases with an 
increase of difference of pressure between the two nozzles. 
Therefore it is sufficient to vary the pressure at one nozzle in 
order to change the speed n, and thus to cause a shift in the 
operating range of the detector. The same result could be ob- 
tained by deflecting one jet, with equal pressures at the two 
nozzles. The presence of two opposing oil streams is particularly 
noticeable upon lowering of speed, as the effect of rotor inertia is 
greatly rediiced, so that acceleration and deceleration times equal 
one another. 

The gyroscope construction, together with its transmitting 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

* It ties in the gimbal ring P, which i is in turn rotatable about the 
y-axis. 
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D1aGRAM SHOWING CONSTRUCTION OF A 
Detector Wits Hyprautic Drive 

(Weighted ring or fly ring S, with double row of Pelton wheel vanes; Cardaz 

type supporting member in forin of gimbal ring P and carrier ring rt 

trifugal moment M taken up by two springs F; pipe leads W: and 

oil under pressure P; or P:; transmitting mechanism consisting of pust 1 rod 

R with laminated universal joints; speed-detector collar V, and conne 

or coupling lever U.) 


2 (left) 


Fry Rina S or Gyro Speep Detector Fo. 2, 
Wits Vectors TAKEN From 1 


3 (right) 


mechanism, is shown in Figs. 4 and 5. The notation is the same 
as in Fig. 2. 

Tests have shown that the speed of the gyro rotor can be con- 
trolled very easily by the two jets of oil. The nozzles must be 
accurately finished if the jet under high pressure P, or P; is not to 
break up before reaching the rotor buckets. The upper speed limit 
n, is fixed by this condition. Since n, will vary only in the case 
of a change in operating range, the effect of temperature is neg- 
ligible. In Fig. 6 is shown a portion of the speed-detector char- 
acteristic, obtained experimentally with the gyro speed detector 
shown in Figs. 4 and 5. This shows a section of the operating 
region cevering a range of speed variation of 1 to 3.5. In con 
trast to other speed detectors, the range of this device can be ex- 
tended almost indefinitely without affecting its stability. 


ESTABLISHING DyNAMIC EQUATION FOR REGULATOR 


The static stability of the speed detector is determined by the 
extent of increase of its stroke or movement as speed increases, 
but the dynamic stability ‘of the detector can be investigated only 
in conjunction with an actual control nen. 

Therefore we shall assume that a gyro J, is functioning as the 
speed detector for a turbogenerator unit (sce F ig. 7), whose steam 
or gas turbine A drives an electric generator B whose load is 
the network H. The controlling motion of the gyro collar V, is 
transmitted to the steam or gas valve C, by means of a pilot valve 
D, and a servomotor EF. This valve gear is known under the 
name of Brown and Farcot (2). Between the valye C and the 
nozzle ring of the turbine is the volume G whose capacitance 
effect on the regulating process must be considered (3). 

In general, each individual regulator has its own characteristi¢ 
control circuit. If the regulator circuit is not closed, we speak of 
it asa controller. In the case of automatic regulators, the regul 
tor together with the machine to be controlled form the regulatory 
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Fic. 4 Compete Gyro 3peep Detector 


(Fly ring S of detector with its double row of Pelton vanes carried in bearings 
in gimbal ring P.) 


Fig. 5 ASSEMBLED Gyro Speep Detector WITH VISIBLE ADJUSTING 
MECHANISM 
* (Markings are the same as in Fig. 2. ": 
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hic. 6 Extract From CHaracteristic or Gyro Speep Detector 


SHOWN IN Fias. 4 AND 5 


Fic. 7 ReGuLatTine on ConTROLLING SysTEM 

(asbeting gyro speed detector J, governor piston D, servomotor E, valve C 

gas space G, turbine A, , generator B. network H, and drive L for gyro ae 
etector.) 


i 
Fic.8 DracraM OF REGULATING OR CONTROLLING CircuIiT SHOWN 
In Fria. 7 


(Regulating path M, regulating organs N, external load H, connecting or 
coupling rods O, and coupling joint L.) 


circuit which we have shown schematically in Fig. 8, based upon 
the system shown in Fig. 7. Here H is the external load which 
in practical operation, may cause a change in the steady-state 
condition if its magnitude varies. 

In Fig. 7, C, G, A, and B comprise the machine group M which 
must be in equilibrium with the external load H. The actual 
components J, D, and E from Fig. 7 are therefore designated 
as the regulator N. The particular speed ¢, of the point L corre- 
sponds to the rotating speed of the machine group A, B. This 
system is analogous to that of the well-known feedback amplifier 
used in high-frequency work. . Accordingly; we can apply all 
theorems used in that technique, since the differential equations 
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for electric oscillating circuits are of the same form as those for 
mechanical oscillating systems (4). In the following we shall de- 
rive the equations of motion of the speed detector, and assume 
the equations of the remaining regulatory members to be known, 
since they appear in the literature (2, 3). 

The Speed Detector Equation. Since the detector is driven by a ° 
machine, which because of its inertia is not subject to sudden 
speed changes, the gyro will not be subject to sudden changes 
and so will not be forced to make any sudden nutational move- 
ments. The friction due to bearings and universal joints is 
reduced to a minimum through the use of ball and roller bearings 
and laminated-spring universal joints. Therefore the sensitivity 
of the device is as high as possible, and the detector is able to 
meet every requirement likely to be made on it as a regulating 
device. Furthermore, since the gyro is symmetrical, is sup- 
ported at its center of gravity, and has its torque absorbed by a 
spring, it is stable over the entire speed range. Only a small 
angle 8 is used for the controlling range so @ + 2/2 at all times, and 
we may assume the gyro characteristic to be linear. 

Let us consider a mass M, as being applied to the collar of the 
gyro, this being the equivalent mass referred to the rectilinear 
motion of the collar. In other words, when the collar is moved, 
it requires the same operating force as the gyro rotor and trans- 
mission mechanism, including the mass of the operating gear on 
the governor-piston side. Then the kinematic equation for the 


gyro speed detector is similar to that for a centrifugal detector, — 


except that here the characteristic is linear rather than quadratic. 


In this equation ymax is the maximum collar travel, w is the 
angular velocity of the machine group, with wmex as its maxi- 
mum value, y and Aw the momentary deviation measured from 
the new state of equilibrium, S is the static force on the collar 
which can be calculated from Equation [1] as the reaction force 
of the spring at standstill, K the coefficient of friction arising 
from the movement of the control push rod activated by the gyro 

dw Ymar 


—— = § = 


is the degree of nonuniformity of the detector. 
We shall now write Equation [2] with the introduction of di- 
mensionless quantities as used in other publications (2, 3, 5) 


in which Adw/w = y is the — deviation; 
relative detector deviation; = (2M, ymax/S) /s the fall time — 
of the detector; and 7, = —— the characteristic response 
time for the detector, both with the rods included. 


For our stability investigation, we will write Equation [2] as_ 


follows 


tes ‘Aw 

This is the equation of motion for the reduced mass of the detector 
under the influence of the reduced spring characteristic and 
laminar friction. Upon substitation of numerical values suitable 
for a turbine of 6000 kw, Equation [2b]. becomes 


9.13 X + 2.56 X10~*y + 5 10-*y = 3.182 K Aw 


Power Gear With Rigid Follow-Up. With z/zmax = uw the 
relative servomotor deviation, z.the instantaneous distance of the 


TRANSACTIONS OF THE 


servomotor piston from the new position of equilibrium, zmax tl 


y/Ymax 18 


full travel of the piston from no load to full load, and 7, the 
traversing time of the servomotor, we obtain the equation oj 
motion of the driving force in dimensionless form 


For our stability study this is equivalent to 
max \ a2 max 
(7. + 
If T, = 1 sec, zmax = 0.04 M,, Equation [3b] becomes 
+ @ y.............. 


Capacity Between Valve and Turbine. With P/Pmax = Q as 
the relative pressure deviation, P as the instantaneous pressur 
in excess of that corresponding to the new state of equilibriu 
Pmax a8 the pressure in the chest corresponding to maxi 
load, and T', as the filling time, we have 


yw 
. 
2 


If T, = 0.25 sec, Pmax = 300 psi, this becomes 
0.05 x 10* P + 0.2 = —z.. [4e 


The Machine Group. Let Ho be the constant of proportionality 
between the chest pressure and turbine driving torque, M, the 
coefficient of resisting torque of the power consumer, increasing 
with speed of revolution n,, A the portion of external generator 
load which is suddenly removed, 7, the machine starting time 
Then the machine equation is 

dp 


+ Mo = 


A convenient form for our study, but without the external dis- 
turbing quantity A, is 
— 
Wmax dt @max 
f T, = 10 sec, My = 1, Ho = 1, w = 314 sec™!, then Equation 
becomes 


dt 


d 
0.637 x 10-* + 0.0637 x =P... [5 


The Complete Regulator Circuit. The four simultaneous dil- 
ferential Equations [2a], [3a], [4a], and [5a], or the equations 
derived from them, determine the behavior of the individual 
system quantities upon a variation in generator load. Since in 
practice it is necessary to make certain guarantees in regard to 
speed variations following sudden load changes, we are especially 
interested in the differential equation for the relative deviation 0! 
@ for the system. Upon step-by-step elimination of al! other 
variables we obtain the desired equation 


+ Cig + + + = f(t). 
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For a study of system stability, the right-hand side of this 
equation, which denotes the external disturbance, can be set equal 
to zero, and we obtain a linear differential equation of fifth order 
with constant coefficients Cy, Ci, ....Cs of the form 


+ + + + + Cop = 0... . [60] 


METHODS FOR INVESTIGATING DyNaMIc STABILITY OF REGULATOR 
Circuits 


In order to understand the following we must review the 
basic ideas of general oscillation theory, since every regulatory 
circuit may be represented in terms capable of representing an 
oscillatory condition. Let z = xz + ty be a number in the com- 
plex (or Gaussian) plane, which may be written in polar co- 

z= = Rcos a + iR sin 
If we substitute for a the quantity yt, in whieh ¢ signifies time, z 
for increasing t becomes a circle of radius R with the center at the 
origin. Therefore z can be regarded as a rotating vector having 
an angular velocity y. Either the real or the imaginary parts of 
z represent a harmonic oscillation, but we will assume that the 
instantaneous value is always represented by the real part, that 
is, the projection of the vector on the real axis. 


If p = 5 + iy is a complex number, then tabs 
z = Re = Re*(cos yt + isin yt) 


represents a similar point circling about the origin, whose dis- 
tance Re from the origin changes exponentially with time. If é 
is negative, the amplitude progressively decreases, and the oscilla- 
tion is damped. But if 3 is positive, the amplitude progressively 
increases and the oscillation builds up. In this connection p 
denotes the complex frequency of oscillation. If 5 = 0, we ob- 
tain a harmonic or undamped oscillation, and finally, if R = 1, 
we speak of a constant amplitude, or unit vector. 

From the standpoint of oscillatory theory, each of the simul- 
taneous differential equations formulated at the outset describes 
the motion of a regulatory system component under the influence 
of a disturbing function, for example, that resulting from a forced 
oscillation, and hence the equation permits one to find the 
form of the output disturbance. 

A system component is said to be linear if its output oscilla- 
tions remain proportional at all frequencies to the oscillatory in- 
put disturbance. If, for example, the input disturbance is a 


harmonic oscillation equal to the real part of the vector ¥,. 

which is 

4 


~ the output will also be harmonic as expressed by the real part of 


the vector v, 


R, Age! +@ = A; cos (yt + @) 

This output vector rotates at the same frequency as the input, 
but has a different magnitude and phase. The ratio of these two 
vectors is given by ¥ = Ae’, which also has the character of 
& vector, and which we will designate as the ‘transfer function.” 
It is dependent upon frequency. If we plot the transfer function 
on the complex plane for purely imaginary frequencies p = iy 
With 7y increasing from 0 to o, we obtain a locus which we may 
designate as the frequency curve. This curve of course can also 
be obtained experimentally by means of measurements on the 
original or on a mechanical or electrical model (11, 12). 

If we know the transfer function of each component of the regu- 
latory system, then we cari find the transfer function of the 
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complete system by. multiplication of individual transfer func- 
tions. This is possible since the individual members are uni- 
laterally coupled together so that the output of one is the input 
to the next. The ratio of the disturbance input on the first mem- 
ber to the resulting oscillations of the last elemcnt in the system 
yields the “open-loop” frequency curve if the imaginary fre- 
quency 7y is varied from 0 to ~. The term open loop is used 
because the regulatory circuit must be a closed loop in practical 
operation in order that regulation may be effected properly. It 
is clearly immaterial at what point the circuit is opened, so long 
as the point lies between two members of the circuit. In order 
to signify that the transfer function is dependent on frequency, 
we will denote it as AF (iy) or, in general, as AF(p), where A de- 
notes the amplitude ratio (gain or attenuation), and F the phase 
displacement. 

If we close the opened loop again to obtain a closed-loop sys- 
tem by coupling the last element to the first, the significance is 
that the output oscillation becomes the input disturbance for the 
system, since the output and input must be identical for any mo- 
tion to take place in the system. In other words, in any closed 
circuit, AF (iy) for the open loop (the open-loop transfer func- 
tion) must equal unity. This condition is fulfilled only for cer- 
tain frequencies, that is, for the roots of the equation 


AF(iy) = 1.. 


We call these frequencies the characteristic frequencies or charac- 
teristic modes of oscillation of the system. Without external 
driving forces a system can oscillate only at its own characteris- 
tic frequencies. 

In general, the characteristic frequencies are complex. If all 
of the characteristic frequencies have negative real parts, then 
only damped oscillations as mentioned previously will occur, 
and any disturbances will ultimately die out and disappear. We 
call such a system stable. However, if any one of the characteris- 
tic frequencies has a positive real part, then the oscillation at that 
frequency will build up in amplitude. Such a disturbance will 
not die out but will tend to increase and hence the system will 
be unstable. Characteristic frequencies which possess only 
‘maginary values mark the boundary between stable and un- 
stable response, and in our investigation will be considered 
unstable. 

Method of Small Oscillations, The classical method used in 
mechanics for determining the stability of oscillating phenomena, 
known as the ‘“‘method of small oscillations,” has been described 
in many publications, particularly regarding its application to the 
regulation or governing of prime movers. It is also to be found 
in most textbooks dealing with the theory of oscillation. The 
permissible magnitude of these small oscillations depends on 
how closely the equations of motion represent the actual motions, 
that is, on the limits, within which the actual motions permit the 
assumption of linear relationships. In general, the Equation [6d] 
has the form 

+ 4°... + + Cap = 0... 
The assumption of an exponential solution of the form gives the 
characteristic equation 


The existence of a stable state of equilibrium is dependent upon 
the condition that none of the n-roots p:....p, of Equation [9] 
has positive real parts. Hurwitz (8) states this condition in 
his criterion; All coefficients :a, to a, either must be positive or 
zero and: furthermore -all .the following determinants must be 
greater than zero, thatis, 
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Hurwitz criterion is really an expression determining limits 
of stability. Its application is difficult as soon as the order of the 
characteristic equation passes beyond the third degree. Hence 
literature on the subject so simplifies the dynamic equations for 
the individual components of the regulating circuit that the 
equation for the complete regulatory circuit is not higher than 
third order. However, seldom has investigation been conducted 
to see if such simplification is permissible. 

Method of Self-Excited Oscillations. This method is treated 
in the basic work of Nyquist. If a disturbance is introduced into 
a circuit which is capable of oscillating, it passes through the 
circuit and eventually returns to the starting point. If the dis- 
turbance is an oscillation of sinusoidal form with unit amplitude 
and frequency , the vector representing the disturbance after a 
single passage through the circuit will exhibit the same frequency 
y, but will differ from the original vector in magnitude and phase. 
The factor AF(iy) ment’oned before represents this variation. 
In practice, the disturbing function will contain components of 
various frequencies, and each component in passing through the 
circuit will experience a definite change characteristic of its own 
frequency. 

Tf we let the disturbance be represented by a converging 
Fourier integral of the form meinen 


KO) = 5 ‘a tay f- 110) 


ios permit it to pass through the regulating circuit n-times, its 
magnitude is given by the series 


fault) = + + [APOIO + 
+ [AF(iy)]"f@...... [11] 


As already mentioned, AF (i) represents the change in magnitude 
and phase caused by the disturbance passing once through the 
system. Integration of this series produces the desired magnitude 
of the disturbance at the output. 

In order to evaluate the stability, we are now interested in the 
magnitude f,(¢) after a very long time, when the disturbance 
f(t) has disappeared, that is, when f(t) > 0 andt—o. If the 


n— 


the system is undamped and can continue to oscillate in the 
absence o: the disturbance. If this is not the case, the system 
is stable. 

Let us represent the disturbing vector in the complex plane as 
a unit vector lying along the real axis. Then the loci of the apex 
of the output vectors for all frequencies after a single passage 
through the system, interrupted at any desired point, will de- 
scribe a curved path which we will call the frequency curve. At 
the point where the loop is broken, the open ends must be ter- 
minated in the proper impedances so that the components react 
as if the system were closed. The open-loop regulatory circuit 
therefore can be regarded as one member of a train of an infinite 
number of similar circuits in which the disturbance can pass in 
only one direction. 

Nyquist shows that when the locus of this transfer vector 
AF (iy) for all frequencies from to encloses the point 
(1, 10), the apex of the original disturbance vector, then the 
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Series [10] is divergent. It converges to a finite value or to zero 
if the point (1, 70) lies on the outside. 

If we turn back to the original stability considerations and 
denote the plane in which we plot the frequency curve as the JJ- 
plane and that in which the characteristic modes are plotted as 
the p-plane, it can be shown that the frequency curve is the 
conformal representation of the imaginary axis of the p-plane 
on the J-plane. It can further be shown that all characteristic 
modes of the system will with proper transformation fall at the 
point (1 + 10) since, according to definition, they are the roots of 
Equation [7]. If we make use of this information, and remember 
the condition that the roots have no positive real parts, that is, 
they must always lie to the left of the imaginary axis on the p- 
plane, then we can put Nyquist’s criterion into the following 
form: (If one passes along the frequency curve in the sense of 
increasing frequency iy, a regulator is stable if the point (1, i0) 
on the J-plane always lies to the left of the curve.) 

If we now make a conformal plot on the J-plane for the p-plane 
lines iy = const, and 6 = const, we obtain two sets of curves per- 
pendicular to one another. In accordance with the character of 
conformal transformation, we obtain a grid in which one family 
of curves forms the orthogonal trajectories of the other. Since, 
to maintain continuous oscillations with a closed-loop regulator 
circuit, Equation [7], ¥ = ¥,/¥, must be satisfied, we shall in 
accordance with the procedure of Profos (10) replace y in ¥ with 
vy. + 18,, whereby the ¥-curve is transferred to pass through t! 
point (1, 70) so 


The characteristic values so obtained yield the characteristic 
frequencies y,, and the characteristic damping 4, of the system, 
and can be taken from the grid already mentioned. Now if a 
uniformly spaced y scale be marked off on the frequency curve 
on the J-plane, then the curvilinear square system can be sketched 
in accordance with known methods, or even by eye. From the 
position of the (1, 70) point on this grid, one can at the same time 
read both y, and 4, directly (see Fig. 11). 

From the values for 6, and y, from the curves of the grid 
which go through the point (1, 70), an approximate calculation of 
the performance of the regulatory process can be made. Actu- 
ally, all frequencies from —~ to + « contribute to the regulation 
process. However, the principal contribution is made by t 
frequencies in the neighborhood of the real axis. 

The exact calculation of the regulating process, as a conse- 
quence of a change of external load, for example, through a unit 
impulse ¢?'/p, based upon the frequency curve F(p), is found 
by La Place’s inversion integral (16, 17, 18, 19, 20, 21) 


to +e 


This integral can be found graphically from the frequency locus 
and a harmonic analysis of the input disturbance. In actual 
practice, this probably will be the easiest method. 

The application of Nyquist’s stability criterion to the regulat- 
ing or governing of prime movers has been described by the 
author in a detailed work (11, 12), and its practical value demon- 
strated by examples (13, 14). 

In contrast to the Hurwitz criterion, the criterion of Nyquist 
does not require that the equation of motion of the regulatory 
circuit be found. The degree of the characteristic equation in no 
way affects the practical usefulness and clarity of the results. 
It can even be applied when the behavior of one or all of the 
members is not given in differential form, but is in the form of # 
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plotted curve. The necessary condition is that the system be 
linear and capable of being represented by a differential equation 
with constant coefficients. Therefore this method should be the 
best to use in practice, especially since the frequency curve of a 
regulator can be determined experimentally. 

For completeness, reference must be made to a work by Luthi 
(15), who delineated conformally the boundary of the region of 
the p-plane, in which all the roots of the characteristic equation 
must be situated, in order that a definite minimum damping be 
obtained. This refers to the area symmetrical to the negative 
real axis whose boundary points can be found by means of ob- 
lique angled vector diagrams. Since this variation of Nyquist’s 
criterion is not as elegant as the other, we shall not consider it 
further. 


INVESTIGATION OF DyNAMIC STABILITY OF REGULATORY CIRCUIT 
Basep Upon FREQUENCY CURVE 


In the following we will investigate the stability of the pre- 
viously described regulator circuit on the basis of Nyquist’s 
criterion with an explanation of its practical application. 

Analysis of the Regulatory Circuit. We shall draw a simplified 
schematic diagram for the regulator circuit in which we shall dis- 
regard all elements which do not affect the regulator stability; 
for example, high-pressure or overspeed protective devices. In 
the remaining schematic we will then distinguish between oscil- 
lating elements and coupling elements. We shall denote as an 
oscillating element that portion of the regulating system which 
has a given function assigned and which produces individually 
or mutually a mass, friction, or spring force. 

In the present case we can distinguish the following oscillating 
elements: The speed detector /, the driving gear DE, the steam 
chest G, and the turbine AB. The coupling elements are those 
connections between the individual oscillating elements; for os- 
cillatory technique they are for the most part without significance. 
Coupling elements should transmit the regulating impulse in 
only one direction in order to avoid a disturbing reaction. We 
shall denote such a connection as a unilateral coupling. In the 
present regulating system, for example, the valve C has no re- 
action which affects the servomotor piston Z. In practice it has 
been shown repeatedly that reciprocal coupling between indi- 
vidual oscillating elements can make the regulation ineffective 
(22). If this fact, which is too little considered, be borne in mind 
in the designing stage, one can easily survey the behavior and 
frequently find a remedy for instability by eliminating the second- 
ary effects of reciprocal coupling. 

Formulation of Equations of Motion. The equations of motion 
of each separate oscillating component as previously described 
can be formulated as shown in the classical literature. In this 
manner Equations [2a], [3a], [4a], and [5a] were obtained. In 
order that the coupling relations not be lost, we have converted 
the dimensionless equations to a form involving dimensions (see 
Equations [2b], [3b], [4b], and [55]), so that the relations be- 
tween the individual components can be deduced. For our in- 
vestigation of dynamic stability, we shall transform these equa- 
tions into those for small harmonic oscillations (y, z, P, Aw), 
whose frequency ¥ is that of the whole circuit concerned. As an 
example, we have for the speed detector 


y= asin yt; y = yasin (x + y = — y’asin yt = — yy 


By substituting these values into Equation [2b] we obtain an 
equation involving vectors to replace the scalar equation. The 
scalars y, , and y are now replaced by vectors which we also call 
% ¥, and ¥. These vectors are displaced from one another by 
7/2. The “multiplication” of a vector with the operator i 


represents a rotation of r/2, and that with 7? a rotation of r. 
For example, y = iyy and 7 = i*y*y. Equation [26] then be- 
comes the vector equation : 


Ymax Ymax Ymax 


In this equation M,, y, 7;, 6:, are scalars, y and Aw are vectors, 


and 7 is the operator just described. In this manner the follow- 
ing system of vector equations is derived from Equations [2c] 
to [5c] 
—0.913 X 10-*y4y + 2.56 X 10-tiyy + 5 X 10-4 = 
3.182 X 10-°Aw. . . [2d] 
X + 0.2 X = {4d} 
0.367 X 10-‘iyAw + 0.0637Aw = P.......... [5d] 


Selection of Disturbing Frequencies. The selection of disturbing 
frequencies (some 6 to 10 in number) is, if necessary, to be made ; 
in such a way that the curve, to. which reference is made later,* 
is clearly defined in the region of the positive real axis. The = 
probable resonance frequencies of the regulatory circuit will be _ 
known to the expert. For a given type of machine, these fre- _ ss 
quencies do not vary greatly, and therefore one needs to use —™*™*S 
only a small frequency range. In place of the frequency of the 
disturbance y, one might use the period of the disturbing oscilla- 
tion 7’ = 2x/+7, and this has usually been done in practice. For 
steam turbines of average size, for example, this period varies 
between 1 and 10 sec, and similar values hold for medium and 
large-size Diesel engines and generators. 

In order to obtain as comprehensive a picture as possible of the _ 
locus of the transfer vectors, we will select for the case under _ 
consideration a very broad frequency band from - M 


= 200r/see to y = 0.002x/see, or from T = 0.01 sectoT = 
1000 sec 7 


Determination of Transfer Function. If one chooses a single ba 
oscillatory component from the regulatory circuit (for example, __ 
the gyro speed detector) and applies to its input speed n,, a i 
disturbance in the form of a superimposed oscillation of constant _ ag ; 
amplitude and frequency y, there will appear at the output an , 
oscillation displaced in phase and different in magnitude. The 
quotient of these two’ will be termed the transfer ratio or the 7 
transfer function. If in the previous example we consider a dis- | a: : 
turbing frequency of y = 1.257/sec, corresponding to an — - 


tion period of 5 sec, then the phase-shift angle a, isfound tobe 
friction f 
spring force minus inertia force 
_ 2.56 X 
~ 0.05 — 9.13 X 10-42 
therefore 
= 3°40’ 


The amplitude of the oscillation at the output end is 


(spring force — inertia force) at y = 0 
(spring force — inertia force) at y = y: ; aa 


where yo is the steady-state displacement of the speed detector — 


corresponding to a speed variation Awo = 8,wmax and therefore — 
‘ Section entitled, “Tracing Frequency Curve of Regulating Cir- 
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regulating or controlling circuit. 
corresponding to an indefinitely long period. In the foregoing 
case it is 


y = 0.01 X 0.997 = 0.00997 m...or...9.97 mm 


Fig. 9 shows the results of calculations for the speed detector 
for periods from 0.01 sec to 1000 sec. The value for T = 5 is 
particularly emphasized. 

As we will see later on, if the period of the resonant frequency 
of the regulatory circuit is approximately 5 sec, then the re- 
duction of output amplitude of the speed detector, about 3 per 
cent of its steady-state value, is negligible. The effect of friction 
from external gear, however, produces a phase shift (3°40’) which 
cannot be disregarded completely. 

In the same way we can compute the transfer function for othe T 
oscillating components of the regulator as follows: id. 
Equation [3d] 


Zmax 
Tan ow = T,y and z= y a: 


Umax 


From Equation [4d} 
quation [ 


Tana = T.y and P 


From Equation [5d] 


Wmax 
— cos a, = P COS a4 


Tan a= and 
oF 5; Pmax 


dw = P 


Tracing Frequency Curve of Regulating Circuit. Tracing the 
frequency curve of the regulating circuit for various disturbing 


Extract From Patu or Frequency CuRVE 
(Construction of y-6 network marked in for finding inherent damping and frequency of uninterrupted, or closed, 
Descriptions are the same as in Fig. 10.) 


tA ie 


frequencies by means of vector combination of the individual 
component transfer functions found under the foregoing section, 
for each frequency there is a phase-shift angle and an amplitude 


ratio. For the example previously given these are 
alee 


1 
= = — 


Qtotal = a + + ay + 


COS a; COS ay, COS a3 COS a; 


If we allow the input disturbing vector for the open-loop regu- 
latory circuit to coincide with the real positive axis of the com- 
plex plane, and give it unit amplitude, the apex of the output 
vector will describe a locus which is a function of frequency. 
We will call this the frequency curve for the open-loop regulatory 
circuit. 

In Fig. 10 the curve for the foregoing example is shown on a 
logarithmic scale. The point for the frequency whose period is 
T = 5 sec is particularly emphasized. 

With this curve we are now in a position to apply Nyquist’s 
criterion to determine the dynamic behavior of the regulator. 
The criterion of Nyquist states that the circuit is stable if the 
frequency path in the complex plane for all frequencies from — ~ 
to + © does not cut or enclose the unit point (1, 70) on the real 
axis. Expressed otherwise this is: If one moves along the fre- 
quency curve of the open-loop regulatory circuit in the direction 
of increasing frequency y or decreasing period 7’, then the regu- 
latory circuit is stable only if the unity point on the positive real 
axis is always to the left of the curve. 

On this basis it follows from Fig. 10 that the given regulator 
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is stable, since the point (1, 70) lies outside of the region enclosed 
by the frequency curve. 

Estimating Resonant Frequency and Damping of Regulator. 
After we obtain the frequency curve W for the open-loop regula- 
tory circuit, we can see that to maintain oscillations the follow- 
ing must hold 

This relationship can be obtained by the introduction of complex 
disturbing frequencies. Only in the case of sustained harmonic 
oscillations is the point (1, 70) on the curve W for purely real fre- 
quencies. The desired resonant frequency is then determined by 
the foregoing condition for the existence of a resonant value being 
fulfilled for the case where yo = y,, and 6 has a finite value. 
Since the curves for yo = const and 6 = const form a system of 
orthogonal trajectories, we can find the values for yo = y,, and 
5 = 6, by mapping the grid of y = const and 6 = const from the 
open-loop frequency curve. 

Unfortunately, the analytical determination of the grid is 
difficult, so we shall have to use a method of graphical approxi- 
mation. In Fig. 11 is shown the grid for our example, the fre- 
quency curve no longer being plotted to a logarithmic scale. 
The construction of the y — 6 grid is also shown for the disturbing 
frequencies y = 1.1, 1.2, and 1.3 per sec. The numerical values 
y, = 1.36 per sec and 6, = 0.23 for the closed-loop regulatory 
circuit are only approximate, but we can see that the damping is 
sufficiently large to insure a rapid decay to steady state in event 
of a sudden change of generator load. 

In order to check this value we can use the classical methods 
for solution of the equation of motion. If we neglect the mass 
and friction of the speed detector, then by elimination of all 
variables except Aw from the differential Equations [2d] to [5d], 
we obtain as the simplified equation of motion of the regulating 
circuit 


+ 5.1Aw® + 4.5A0 + 8.3925Aw = 0 
The characteristic equation for this is 
p®? + 5.1p* + 4.5p + 8.3925 = 0 


For this third-degree equation, the Cardan formula yields three 
roots, namely, p, = —4.515, and p23 = —0.292 + 71.3316. 
We see that the p:,; agrees very well with the graphically obtained 
roots po: = —0.29 + 11.36. Small differences are to be ex- 
pected of course, since the effect of friction in the speed detector 
was not considered in determining p2,3. 

A complete discussion on the effect of individual oscillating 
elements on the regulator stability has already been given in an 
earlier publication (13), so that further discussion of this problem 
is unnecessary at this point. 


SUMMARY AND CONCLUSIONS 


‘ i investigation of the stability of a regulatory system has 
been demonstrated for the hydraulically driven gyro speed de- 
tector. A general section of this report gives a survey of the newer 
regulator dynamics which have already been adopted extensively 
in actual practice. The frequency-curve method, based on the 
Nyquist criterion, has proved practical because of its simplicity. 
In contrast to the classical method based on the Hurwitz criterion, 
the method demonstrated here has the advantage of showing in a 
very simple manner the effect of each individual element on the 
stability behavior of the complete regulatory system. The esti- 
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mation of the characteristic damping of the regulating circuit 
gives us an additional advantage, enabling us to draw conclusions 
concerning the duration of oscillations following a change in load, 
Since the frequency curve is generally the complete equivalent 
of the usually unknown equations of motion, and since the fre- 
quency curve can be determined experimentally, it permit 
calculation of regulator operation for any disturbance. 
Therefore it is possible by the foregoing method to find the 
open-loop frequency curve for the complete regulating system 
from the frequency curves for the individual members. It is 
suggested at this point that the frequency curves be generally 
used by manufacturers for characterizing the regulatory appara- 
tus obtainable through trade channels, in exactly the same m: 
as is done in amplifier technique, and more or less in the 
shown in Fig. 9. 
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The generation and nature of gas-pressure pulses from 
reciprocating compressor action are described, together 
with the propagation of such pulses through pipe lines. 
The means whereby pulse energy is converted to mechani- 
cal vibration is discussed by the aid of analogous me- 
chanical, acoustical, and electrical oscillatory systems. The 
economic importance of minimizing vibration in com- 
pressor and compressor-dependent installations is indi- 
cated. 
INTRODUCTION 
NDUSTRY employs many kinds of compressors in diverse 
ways for the general purpose of transmi ting gases from place 
to place. Practically all compressors and their associated 
piping will show evidence of certain dynamic forces which are the 
result of the reciprocating action of the compressor pistons. One 
of the most important of these is the presence of pulsative flow in 
the gas phase of the system. Accompanying these more or less 
rapid periodic variations in flow rate are corresponding periodic 
changes in pressure of the compressed fluid known as pressure 
pulses. Some of the energy contained in such pulses, which are 
propagated through pipes with approximately the speed of sound, 
may be converted to physical vibration of piping, associated 
equipment, and supporting structures, depending upon the 
amplitudes and frequencies of the sinusoidal components making 
up the pulse wave shape. This conversion is due to the presence 
of mechanically resonant components in the piping and associated 
structures sympathetic to frequencies present in the pressure 
pulses. Depending upon the complexity of the pulse wave shape 
and the extent and diversity of the piping network with its asso- 
ciated equipment, there is an extremely high probability of oc- 
currence of similar pulse and mechanical resonance frequencies 
in a typical compressor installation. Thus very few compressor 
plants have been constructed, even when prior planning was in- 
volved toward minimizing pulsation, in which no vibration due 
to this cause resulted. In many cases such pulsation-induced 
vibration has been the limiting factor in the operation of petro- 
leum-gas systems even to the extent of preventing design operat- 
ing conditlons to be reached. 

Over a period of years, reliable theoretical formulas, confirmed 
and tempered by empirical evidence, have been developed for the 
sizing of pipes and supports for static stress conditions. These 
have been in the main quite reliable in the over-all sizing picture. 
However, in more cases than many design engineers like to admit, 
& system designed and built from the singula: viewpoint of static 
forces may show a predilection to operate dangerously stresswise 
when subjected to dynamic forces. In such instances, gas piping, 
for example, can lend itself to such a degree of vibrational indul- 
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~ Mechanical Vibration of Piping Induced 
by Gas-Pressure Pulsations 


By R. C. BAIRD! anv I. C. BECHTOLD,? LOS ANGELES, CALIF. 


gence that at certain points in its structure the instantaneous | 
stresses present may and often do produce fractures. The re- 
sulting hazard and economic loss sometimes may be considerable. 
It may be argued that the original rule-of-thumb type of design 
data have been derived based upon an allowance for routine vibra- 
tional stresses. That may well be, but the fact remains that vi- 
brationally produced fractures still do occur. Furthermore, if 
the design engineer is familiar with the probable amounts of vi- 
brational stresses to be expected for a given piping arrangement, 
a considerable original cost saving might be effected by a more 
judicious oversizing of the system components. 

The main objectives of this paper are to describe the genera- 
tion and nature of gas pipe-line pressure pulsations, the means 
whereby they can produce mechanical vibration in pipes and 
associated structures, and the manner in which pulsations are 
propagated through a pipe line. No attempt will be made to 
show how they may be minimized or eliminated.*‘ 


Scurces or VIBRATION 


The usual sources of energy for vibration of pipes and associated 
structures are as follows: 


1 Outside energy sources operating to produce vibration of a 
mechanical self-excited type. The humming of telephone wires 
in a wind is an example of this type. 

2 Direct mechanical coupling to vibrating engines or support- 
ing structures. 

3 Pulse energy of gas flowing inside a pipe. 


Sources 1 and 2 are often of major consideration in the vibra- 
tional problem. Source 3, nevertheless, is in many cases the 
most important factor and, at the same time, may be the least 
understood. 

There are three principal ways in which pressure pulses can be 
produced and superimposed upon the mean static pressure of a 
gas-flow system. These may be listed in order of importance as 
follows: 

1 Compressor action in pressurizing the system for producing 
and maintaining gas flow. 

2 Acoustical resonance effects of chambers and pipe lengths 
involved in the flow path. 

3 Pressure variations produced by the Bourdon-tube prin- 
ciple because of mechanical vibration of the piping. 


Method 3 is of rare importance in gas-flow problems because 
of the compressibility of the gas and normal rigidity of piping 
which precludes anything but vanishingly small percentage 
change in volume by mechanically produced vibration. 

Method 2 can be of considerable importance and actually often 
prevents the accurate measurement of the pulsation wave shape 
produced by compressor action because of its masking influence. 
As a matter of fact, when using reciprocating compressors, it is 
practically impossible to segregate the effects of compressor valve 


3“*Pulsation Phenomena in Gas Compression Systems,”’ by I. C. 
Bechtold, Engineering and Science Monthly, California Institute of 
Technology, October, 1947, p. 6. 

4“The Effects and Corrections of Gas Pulsation Problems,” by 
F. M. Stephens, Oil and Gas Journal, vol. 45, Sept. 14, 1946, pp. 78, 
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action and piping resonance. In the case of rotary compressors, 
the latter could more readily be estimated or obtained experi- 
mentally, but since the use of the reciprocating compressor is far 
more common, the attention of this paper will be directed toward 
analyzing its effect in producing pulsative flow. 

The resonance effects of piping and manifolding chambers can 
often produce economic loss in that they may alter the effective 
static-pressure conditions at the juncture of compressor valve and 
piping so that a real and undesirable increase in engine fuel con- 
sumption or horsepower requirement becomes necessary. This 
is a standing-wave condition whereby the reflected pressure 
wave or pulsation produces an increase in the average pressure 
at the outlet of compressor cylinders at approximately the time 
that the valve opens to disgorge another compressed ‘‘slug’’ of 
gas into the line. As might be expected, the resulting erratic 
valve action may also be recognized by an increase in the rate of 
wear with consequent rise in valve-replacement costs. 


PULSATION 


In the discussion to follow, pulsation will be defined as the 
maximum differential pressure in pounds per square inch from 
peak to trough of the pressure variation. This definition is illus- 
trated by means of Fig. 1, which, it will be noticed, looks much 
like the situation in the electrical analogy where an alternating 
current is superimposed upon a direct-current flow. Indeed, in 
the electrical analogy a gas compressor may be regarded as a di- 
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Fie. Derinition or Pressure Putsation 


This is shown as the maximum pressure differential between pajocens peaks 
and troughs. Pulsation expressed in per cent = [AP/P] X 100.) 


rect-current generator producing a voltage carrying an appre- 
ciable “ripple” of complex wave form. Pulse amplitudes which 
are 10 per cent of the average line pressure are often obtained in 
practice and may be sometimes considerably greater than this. 
As a general rule, pulse amplitudes which are greater with respect 
to the average system pressure are usually found in the lower- 
pressure systems due probably to larger ratio of compressor 
cylinder displacement to line size normally encountered there. 

A reciprocating compressor with even angular piston spacing 
produces a fundamental] pulsation rate which can be computed 
by the following relationships Wires wtalnts 


(a) For an even number of cylinders 
to 


ot 


(0b) For an odd number of cylinders 


mils 


w 
= pulse frequency, cycles per sec 
_ = number of cylinders 


co - action of compressor; 1 for single and 2 for double- 
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A fundamental pulsation rate f,, does not necessarily meap 
that much energy is contained in the fundamental sine-wave 
component of this frequency in the Fourier analysis of the pulse 
wave shape. On the contrary, it has been found that oftentimes 
the second and even the third harmonic contain most of the pulse 
energy. However, because of acoustical and/or mechanical 
reaction on the pressure pulse by shock forces due to the sudden 
ejection or stoppage of the gas slug from the compressor cylinder, 
there usually results an alteration of the original wave shape by 
addition of spurious perturbations not harmonicallly related, to 
the extent that the resultant wave cannot be subjected to a 
Fourier analysis for determination of its sinusoidal components, 
This fact has been confirmed by studies of actual pulsation traces 
and therefore it is difficult to tell accurately what percentage 
of the total pulse energy is contained in the fundamental pulse 
frequency f,. 

The net pulse wave shape resulting from compressor action 
may be quite complex, as illustrated by the actual pulsation 
traces reproduced in Fig. 2, depending on such factors as valve 
action, size and shape of suction “bottle,” acoustical and me- 
chanical reaction of associated piping, etc. The two traces in 
Fig. 2 were chosen to illustrate the general increase in wave- 
shape complexity when going to higher reciprocating rates. 
Note that the chart recording speed for the 300-rpm trace is 
greater than for the 68.5-rpm one, thus resulting in an apparent 
equivalence in f, for the two traces. The increase in complexity 
is probably due to erratic valve action at the higher speeds re- 
sulting in high-frequency additions to an otherwise smooth 
wave. However, as long as all the compressor cylinders operat- 
ing are connected to the same drive shaft so that their relative 
action in time is fixed, the fundamental pulse frequency wil! re- 
main unchanged. 


INTERACTION BETWEEN Fixep PuLSE PaTTeRNS OF SEVER 


COMPRESSORS 


In many installations several compressors pump into the same 
discharge header. Under such conditions, there will be a reac- 
tion between the fixed pulse patterns of the individual units due 
to nonsynchronous crankshaft speeds in which, theoretically 
peak pulses equal to the algebraic sum of the individual com- 
pressor peak pulses may obtain aperiodically. Similarly, there 
may be short intervals of time in which pulsations are entirely 
absent because of relative compressor crankshaft phasing re 
sulting in algebraic cancellation of their individual pulsation px'- 
terns. 

For an example of an actual pipe-line instance of this kind in- 
volving manifold compressor units, refer to Fig. 3. There in Fig. 
3(a) the fundamental pulse frequency of each of the two 300 
rpm compressors can be seen along with the slower “‘beat’’ pro- 
duced by the nonsynchronous compressor engines. “Hunt- 
ing” of the engines adds ‘greatly to the resulting complexity © 
wave shape. The beat or slow interaction frequency is ob 
served here to be heterogeneous in period due to this effect. 
Figs. 3(b) and (c) show the general increase in “‘beat-frequency” 
complexity when a larger number of compressors are manifolded 
together. The beating together of frequencies of slightly dil- 
ferent periods is analogous to the heterodyniag of radio waves 
in which two high-frequency alternating electrical currents, each 
being far out of the range of audibility, can beat together to pro- 
duce an audiofrequency current which can be used to conve) 
intelligence. Or as illustrated in Fig. 4, electrical sine wave 
(from separate audio oscillators) representing sinusoidal pre 
sure fluctuations, are combined or manifolded, to use pipe-line 
terminology, to produce beat-frequencies which adding to the 
primary components result in very complex fluctuations as show". 


.ANSACTIO! 
i 
i 
xh 
AS 
= 
t 
| 
SNA 
60 
“J 
4 


BAIRD, BECHTOLD--MECHANICAL VIBRATION OF PIPING INDUCED BY GAS-PRESSURE PULSATIONS 991 


(A) LOW SPEED 68.5 RPM COOPER BESSEMER TYPE I9 TWIN TANDEM 
AT 500 PSI. 


(B) HIGH SPEED (305 RPM). |-R TYPE LVG-8 AT 830 PSI. 


: il 


Fie. 2 Acruat Gas-DiscuHarce Putsation Traces or INDIVIDUAL ReciPROCATING CoMPRESSORS, SHOWING CHANGE OF PULSE 


Comp.Lexity WiTH Compressor SPEED 


(A) TWO I-R TYPE XVG-8 COMPRESSORS. 300 AND 310 RPM (HUNTING) — 
AND 450 PSI. 


i 


(c) SIX I-R COM 
THREE LVG-8 303, 305 5 AN 


= 


Fic. 3 Actruat Gas-DiscHarce PuLtsaTion Traces OF MantroLpep COMPRESSORS 


* 
| 
4 — 
(B) THREE I-R TYPE KVG-6 COMPRESSORS. 325, 329 AND 327 RPM ima 
KVG-6 325, 329 AND 327 RPM; 
298 RPM, I690 PSI. 
— 
= — 
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(A) TWO SINUSOIDAL COMPONENTS: Fi/Fe=21.6/22.6 (CPS) 
Ai/A2 = 1.03/1.00 “O08 TA 


8) THRE SINUSOIDAL COMPONENTS: Fi/Fe/F3 = 21.6/22.6/23.7 (cps) 
Ai/A2/A3 =1.03/1.00/0.98 


| 


(C) FOUR SINUSOIDAL COMPONENTS: Fi/F2/F3/Fa =21.6/22.6/23.7/24.6 (cps) 


(D) FOUR SINUSOIDAL COMPONENTS: Fi/Fe/F3/Fa = 20. 18/22. 9/23 1/246 (cps) 
Ai/A2/A3/A4 = |1.00/0. I. 0.95 


Fic. 4 CoMBINATION OF SinusoipAL ELectricaL Waves F -om OsciLLators, SHOWING RESULTANT BeaT FREQUEN‘ 
(These traces represent manifolding of similar numb 5 of reciprocating compressors having nonsynchronous speeds.) 


Fig. 4(a), (b), and (c) represent different operating conditions electrical systems. Each of these systems contains three ele- 
of our “synthetic compressor station” in which two engines are ments which have their counterparts in those of the other two 
operating, then three, and finally four. Note the increase in systems. These three elements which may be used to describe 
complexity as more “compressors” are added. Fig. 4(d), com- the reaction of the three systems to dynamically exciting energy 
pared with Fig. 4(c), illustrates the sensitivity of the beat-fre- are as follows: 
quency wave shape to slight differences in engine speeds. This 
effect may be incomparably augmented by hunting of the com- . 
pressor engines due to inadequate speed-governor control. Com- netic 
pare these patterns and their trend in wave complexity with Fig. 2 The change-producing element or the unit which store 
3 potential energy. 

mre 3 The dissipative element or the one which more or less slowly 


PROPERTIES OF VIBRATIONAL SYSTEMS 
wei dissipates energy fed into the system in the form of heat and/o 
o understand the phenomenon of mechanical vibration pro- radiated energy. 


duced by pressure pulses in a pipe, a few remarks on the properties 
of vibrational systems are necessary.’ As is well known, a close The three elements for any one of the systems, mechanical, 
dynamical analogy exists between mechanical, acoustical, and acoustical, or electrical, may be arranged so as to allow one 0 


‘ “Elements of Acoustical Engineering,” by H. F. Olson, D. Van ™ore degrees of freedom, that is, the complexity of the resultant 
Nostrand Company, Inc., New York, N. Y., 1942, chapt.4.  cireuit may require several equations to describe completely I 
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noting the total possible number of degrees of freedom. 

For this discussion we shall limit ourselves to simple oscillatory 
circuits of one degree of freedom. ‘‘Mechanically,” such a cir- 
cuit may comprise a weight suspended by a spring from a fixed 
point; “acoustically,” a cavity side branch connected by means 
of a tube to a conduit passing sound energy; and “‘electrically,”’ 
an inductance in parallel with a condenser, the combination then 
connected in series with one lead of an electrical line. The three 
circuits are illustrated in Fig. 5. 


SPRING (S) SYSTEM OF ONE DEGREE OF 


FREEDOM (MOTION IS ALONG 
AXIS OF THE SPRING.) 


ho S 


MASS (M) 


a? 


(8) 
AN ACOUSTICAL OSCILLAT- 
ORY SYSTEM OF ONE DEGREE 


__CONDUIT (M) OF FREEDOM 
CHAMBER (S) 
AN ELECTRICAL OSCILLAT- 
CAPACITANCE (S) SYSTEM OF ONE DEGREE 
OF FREEDOM 
\_ INDUCTANCE (M) 
Fic. 5 ANAaLoGous MecHANICAL, ACOUSTICAL, AND ELEecTRICAI 
Systems or One Decree or FREEDOM 
. (For simplicity the dissipative elements are not shown.) 


Each of these circuits has a natural oscillatory frequency which 
is called its resonant frequency and which varies. as the recipro- 
cal of the square root of the product of the magnitudes of its 
“kinetic” and “‘potential’’ elements, the dissipative element 
limiting the maximum amplitude of the oscillation. Thus if the 
weight suspended by the spring is given an initial displacement 
from its rest position, it will oscillate up and down at a definite 
rate practically independent of the amplitude. Blowing across 
the mouth of a bottle will produce a tone of pitch nearly inde- 
pendent of the exciting energy. Alternating current of a fre- 
quency resonant to that of an “LC” series-parallel circuit con- 
nected in the line will be prevented effectively from flowing on- 
ward, due to electrical resonance. The latter may be recognized 
as the “wave trap” of early radio days. 


MAGNITUDE OF VIBRATION STRESSES 


Thus any collection of mechanical, acoustical, or electrical 
elements can be analyzed, the number of natural periods of reso- 
hance being a function of the total number of degrees of freedom 
it possesses. A piece of pipe, for example, fastened tightly at its 
ends, has its mass, compliance, and resistance distributed through- 
out its length, and thus with many degrees of freedom, can be 
excited at different frequencies depending upon where along the 
length the exciting energy is applied. With many vibrational 
frequencies possible, however, the one normally easiest to excite 
's the fundamental in which the center of the pipe moves up and 
down as a whole. From the stress standpoint, nevertheless, 
although such a vibration may look bad, actually in many cases 
the more unobtrusive higher-frequency vibrations may be the 
ones producing the most dangerous stresses. This may be seen 
easily as follows, assuming the motion of an elementary element 
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dynamic characteristics,.the number of equations required de- 


4 


of mass ( Am) to be sinusoidal and its position therefore capable 
of being expressed as 


where 
8s = displacement from rest position 
t = time 


A = the peak amplitude of displacement 
w = 2xf where f is frequency of vibration 


The velocity of the mass is 


_and its acceleration is 
The force associated with this acceleration is pe 
F = —(Am) ‘A sin wi. . 


and is directed toward the rest position of the element. 

It is apparent, therefore, that vibrational stresses are a func- 
tion of the square of the frequency, as compared with the first 
power of the amplitude Thus a structure vibrating at a high 
frequency but with a very small amplitude actually may be 
producing stresses far greater than one having low frequency and 
large-amplitude oscillations. 


PETROLEUM-INDUSTRY STRUCTURES 
In the case of the large pressure vessels, piping, and structures 
employed in the petroleum industry, fundamental resonant fre- 
quencies are often too low to be excited by the fundamental pulse 
energy f,, of high-pressure gas flow. Hence higher harmonics 
of the fundamental and/or spurious high frequencies present are 
usually the ones which, pursuant to Equation [6], may produce 
high mechanical stresses. Further, as one goes to the heavier 
pressure vessels usually associated with higher pressures, the 
dissipative element tends to become less proportionally than the 
other two, thus allowing larger peak vibrational amplitudes to 
develop. At the same time, the “potential” storing or stiffness 
element may increase more rapidly than the “kinetic” or mass ele- 
ment so that the fundamental frequency of vibration increases. 
This increase in f then results in increased stress forces in accord- 
ance with Equation [6]. However, although f, may be too high 
to excite fundamental vibration in large units such as gas clean- 
ers, accumulators, open section cooling coils, heat exchangers, 
building structures, structure and vessel foundations, and long 
pipe lines, vibration in this mode may yet result from pulsative 
flow. In such instances, because of the high ratio of mass to 
compliance and/or damping coefficient, dangerous stresses may 
develop even at sub-f, frequencies. This phenomenon may come 
about because the fundamental resonant frequency is an exact 
submultiple of f,. However, by far the most important reason is 
the presence of sympathetic beat frequencies as already described 
and illustrated, from manifolded nonsynchronized compressors. 
This vibration-producing mechanism is subtle in production but 
sometimes devastating in effect, and can manifest itself suddenly 
after a period of satisfactory operation (from a vibrational stand- 
point) due to a particular relationship in compressor speeds giving 
the requisite beat frequency. 


CHANGEs IN VeLocrty-Heapb Loss 


The chief method, as already pointed out, by which ‘pulse 
energy can be converted to vibrational energy of the pipe carry- 
ing the flowing gas itself is through changes in the velocity-head 


* “Vibration Analysis,” by N. O. Myklestad, McGraw-Hill Book 
Company, Inc., New York, N. Y., 1944, sect. IV-3, p. 102. 
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loss in accordance with the pulsation wave shapé. ‘Supposing 
that there is constant smooth flow through the pipe in Fig. 6, 


Fic. 6 Vector COMPONENTS OF VELOcITY-HEApD Loss or FLOWING 
Gas 1n A 90-Dee@ DirecTIONAL CHANGE IN PIPING 


there will be a velocity-head loss producing static forces equal to 

of the flowing gas in each of two directions shown. The vector 
sum of these two forces is also shown and i in this case equals 


Now, as jong as this head-loss force is constant (no pulsation), 
the pipe will not vibrate even though loosely supported. Under 
pulsative flow conditions, on the other hand, the velocity-head 
force 


will vary correspondingly, thereby setting up a pulsating force 
acting directly on the pipe, which will set the latter into vibration 
if it contains frequencies near to the natural frequency of vibra- 
tion of the pipe itself. The resultant vibrational amplitude and 
consequent internal stresses produced will depend, as before, 
upon the pipe damping coefficient and the closeness of the ex- 
citing frequencies to the natural (or a harmonic) frequency of the 
pipe structure. 


OTHER CAUSES OF VIBRA1ION 


tion are (1) viseous drag exerted by pipe walls on the gas stream, 
and (2) the Bourdon-tube effect. Type (1) is known simply as 
pipe-friction pressure loss and varies as the instantaneous gas 
velocity, which in turn is controlled by the pressure pulse propa- 
gating through the section of the pipe in question. This effect 
gives rise to a varying force directed axially along the section of 
the pipe where it is produced. The Bourdon-tube effect can per- 
haps be best realized in long stretches of relatively unsupported 
pipe where the sag due to gravity results in imparting to it a non- 
circular cross section. It should be noted that this mechanism, 
as contrasted with the other two already described, can be effec- 
tive at very low rates of gas flow whereas the others become in- 
effective under this condition. However, it is believed that the 
vibration-producing mechanism chiefly responsible in vibration 
problems is the pulsation-controlled velocity-head loss. It is 
thought, therefore, that if techniques‘ for measuring the relative 
effects of the three methods could be developed, vibration in- 
duced by the velocity-head effect, would be found to far outweigh 
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Two other means whereby pulsative flow can result in vibra- _ 
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To summarize the foregoing with regard to the manner in 
which pulsation energy results in mechanical vibration, some of 
the pulsation energy is converted to periodic physical force be- 
cause of interaction between the gas and the pipe through which 
it is flowing. These periodic physical forces, which usually have 
a complex wave shape, often will contain component frequencies 
which lie close or are resonant to the mechanically resonant fre- 
quencies of the pipe and/or associated structures. The force 
stimulation necessary for mechanical] vibration is thereby 
achieved. 


PROPAGATION OF PRESSURE PULSES 


Regarding the propagation of pressure pulses through a pipe 
line, it is believed that technically such cannot be considered as 
simply the propagation of sound waves in a gaseous medium, 
even though such a simplification may be entirely within reason 
for certain engineering applications. The reason for this lies 
principally in the following: 


1 Pulsation often reaches an appreciable per cent of the aver- 
age system operating pressure as already pointed out. 

2 There is a requirement for continuous gas displacement or 
positive unidirectional flow. 


A conception which is believed to be scmewhat nearer the 
truth in so far as pipe-line transmission is concerned, has been 
indicated experimentally by J. W. M. DuMond, et al.?’_ He shows 
that the propagation of ballistic shock waves is accompanied by 
a frequency-conversion effect whereby some of the energy of low- 
frequency components is converted to high frequency in the 
pulsation pressure pattern. However, his work was done in the 
free atmosphere with unconfined spherically radiating waves, 4 
case which coupled with no requirement for positive net flow of the 
conducting medium is obviously somewhat different from pulsa- 
tive flow conditions in a pipe line. 

There is evidence that a basic change in pulse wave form with 
distance of travel is present in pipe lines. This is based on ob- 
servation of the variation in effectiveness with distance of pulsa- 
tion-removing devices downstream from the compressor. Per- 
haps the chief counteracting effect of a pipe line to the conversion 
of pulse energy to higher-frequency components would lie in in- 
creased frictional forces exerted by the pipe wall tending to damp 
out the high-frequency components in the pulse. This implies 
that frequency conversion of pipe-line pulsation would not be 
carried to the degree theoretically indicated and experimentally 
substantiated by DuMond for unconfined ballistic shock waves 


J.W.M.DuMono. During the war, I was engaged on a picee 
of war research to develop a training device for soldiers and for 
gunnery equipment whose object was to indicate the errors of fire 
of projectiles shooting at #ir-borne targets. The device which, | 
am happy to say, has been eminently successful and is now in ex- 
tensive use by the armed forces, utilizes ballistic shock waves to 
actuate it. In order to carry out the development it was nece> 
sary to make extended: theoretical and experimental studies of 
the nature, wave forms, and laws of propagation of ballistic shock 
waves in free air. 

In wartime, technical people are frequently called upon to de 
things quite out of their habitual chosen fields. I am an atomic 


7“*A Determination of the Wave Forms and Laws of Propagation 
and Dissipation of Ballistic Shock Waves,” by J. W. M. DuMond, 
E. R. Cohen, W. K. H. Panofsky, and E. Deeds, Journal of The 
Acoustical Society of America, vol. 18, 1946, p. 97. 

* Norman Bridge Laboratory of Physics, California Institute of 
Technology, Pasadena, Calif. 
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and nuclear physicist, and not a mechanical engineer or an 
acoustician. It is unlikely that I will ever do further work on 
ballistic shock waves or mechanical shock waves of any other 
kind. I greatly appreciate, nevertheless, the recognition which 
the present paper gives to our shock-wave studies. 

These shock-wave studies, as well as the pipe-line phenomena 
discussed in the paper, seem to illustrate very nicely a general 
type of mechanics which has long been recognized but whose 
analysis is so difficult that very little progress has been made on 
it up until now. I refer to so-called nonlinear mechanics. Actu- 
ally, nearly all of the real cases of vibrations, be they mechanical, 
electrical, or acoustic, must be treated rigorously by nonlinear 
methods. The ear, for example, is a nonlinear receiving element, 
just as is a radio tube or a loud-speaker system. The familiar 
treatment of a vibration problem by means of linear differential 
equations is a sort of easy limiting case, which actually is never 
realized exactly in practice. 

The equation of propagation of acoustical and mechanical 
vibration, whatever the boundary conditions may be (pipe or free 
air) becomes always nonlinear for large amplitudes. Under such 
conditions, the velocity of propagation is slightly different for 
different amplitudes so that different parts in one and the same 
wave form are propagated with slightly different velocity. Thus 
the wave form changes as the propagation progresses. Lord 
Rayleigh has discussed this in his book.® 


*“Theory of Sound,” by Lord Rayleigh, Dover Publications, 
vol. 2, pp. 33-41. 
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In the case of air, this occurs is such a way that those parts of 
the wave form in which the pressure is rising with time tend to 
become steeper, and those parts in which the pressure is falling 
with time become less steep as the propagation progresses. Even- 
tually, the steepening regions would become rigorously vertical 
if it were not for dissipative effects which enter to prevent such a 
nonphysical state of affairs. In spite of this, however, the rising 
regions of pressure become astonishingly steep, and they are then 
called shock waves. 

It has been shown by R. Becker and many others that very 
weird effects, involving enormous pressures and temperatures, 
can be generated by this nonlinear propagation of high-amplitude 
waves. This is almost a virgin field for applied studies, both on 
the theoretical and experimental side. I think it is safe to predict 
that nonlinear mechanics is a field which will be of increasing im- 
portance for mechanical engineers, and, in fact, for the entire engi- 
neering profession. 

In our mathematics department, Prof. H. F. Bohnenblust has 
initiated mathematical studies in the line of nonlinear mechanics. 
I believe that research and study along this line should be given 
a great deal of encouragement because of its very important 
applications. Extensive studies of shock waves in pipes have 
been made at Princeton, N. J. 


10 “Stosswelle und Detonationen,” 
Physik, vol. 8, 1921, pp. 321-347. 
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Many applications of heat-transfer phenomena by 
forced convection require a knowledge of heat transfer 
from simple geometric bodies like the flat plate. In- 
vestigations of the flat plate have been limited, in general, 
to studies of isothermal plates of 0-deg angle of incidence 
and in laminar flow. The amount of data concerning in- 
vestigations on turbulent flow, nonisothermal plates or 
inclined plates is quite small. It is the intent of this 
paper to provide information on the heat transfer from a 
nonisothermal inclined flat plate in laminar flow. It is 
shown herein that forced-convection heat-transfer data 
for an inclined nonisothermal flat plate with a constant 
specific rate of heat flow can be correlated and represented 


by an equation of the type nie 
V Re, 


It is further shown that this equation is 
similar in slope to the theoretical equation of the type 


for laminar flow. 


= 


Nu, 
V Re, 
for an isothermal plate in laminar flow, but is larger by 30 
per cent in absolute value. This variance can be partly 
explained by an analysis of the behavior of a nonisother- 


mal plate as opposed to an isothermal one, but this 


tion is at present unknown. 


NOMENCLATURE 


The following nomenclature is used in the paper: 
j 


A = area, sq ft 


(sq ft) (deg F) 
= electrical current, 
K = equation constant 


amp 


‘Instructor, Mechanical Engineering Department, University of 
California. 

Contributed by the Applied Mechanies Division and presented 
at the Annual Meeting, New York, N. Y., November 28—-Decem- 
ber 3, 1948, of THE AMERICAN Society OF MECHANICAL ENGI- 
NEERS, 

Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted 
until April 11, 1949, for publication at a later date. Discussion 
received after the closing date will be returned. 
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analysis leaves much to be desired, so that the full explana- 


a = thermal diffusivity ft?/see 

b = thickness of nichrome ribbon, ft : a 
= specific heat at constant pressure, Btu/(Ib) (deg F) 
d = half-width of nichrome ribbon, ft a 
h, = unit heat-transfer coefficient at point x2, Btu/(hr) 


Investigation of the Variation of Point Unit 7 
Heat: Transfer Coefficients for Laminar _ 
— Over an Inclined Flat Plate 


By R. M. DRAKE, JR.,1 BERKELEY, CALIF. 


= thermal conductivity, Btu/(hr) (ft) (deg F) 


k, = thermal conductivity of the fluid film, Btu/(hr)(ft)(deg 
F) 
L = total length of plate, ft ¥ 


m,n, 8B = exponents 


Nu, = Nusselt’s modulus at point z ( 


A 
ky ) 


Pr = Prandtl’s modulus 
Yoon = heat loss by conduction, total, Btu/(hr) (sqft) 
Yeorr = conduction loss correction, Btu/(hr) (sq ft) ig 


Graa = heat loss by radiation, net, Btu/(hr) (sq ft) = 


R = electrical resistance, ohms pony 
r = heat source, Btu/hr 551 Ns 
Re, = Reynolds modulus for plate 
Uor woh 
Re, = Reynolds modulus at point a ) ake 
v 
t’ = temperature at center of ribbon, no conduction losses, 
deg F 
t = temperature at any point in ribbon with conduction 
losses, deg F 
t, = free air temperature, deg F 
t, = temperature at edge of ribbon, de 
t, = plate temperature, deg F 
= 


= temperature at center of ribbon with “nian. 
losses, deg F 
= velocity in z-direction, fps 


in U, = velocity at point z = L at edge of boundary layer, fps 
Us = free stream velocity, fps 
7 U, = local velocity at point z, at edge of boundary layer, 
fps 
v = velocity in y-direction, fps 
x = distance along plate from stagnation point, ft 
= 


distance across ribbon, measured from center, ft 
a = angle of inclination of plate, angular degrees 

v = kinematic viscosity, ft?/see 

= absolute viscosity, lb/(hr)(ft) of fluid film 


et 
INTRODUCTION 


The Flat Plate (0 deg Inclination). The investigation of heat 
transfer to an air stream in parallel flow over a plate of small 
thickness has been conducted by several investigators, and, in 
general, is well understood for laminar flow. 
obtained an analytical solution for the differential equations 
representing laminar-flow phenomena, which equations were later — 


known to signify thermal distribution of exactly the same charac- _ 


teristics as velocity distribution for a Prandtl modulus equal 
to 1. Pohlhausen (1) later presented analytical solutions for the 
cases of Prandtl modulus other than 1. 


2 ) Numbers i in parentheses refer to the Bibliography at the end of 


distance normal to plate surface, from plate surface, 7 7 


Blasius (1)? 
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In the case of turbulent flow, no such analyses have bee 
made successfully. Prandtl and Taylor, respectively, showe 
a relation between flow resistance and heat transfer for certai 
specific conditions, and extended the semiempirical equatio1 
for heat transfer in turbulent flow. Later von Kérm&n, Reict 
ardt, and others made more acute analyses wherein the phenomen 
were explained in three phases, the laminar sublayer, th 
transition layer, and the turbulent core, rather than in term 
of the laminar sublayer and the turbulent core, as was the cas 
for the Prandtl-Taylor solutions. By these works it is possible t 
evaluate the heat transfer in instances where the velocity dis 
tribution is known. Latzko (2) further calculated from thi 
basis the turbulent heat transfer from a flat plate for a Prand 
modulus of 1. Colburn (3), on the other hand, developed a 
empirical relation for turbulent flow which is good for correlatio 
of data for values of the Prandtl modulus other than 1. The re 
sults of Latzko and Colburn agree very well when Colburn’ 
results are reduced to values for Pr = 1. é, 

Elias (4) made experimental measurements of velocity profile 
along a flat plate for both laminar and turbulent flow and cor 
related these with heat-transfer measurements under the same 
conditions. 

The works mentioned were based upon the theory of an iso- 
thermal plate, and great care was exercised in each experiment to 
ascertain that such was the case. 

Fage and Falkner (1) have attacked the problem of the non- 
isothermal plate in laminar flow for the case in which the plate 
temperature varies exponentially with the distanca along the 
plate from the stagnation point. This analysis, when reduced to 
the argument of an isothermal plate, gives agreement with Pohl- 
hausen’s exact solution within 0.25 per cent, disagreement oc- 
curring primarily because of Fage and Falkner’s further as- 
sumption of a linear velocity distribution within the boundary 
layer. 

Jakob and Dow (5) have investigated the effects of the non- 
coincidence of incipient hydrodynamical and thermal boundary 
lavers, and in some measure logically establish a method of car- 
ing for this variance. This experiment was also on an isothermal 
element, but it was performed with a cylinder in parallel flow 
rather than with a plate. 

The Inclined Plate. Investigations of flow and heat transfer 
over an inclined plate have not been in evidence much, except for 
some investigations by Fage and Johansen (6) on the velocity 
distribution over the plate face and in the wake. Some further 
applicable data are available from work of Seibert (7) on air- 
foils and plates at small angles of attack. 

The most applicable work is that of E. Eckert’s (8) theoretical 
investigation of laminar-flow heat transfer over isothermal 
wedges. This work considers an exponential velocity varia- 
tion with the plate length, and the effect therefrom upon the 


Nusselt modulus for laminar boundary layers, and allows a defi- 
jae means of evaluating this type of phenomena. 


Considering then the fact that much is left to be desired in the 
way of confirming experimental heat-transfer data for flat plates, 
and further, considering that no data are available on heat trans- 
fer for inclined plates, it is the purpose of this paper to present 
additional information on turbulent flow over a flat plate, and on 
laminar flow for inclined plates. 


EXPERIMENTAL EQUIPMENT 


The equipment used in this investigation consisted generally 
of a flat plate and supporting structure, as shown in Fig. 1. 
This apparatus was installed in the University of California 3-ft 
wind tunnel in such a manner as to allow the plate to be placed 
at any angle from 0 to 90 deg with respect to the onflow air stream. 


Pe Tihs The plate was made 18 in. long of polystyrene plastic, so 
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INSTALLATION OF FLAT PLATE IN 3-FootT WIND TUNNEL 
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Kia. 1 


selected for its thermal and physical properties. Electrical heat- 
ing elements in the form of strips of nichrome ribbon 1 in. x 
0.002 in. X 17 in. long were mounted centrally on each side of the 
plate exactly opposed, one to the other, with axes parallel to the 
direction of flow. Each ribbon was connected to its own power 
supply, and each could be varied in temperature independently 
of the other. Both elements were controlled through constant 
voltage transformers which held any variation in the voltage with 
time to less than 1 per cent. Fine thermocouples were attached 
every inch along the plate to each ribbon, and the connecting 
wires for these were led out through the interior of the plate, 
which was made in two halves, upper and lower, to facilitate this 
work. Care was exercised always to keep the flow-side surfaces 
of the plate quite smooth. Side baffles in the form of metal 
plates were mounted on the cross-stream edges of the test plate 
to prevent any inflow of outside air across the test surface. These 
are clearly shown in Fig. 1. The test plate had !/.-in-long un- 
heated sections on either end, which were sharpened rather 
abruptly to cause a turbulent boundary layer to begin at the same 
location as the incipient thermal effects for the case of the 0-deg 
incidence. 

The thermocouples were made by rolling the ends of \§ 3 
iron and constantan wire to a thickness of approximately 0.002 
in. to 0.003 in. and then shearing away the greater portion of the 
flattened end, leaving a tip '/: in. long, 0.002 in.—0.003 in. thick, 
and 0.010 in. wide. This reduced the conduction losses along 
the thermocouple wires. These losses were reduced further by 
leading the wires under the ribbon as far as possible before 
bringing them out from the plate interior to a junction box. 

The thermocouples were attached to the ribbon underside by 
spot-welding, a process which proves quite satisfactory whet 
the welding voltage is kept high enough for adhesion but low 
enough to prevent distorting the ribbon. This compromise # 
quite possible. 

The ribbon-thermocouple assembly was held to the plate 
with glyptal (a polystyrene solvent), and each ribbon was col 
nected to its power leads (also from the interior of the plate) by 
means of thin copper strips the same approximate dimensions # 
the nichrome ribbons. This reduced electrical contact resistant? 
of the junctions to a negligible factor. 

The onflow air temperature was measured with a radiatio” 
shielded thermocouple of the same type elements as used on the 
plate® 
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EXPERIMENTAL PROCEDURES 


In order to reduce errors which might occur from variations 
in manufacture, the nichrome ribbon, and the thermocouples 
were calibrated accurately by means of a sensitive Wheatstone 
bridge and constant-temperature baths, respectively. The re- 
sistance of the ribbon was determined with an accuracy of !/29 
per cent. 

In determining the point unit heat-transfer coefficients h,, 
it was necessary that heat balances be run on finite lengths of 
the nichrome ribbon. In consideration of the mechanical dif- 
ficulties involved in attaching and caring for a great many ther- 
mocouples, the number of such heat-balance elements should 
be small enough to be practical and yet large enough to evaluate 
the occurring phenomena completely. With this in mind, 1-in. 
lengths were decided upon for the thermal-balance units. The 
thermocouple for each unit was attached to the mid-point. 
The heat balance for one such element can be shown as 


2R 
[3] 


With the temperature gradient along the ribbon being kept pur- 
posely low and with the small cross-sectional area of the ribbon, 
conduction along the ribbon is negligible. Conduction through 
the plate, however, is not negligible and must be accounted for 
accurately. This was done by calculating the conduction losses 
through the plate in terms of the temperature differences of the 
ribbons and plotting this result in graph form as heat-flow cor- 
rection versus temperature difference. "The graph was checked 
by some experimental points and found to be sufficient. Thus the 
correction can be added or subtracted, to or from the left-hand 
side of Equation [1] in solving for the term /,. 

The temperature differences between the ribbon elements and 
the surroundings were kept purposely at such values that the net 
radiation effects were less than 2 per cent. Thus these effects 
were ignored in this analysis. The heat balance is now 

eR 


The effeet of transverse temperature gradients in the ribbons 
on the accuracy of the thermocouple readings at the ribbon 
center were established in the following way: An experimental 
determination of the temperature trend across the nichrome 
ribbon was made and discovered to be approximately as shown 
in Fig. 2. It must now be shown that the thermocouple reading 
in the center is or is not correct, Assuming (a) a steady-state 
process; (6) no heat flow through plastic plate (made so in experi- 
ment); and (¢) unit depth of ribbon, a heat balance was made on 


de 
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PLASTIC PLATE 


Fic. 2. TRANSVERSE TEMPERATURE D1sTRIBUTION oF NICHROME 
RIBBON 


an element of thickness dz, at a distance z from the axis, with the 
resulting equation 
dt dt d*t 


bdz — kb — = —kb — —k 


dz + h,dz (t—t,)....[{5] 


( 


or where t, = 0 4% 42 


ht r 
dz? kb k 


This is the equation to be solved for the temperature at any 
point across the strip when considering conduction losses to the 
edges of the ribbon. The equation without losses to the edges of 
the ribbon is given as 

br 


Thus the difference (¢’ — ¢) is the error involved, caused by 
conduction losses to the edges of the ribbon. 
A solution of Equation [5a] with boundary conditions z = 0; 
(dt)/(dz) = Oand z = d; t = ty gives 


+ 


and subtracting Equation [7] from Equation [6] gives the error 


It can be seen from Equation [8] that the numerator is in 
reality (t’ — t,). The value tg was always nearly free air tem- 
perature, and the temperature of the center of the ribbon was 
kept purposely only a few degrees above the free air temperature 
in all runs. Thus the value (t’ — ¢;) is small. From a knowl- 
edge of h, and t,, therefore, the error could be calculated and was 
found to be negligible. 

With these conditions satisfied, Equation [4] can be reduced 
to thermal instead of electrical units, and upon solving for h, is 
shown as 


This equation was used to calculate the point unit heat-trans- 
fer coefficients from the experimental data. 
The exploration was made for three onstream velocities of the 
air stream (40, 70, and 95 fps). For each onstream velocity, the 
plate angle of incidence was varied, in increments of 10 deg, from 
0 to 90 deg, inclusive. 


[9] 


DIscuSSION AND EVALUATION 


The data from this set of experiments are shown in Figs. 3 to 13. 
Each of Figs. 3 to 12 shows the results for the three onstream 
velocities for only one value of the angle of inclination of the 
plate. In each of these are shown experimental points with the 
best line that represents these points. Fig. 13 shows these best 
lines on a composite plot, the individual points being omitted in 
this case for clarity. 

Fig. 3 shows the correlation of the flat plate (0-deg incidence) 
data within 2-3 per cent as a plot of In Nu, versus In Re,. This 
is following the analysis of Colburn. This close comparison is 
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somewhat surprising since Colburn’s results were predicated 
upon the supposition of an isothermal plate in turbulent flow, 
whereas here, the flow is turbulent but the plate is nonisothermal. 
Figs. 4 through 13 show the correlation of the data for the 
inclined plates by means of a plot of 


Nu, z 
versus In [ - 
Re, L 


These data can be represented by an equation of the type 


A tabulation of the coefficient C and the exponent n is shown in 


Table 1. 


In 


COEFFICIENTS AND EXPONENTS OF EQUATIONS 


TABLE 1 
(10) AND [16] 


Analytical 
-——(isothermal) ——~ 

-~-Experimental-—— m+ 1 m+ 1 

a n Cc a 2 Ce a 2 Cr 
10 0.640 0.652 
20 0.638 0.612 
30 0.707 0.730 30 0.781 0.503 30 0.781 0.655 
40 0.716 0.740 

50 0.741 0.761 50 1.068 0.695 50 1.068 0.820 
60 0.785 0.834 

70 0.844 0.899 70 1.087 0.782 70 1.087 0.940 
80 0.910 0.976 

1.110 0.938 1,110 


The data show in the plots the extent of the flow with a laminar 
boundary layer as typified by the points along the straight lines; 
then, a transition into flow with a turbulent boundary layer, as 
shown by the deviation of the data at higher values of (x/L) 
from the straight line of laminar flow. It can be said therefore 
that the action of inclining the plate into the onstream flow is to 
cause the boundary layer to grow against a decreasing pressure 
gradient. This condition is recognized as a stable one and there- 
fore it is possible for the laminar boundary layer to be propa- 
gated and maintained far downstream. At any point, however, 
at which there is the slightest increase in this pressure gradient, 
the laminar layer ceases to exist and is replaced by a turbulent 
one.* The correlation shown is very satisfactory except in the 
cases of 80-deg and 90-deg angles of inclination. In these cases 
there is some data scatter because the stagnation point (x = 0) 
could not be located exactly, as it apparently moved slightly 
with the change in free stream velocity. The scatter is not 
great, however, evenin these cases. The deviation of the data for 
the first and last thermocouple is accounted for by understanding 

- that there are énd losses from the plate to the air stream and 

these are manifest in the readings of these two thermocouples. 


In =— | versus In = 


plot for laminar flow is a function of the velocity distribution, 
thus a function of the inclination of the plate. 
This feature is explained in the work of E. Eckert (8), wherein 
the velocity distribution is shown as an exponential function 
of the distance z, measured from the stagnation point, or 


othe (i) 


54-139. 
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U, the velocity at the edge of the boundary layer where x = L, L 
is the total plate length, and m the slope of the In-In plot. Eckert 


has shown that the Nusselt modulus can be represented by 


for laminar flow. In this equation the values shown are as fol- 


lows 
K = 0.56 (¢ + 0.2)011 Pras + 0.025 
and 
2m 
m+1 


wherein ¢ can be obtained from the slope of the In-ln velocity- 
distance plot; K can be obtained from ¢ and the Prandtl modulus 
In the case of air, the Prandtl modulus can be established im- 
mediately. It is necessary to rearrange Equation [12] in a form 
suitable for comparison with the experimental data as follows 


kK 


¢ v 


where U,/Uo = C; and Up is the onstream velocity, thus ’ a 


and then multiplying and dividing the radical by (2/L), it can be 
rearranged to give 


je 


where C, and m can be evaluated from the equations given by 
Eckert ard from a knowledge of the flow field as obtained from s 
In-In velocity-distance plot along the plate. 

Using this relationship and a velocity distribution for inclined 
plates established by Fage and Johansen for 30 deg, 50 deg, 70 
deg, and 90 deg shown in Fig. 14, a set of calculations were pre- 
pared for comparison with the experimental results. These are 
shown in Figs. 6, 8, 10, and 12, and Table 1 

The comparison shows that although the calculated plot and the 
experimental plot are, in general, of the same slope, the exper 
mental values are approximately 30 per cent higher. The var 
ance in the slopes for the 50-deg and 70-deg plots is due to the 
fact that in the experimental cases the stagnation point Ws 
known to be at the leading edge. In the calculated case i! 
was known to be elsewhere (see Fig. 14). This causes the exper 
mental values to be higher at smaller values of (z/L). In ane’ 
fort to explain the 30 per cent difference, it must be realized thst 
the experimental data were for a nonisothermal plate, whereas th 
calculated values stem from a consideration of an isotherms! 
plate. 

To this end another comparison was made, utilizing 2 col 
bination of the method of Eckert for the exponential velocity 
variation along the plate and the method of Fage and Falkner fo" 
nonisothermal phenomena and laminar flow. ; 

Fage and Falkner‘ consider a condition to exist whereiD the 


‘ For a complete discussion of this solution see reference (1), vol 
II, p. 633. 


. 
= 
- ( : 
f 
A 
4 
2 ft 
= 
KV ol. ; 
tan 
tor 
exp 
the 
C 
(1 shor 
oby 
ea where he velocity at the edge of the boundary lay mus 
| 
In connection herewith see reference (1), vol. I, chapt. IV, ; bee 


-| FRONT SURFACE 
L L me 
| 
a a2 - 
aes 90° 70° 
O4- 
BACK SURFACE 
06 + 


; DRAKE—POINT UNIT HEAT-TRANSFER COEFFICIENTS FOR LAMINAR FLOW _ 


| 


temperature at the surface of the plate is given as 


with the assumption being that the velocity distribution is un- 
affected by the heat transfer. In this equation 8 is to be recog- 
nized as the slope of the In (¢, — ¢,) versus In z curve. It was 
further considered that the velocity at the edge of the boundary 
laver would vary along the plate according to the equation 


and that the velocity within the boundary layer would increase 
linearly. The energy equation for steady motion in the bound- 
ary layer, neglecting compressibility of the fluid, the dissipation 
function, and the term depending upon pressure is 


and as solved by Fage and Falkner with respect to the foregoing 
conditions to be imposed thereupon, results in, the following rela- 
tionship 


the values of which are shown in Table 2. * 


TABLE 2 VALUES FOR EQUATION ([20]¢ 
m 


1/3 


® See reference (1). 7 


0.674 

0 (approx) 
0.600 a 
0.830 

0 (approx) 


= 


Thus it is possible to use the foregoing relationship for evaluat- 
ing Nug with the knowledge obtained from a In-In velocity-dis- 
tance plot for the determination of m, and a In-In plate tempera- 
ture-distance plot for determining 8. It is further necessary 
to reduce the equation to a form suitable for comparison with the 
experimental data, and this was done in the same manner as for 
the calculated isothermal plate equations for laminar flow. 

Curves were calculated using this method and the results are 
shown in Figs. 6, 8, 10, and 12, and also in Table 1. It is readily 
obvious that this combination does not explain completely the 
Phenomena of nonisothermal plates in laminar flow. This, then, 
must be the aim of some future work. 

In general, it must be admitted that the results would have 

en far more concrete had the temperature and velocity dis- 


Fie. 14 Pressure Distrripution Over INCLINED FLAT PLATE 


ips 


oe. 


tribution been made on the same plate for similar flows. It is 
intended to correct this weakness in a later experiment. -_ 
CONCLUSIONS 
1 It is to be concluded from this experiment that the effect of 
inclining a flat plate into the air stream is to allow the laminar 
boundary layer to be propagated and maintained farther down- 
stream due to a decreasing pressure gradient along the plate in 
the direction of flow. 
2 The forced-convection heat-transfer phenomena in the 
laminar-boundary-layer regions for a nonisothermal inclined flat 
plate can be correlated and represented by equations of the type 


Nu, _ 
V Re, 


the coefficients and exponents of which are given in Table 1. 


3 The experimental results as represented by Equation [21], 
when compared to an equation of the type 


Nu r\mti 
V Re, (7) 


for an isothermal plate, laminar flow, as derived from theoretical 
reasoning, give essentially the same slope when plotted on a In-In 
graph, but show absolute values approximately 30 per cent above 
those of theory. This difference can be explained partly by con- 
sidering a nonisothermal plate in the theoretical reasoning, but 
this analysis is admittedly insufficient at this time. The values 
of the coefficients and exponents for both isothermal and non- 
isothermal plates are shown in Table 1. 
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On the Design of Large Elevator Platforms — 


By F. HYMANS,' LARCHMONT, N. Y. 


Large elevator platforms are, in effect, complex systems of 
a comparatively few main framing members, coupled by a 
large number of stringers which support the flooring. 
As set forth in the paper, and as is qualitatively well known, 
a load placed on one of the main members is not carried 
by that member alone. Deflections, impressed by the 
loaded member on the stringers, induce forces which 
cause neighboring members to share in the support of the 
load. However, means to evaluate the distribution of 
the load with reasonable accuracy, important as it is for a 
rational design of the platform with the lightest structural 
shapes, hitherto have not been available. To furnish these 
is the purpose of the paper. With the aid of two assump- 
tions, and the introduction of certain auxiliary forces, the 
problem is quickly reduced to the case of a beam, subject 
toa force at an arbitrary point, supported at its ends, and 
resting on a flexible foundation. 


N Fig. 1 is shown a platform which is symmetrical about its 

center lines, in plan and elevation, having for its main fram- 

ing girders G,, Gz, C,, Cs, cross-members D,, B,, Bz, B;, De, and 
a number of stringers, supported on and fastened to the beams. 
The flooring on top of the stringers is not shown since it is not 
essential to the subject matter of the paper. 

The platform is supported at four points at the ends of girders 
G, and G2, as, for example, by suspending it from ropes at the 
said points. 

In order to keep the required calculations within reasonable 
limits and still achieve an accuracy amply sufficient for practical 
purposes, the following two assumptions will be made: 

1 Fora load placed on any one of the beams D,, G,, B,, Bo, ete., 
it is sufficient to consider, as sharing in the support of the load, 
only that portion of the platform comprising the loaded beam, 
the two beams nearest to the loaded beam, and the stringers over 
them. 

2 The ends of the three beams specified are supported on the 
same level. 

The following explanation is offered in justification of these 
assumptions: 

Let a load Q be placed on B:, Fig. 1. Any deflection which By 
experiences is also impressed on the stringers. The latter react 
to the impressed deformation with forces which relieve B, of a 
portion of the load and transfer it, in different amounts, to all 
beams parallel with B,. However, by far the greater part of the 
foree, of which By is relieved, will be transferred to B, and Bs, its 
nearest neighbors. For that reason it appears permissible to dis- 
regard the continuity of the stringers beyond B, and B;, which is 
in effect assumption (1). 

Disregarding the continuity of the stringers beyond B, and B; 
implies that the three beams B,, B:, B; may be considered as not 


‘ Consulting Engineer, Otis Elevator Company. Mem. ASME. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, New York, N. Y., November 28—December 
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Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
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coupled to other beams parallel to them. There remains then for 
discussion the effect of their coupling to C; and C2 to which they 
are attached at their ends. 

Considering C; first, a load Q on Bs, sustained jointly by B,, 
B,, B;, induces forces at E,, E2, E;, which produce deflections of 
C,. These deflections are again impressed on the stringers which 
couple B,, B:, B;, and the amount of bending of the stringers as 
well as the forces thereby exerted on the beams will be a function 
of the differences between the deflection of C, at points ,, E2, E;. 
Now C), as one of the main members of a platform, weighing 
roughly about 3 times the maximum live load, is necessarily a 
substantial member. Moreover, points are compara- 
tively close together and, hence differences between the deflec- 
tions at these points due to the live load are small enough to be 
of negligible influence in the distribution of the load. The same 
applies to C, and hence assumption (2), which is to the effect that 
deflections of C; and C, may be neglected in so far as the dis- 
tribution of the load over the three beams submitted to calcula- 
tion is concerned. 

A discussion of assumptions (1) and (2) will be found ap- 
‘pended to examples 1 and 3. In view of the foregoing there are 
only two typical cases to be examined, namely, Case 1, load Q 
on Bs, Fig. 1. The portion of the platform submitted to calcula- 
tion comprises beams B,, B., B;, simply supported at their ends 
on the same level and coupled by stringers extending from B, to 
B;. 

Case 2, load Q on D,, Fig. 1; the portion of the platform under 
consideration comprises beams D,, G,, B,, supported as in Case 1, 
with stringers extending from D, to B,. 


CONSIDERATION OF CASE 1 


The portion of the platform under consideration is shown in 
Fig. 2(a), comprising beams 1, 2, 3 of equal length L, supported 
at their ends and coupled by stringers. The beams are spaced 
mand n inches apart and their moments of inertia are J, J2, J; in.*, 
respectively. The problem is to determine the reactions of the 
system to a load Q placed at A: of beam 2. 

It is solved advantageously in two steps. For reasons that 
will hecome apparent, we add to the actually impressed force 
Q a set of three auxiliary forces, as shown by dotted vectors in 
Fig. 2(b). One of them, the force F, is applied at Az directed 
contrary to the impressed force Q. The other two are applied 
at A, of beam 1 and at A, of beam 2 at the same distance a, Fig. 
2(a), from their support at the left. The three auxiliary forces 
thus act in the same vertical plane, and one requirement for them 
is that they must be in equilibrium with one another, and thereby 
do not disturb the equilibrium of the system as a whole. 

Accordingly, in Fig. 2(6), the auxiliary forces to be applied at 
A, and A; of beams 1 and 3 are mF’/l and nF’/I, respectively, in 
the directions shown. Thus in Fig. 2(c), where each of the three 
beams is shown in elevation and referred to a system of axes, 
beam 1 appears as loaded by the auxiliary force mF/l, beam 2 
by the actually impressed force Q opposed by the auxiliary force 
F, and beam 3 subject to the auxiliary force nF’/I. 

Next, F is to be so determined that there will be no deflection of 
the stringers and therefore no action or reaction between them 
and the beams. 

Since the three beams are of equal length, each subject to a 
single force at the same distance from the supports, it follows 
that their elastic lines will be similar. For no deflection of the 
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stringers it is sufficient to specify that the mid-points of the 
upper flanges of beams 1, 2, and 3, at points of their centroids, 
defined by the same abscissa z, lie in a straight line. If then 41, 52, 
5;, Fig. 2(c), are the deflections of beams 1, 2, 3, respectively, at 
the said points, we obtain by geometry from Fig. 2(b) for the 
condition of no stringer deflection 


The result of the introduction of auxiliary forces of such mag- 
nitude and direction as to have no deflection of the stringers is 
that the actual system of three beams, coupled by stringers and 
with only one of them loaded, is transformed into three inde-~ 
pendent beams, each loaded at z = a. Between the deflections 
we at once the relations 


F may be obtained from Equations [1] and [la] and thus the 
auxiliary forces are 


\pplied at A, mF /l 
> balancing F 
Applied at A; nF /l f 


The foregoing auxiliary forces are not conceived arbitrarily 
but have a definite physical meaning. Consider, for example, 
the stringer A,As3, Fig. 2(a). No deflection of this stringer will 
be a fact if its flexural rigidity is infinite. Therefore the added 
auxiliary forces can be interpreted as the action on beams 1, 2, 3, 
by an infinitely rigid stringer A,;A; in consequence of a load Q 
placed at Ao. 

However, if stringer A;A; is rigid, all other stringers, parallel 
to it, also remain straight, no matter what their flexural rigidities 
may be. 

We may therefore more generally say, that in a platform with 
infinitely rigid stringers and a load Q at Age, the auxiliary forces 
applied at Ai, As, As age the action of these stringers on beams 
1, 2,3. 

Obviously, the loaded beam can receive no greater assistance 
from its neighbors in the support of the load than in a platform 
with rigid stringers, and so the auxiliary force F, as expressed by 
Equation [1b]; is the very maximum by which the loaded beam 
can be relieved of force by stringer action. In Fig. 2(c), the load 
on beam 2 is reduced to Q — F; mF /l and nF/I are transferred to 
beams 1 and 3, respectively. In the next step, 
beams 1, 2, 3, are loaded by the auxiliary forces, 
reversed in direction, as shown in Fig. 3(c). 

Obviously, the superposition of the loading ac- 
cording to Fig. 3 on the loading of Fig. 2 restores 
the loading by the actually impressed force Q. 


Fic. 3 Loapine By AUXILIARY Forces REVERSED 


At, ais 


| 

| 


C soshder now an arbitrary st ringer a a3, defined by the abscissa 
z, in Fig. 3(a), and indicated by center line in Fig. 3(6). On ac- 
count of the deflections y:, y2, ys, of beams 1, 2, 3, at points ay, ae, 
as, respectively, the originally straight centroid of the stringer 
becomes the arc, shown in Fig. 3(b). The deflection f of the 
stringer is obtained upon joining the end points of the are by a 
straight line. To produce this deflection in the stringer requires 
at a; a force proportional with f, say, cf, in the direction shown. 
Equilibrium of the stringer then requires reactions emf/l and 
enf/l at a, and as, respectively, whereby 


= 


wherein J, in.‘ is the moment of inertia of the stringer. 
Accordingly, the force S., experienced by the stringer, at a: then 


S, = cf = (SEI Jf) /(mn’).............. 


The action of the stringer on the beams consist’ of the forces, 
experienced by it, reversed in direction. Thus the stringer under 
consideration exerts at a), d2, a3, of beams 1, 2, 3, Fig. 3(c), forces 
mcef/l, cf, and ncf/l, respectively, opposite to the direction of these 
forces in Fig. 3(b). The said forces are substantially concen- 
trated forces. For the purpose of analysis, following the usual 
procedure, they are converted into distributed forces by dividing 
them by the stringer spacing s. Hence (mcf)/(sl), cf/s, and 
(ncf)/(sl), as shown in Fig. 3(c), are substantially the action of the 


stringer on beams 1, 2, 3, at corresponding points a, a2, a3, of © 


their centroids per inch of length. 


Also shown in Fig. 3(c) are the reversed auxiliary forces at 
2, A3, so that the loading of beams 1, 2, 3, comprises dis- 


Al, A 
tributed forces as well as one concentrated force each. 
count of the latter there will be two branches in the elastic line 
for each of the beams. With respect to the chosen system of 
reference axes, the equations of flexure are as follows 


beam 1 El,d*y,/dz* = emf/sl 
For beam 2 El,d*y2/dx* = —cf/s 
For beam 3 El;d‘ys/dz* = (enf)/(sl) | 


Again as the result of the introduction of the auxiliary forces, 
we have in Fig. 3(c) three individual beams similarly loaded. 
More particularly, comparing the loadings of beams 1 and 3 with 


On ac- 


the loading of beam 2, it will be seen that at corresponding points 
of their centroids the forces on 1 and 3 are reversed as to direc- 
tion but for beam 1 (m/l) times and for beam 3 (n/l) times the 


force on beam 2. From this follows at once 


Toye = = —Ilsy3 
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[2a] 


— {(A + B) sinh Bz cos Bz + (<i + B) cosh Bz sin Br} F 


‘Substituting for f in Equation [2a] the forces So, 
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so that deflections by the auxiliary forces reversed require only 
the knowledge of the deflections of one of the three beams, say, 
beam 2. 
With further reference to Fig. 3(b), we obtain by geometry 
us) = U(ye2 ys —f) 


from which, in connection with Equation [4], we obtain for f, ex- 
pressed in function of y,2 


+ m? + Toyo 
f= 1, {5} 


exerted by the 


stringers on beam 2, appear in the form 


= 3ET + 4 =") 
I, I, I 


Finally substituting for c from Equation [2] and for f from Equa- 
tion [5] in the second of Equations [3], we obtain 


slm’n 2 I, I 3 
which evidently is the equation of the elastic line of a beam on an 
elastic foundation where the foundation constant is 


Eled‘y,/dx* = 


This is the foundation constant for beam 2 which, in general, «if- 
fers from the foundation constants for beams 1 and 3. The 
latter, if desired, may be obtained from Equation [6a] by writ- 
ing J, respectively, /;, instead of J; in the numerator. Dividing 
both sides of Equation [6] by “7, and placing 7 


we obtain the differential equation of each of the two branches 


of the elastic line of beam 2 in the usual form 
(d*y2)/(dz') = —4B'y:... 


The 8 constants of the integration (4 for each branch) in t 
known general solution of this equation are obtained from | 
boundary conditions for beam 2, Fig. 3(c), and for two bran 
of the elastic line the following expressions were found 


= 


where 


4EI1.83(cosh 28L — cos 28L) 


cosh’ Ba cos 8(L + b) — cos Ba cosh B(L + b) 
= sinh Ba sin B (L + 6) —sin Ba sinh B(L + b) 


= Cosh oh ens B(L + a) — cos Bb cosh B(L + a) 
B, = Sinh Bb sin BL + a) — sin Bb sinh B(L + a) 


+ B,) sinh 6 (L — z) cos B(L — z) + + By) cosh B(L — 2) sin —z)\F 
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CONSIDERATION OF CASE 2 


The portion of the platform under consideration is shown in 
Fig. 4(a), with the load Q now placed at A; of beam 1. Again a 
set of auxiliary forces, shown by dotted vectors in Fig. 4(b), is 
added, namely, at A, the force F opposed to Q and at correspond- 
ing points A, of beam 2 and at A; of beam 3, the auxiliary forces 
IF/m and nF’/m in directions to balance F. 

Fig. 4(c) is an elevation of each of the three beams referred to a 
system of axes, showing the actually impressed and auxiliary 
forces to which each is subject. Instead of the relations given for 
Case 1 by Equation [la], we have here 


Q—F LF /m 


while the condition of no deflection of the stringers is expressed 
as before by Equation [1]. 


ae 


In the next step the auxiliary forces reversed, as shown in Fig. 
5(c), are impressed at A,, Ao, A; of beams 1, 2, and 3. Consider 
as before, an arbitrary stringer a,a3;, shown in plan in Fig. 5(a), and 
by center line in Fig. 5(b). The auxiliary forces reversed pro- 
duce at a), a3, Fig. 5(b), deflections y:, ye, ys, respectively, in 
beams 1, 2, 3, which cause the centroid of the stringer to be bent 
in the shape shown with a deflection f at az. This requires on 
the stringer a force cf at a2, balanced by reactions cmf/l and 
enf/l at a, and as, respectively, where c is expressed by Equation 
[2]. 

The forces just mentioned, but reversed in direction are the 
action of the stringer under consideration on the three beams. As 
before, they are distributed and so in Fig. 5(c), (mef)/(sl), cf /s, 
(ncf)/(sl), at a1, a2, a3, respectively, are for all practical purposes 
the action of the stringer on beams 1, 2, 3, per inch of length. 

With respect to the system of reference axes, the differential 
equations of flexure in the present case are as follows 


From these two equations we obtain 


mt) 


+ m7, + 


For beam 1 = (—emf)/(sl) 
| 
For beam 2 cf/s 


For beam 3 El;d‘y;/dx* = (—enf)/(sl) | 


ll 


Observing again that at corresponding points of the centroids 
of the three beams, Fig. 5(c), the force on beam 2 is //m times the 
foree on beam 1 but reversed in direction, while the force on beam 


3 is n/m times the force on beam 1 and in the same direction, we 
have 


= —mlgy2/l = . 


Further, by geometry we obtain from Fig. 5(b) 


— ys) = Uys +f — |10a} 
and from Equations [10] and [10a] for the stringer deflection f, 
in terms of y; 


“ay 


Inasmuch as the present system is the same as in Case 1 and 
referred to identical reference axes, it follows without further 
Proof that the final differential equations of flexure must also be 
the Same as before. Thus in Equation [6c] we merely have to 
Write y: for yp to obtain the equation for beam 1 which, as the 
loaded beam, is here of principal interest. The foundation con- 
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stant for beam 1 if desired may be obtained from Equation [6a] 
by writing k; for ks, and J, for 72 in the numerator. All of this 
may be verified by substituting for c and f from Equations [2] 
and [11], respectively, in the first of Equations [9]. : 


Denoting the force exerted by the stringers on beam 1 by ol 7 


we have here S; = mcf/l, Fig. 5(b), and substituting for ¢ and f, we 
obtain 


Example 1. A load Q = 15,000 lb is placed at a = 144 in. on im 
beam B,, Fig. 1: To determine deflections and stringer forces — 
for By. 


According to assumption 1, the portion of the platform to be © 


submitted to calculation comprises beams B,, B2, B; (Fig. 1), 
coupled by the stringers over them. This portion of the platform 
is shown in Figs. 6(a) and (6), in plan and side elevation. The 
case is Case 1 with the three beams of equal size and spaced the 
same distance apart. All data required for the computations 


are given in Fig. 6 where, in conformity with previous notations, Re 7 a 


the beams are numbered 1, 2, and 3. 
From the first of Equations [1b] we obtain with J; = 7, = J; = oe 
I and with m = n = I/2 for the auxiliary force to be applied at a 
Ag: F = 2Q/3 = 10,000 lb. 
This is the amount by which beam 2 will be relieved of force in 
a platform with infinitely rigid stringers and as such is the very 
maximum that can be produced by stringer action. 
A; of beams 1 and 3, respectively, Fig. 6(6), the added auxiliary 
forces according to Equation (1b) will be 5000 lb each in such © 
directions as to balance F. Thus with infinitely rigid stringers, 
beam 2, Fig. 7(a), will be subject to the actually impressed force _ 
Q = 15,000 Ib opposed by the auxiliary F = 10,000 Ib so that — 


the net force is only 5000 lb; that is, beam 2 will be relieved a 


load in the amount of 10,000 lb which is transferred to and 
equally shared by beams 1 and 3. The three beams — 
share equally in the support of the load should the stringers be 
infinitely rigid. 

The elastic line of beam 2, subject to the actually impressed — 
force and the added auxiliary force F, is shown in Fig. 7(a) which 
also records the deflections at points where it supports nod 
stringers. 


In the next step, Fig. 7(6), beam 2 is subjected at A; to the | 


auxiliary force F = 10,000 lb reversed. For the calculation of the 
elastic line 8 is determined by means of Equation [65], which, for 
I, = 1, = 1; = I and m = n = I/2 becomes 


With J, = 105.3 in.‘; s = 24in.; 1 = 216in.; J = 587 in.*, we 
obtain 


The foundation constant in the present example is the same 
for any one of the three beams as they are all of the same size. 


From Equation [6a], we obtain 


8 = 1.0749 X 107? 


= 
2 


which means that the stringers will resist deflection of the beams 
in the amount of nearly 1000 lb per in. of the said deflection and 
per inch of the length of the beams. With the stringer spacing 
24 in., it also means that each stringer will resist deflection of the 
beams by a force roughly 24,000 lb per in. deflection of the beam 
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at the point where it supports the stringer. Evidently the 
stringers form quite a substantial foundation for the beams. 

The equation of the elastic line of beam 2 under the action of 
the auxiliary force reversed is given by Equation [6d] for the 
branch from z = 0 to z = a, where L = 384 in.; F = 10,000 lb; 
a= 144in.; 6 = 240 in.; sinh 8 asin B(L + b) = —0.93127; 
+ b) = 410.19422; cosh 8 a cos + b) = 

2.24098; cos 6 a cosh B(L + b) = 8.32018. With these values 
A = —6,07920 and B = —411.12549, and further with 4g°Z7 = 
8.7483 X 10'; cosh 26L — cos 28L = 1933.053, the equation of 
the elastic line for 0 << x < a becomes 


vs = 5.9133 | 417.20469 sinh 6x cos Br + 405.04629 cosh 
Bx sin Bx} 10-5 


Similarly, for the branch defined by a < z < L, where z is also 
measured from 02, Fig. 7(b) we have 


DEFLECTIONS AND STRINGER FORCES; 


a 


— 


EXAMPLE I 


ys = 5.9133 {—47.76541 sinh 8(L — z) cos @(L — 2) 
+211.20981 cosh 8(L — z) sin 8(L — 


The two branches of the elastic line together with the deflec- 
tions at points where beam 2 supports the stringers are recorded 
in Fig. 7(). 

The considerable effect of the stringers becomes apparent upon 
comparing Figs. 7(a) and (6). In the former, beam 2 is subject 
to a net force of 5000 lb but without assistance of the stringers. 
In Fig. 7(b) the force is twice as much; yet, owing to the assist- 
ance of the stringers, the deflections are only a fraction of what 
they are in Fig. 7(a). The actual deflection of beam 2 under the 
impressed force Q = 15,000 lb will be obtained by superposing 
Fig. (7b) on Fig. 7(a). For the deflection under the load we 
then find 0.294 in. + 0.060 in. = 0.354 jp. Had the action of the 
stringers been wholly neglected, that is, if the whole load of 15,000 
Ib had to be carried by beam 2 alone, the defleetion under the 
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load would have been 3 X 0.294 in. = 0.882 in. The action of 
the stringers reduces it to 0.354 in. or to 40.1 per cent of the 
foregoing amount. The forces exerted by the stringers on beam 2 
may be obtained from Equation [5a] and they are, in the present 
example, expressed by 


= 72 El,y2/l® = 2.2569 X 10! y2 


hese forces are calculated and shown in Fig. 7(c) by vectors 

drawn to scale, together with actually impressed force Q = 
15,000 Ib. It gives a clear idea of the assistance of the stringers 
in the support of the load and may also be used for the calcula- 
tion of the bending moments. 

_ Further, given in Fig. 7(c) are the reactions at the ends of beam 

2 where R, and Rz are the reactions due to the stringer forces 

alone. The end reactions of 9375 lb and 5625 lb, shown by 
solid drawn vectors, are due to the action of Q alone. It may be 
noted that the latter are reduced in the not inconsiderable 
- amounts of 6213.0 lb and 4433.1 lb by stringer action, leaving net 
reactions of only 3162.0 lb and 1191.4 lb. All data pertaining to 
beams 1 and 8 are readily obtained from the calculated values for 
beam 2. Deflections may be derived from Relations [la] and 
[4 with J, = I, = [3; m/l = n/l = 1/2; Q = 15,000, and F= 
10,000. From the former we shall find that the deflections 6 by 
_ the added auxiliary forces are the same for all three beams, At 
A, and A3, Fig. 6, for example, they will be the same as at Ag, 
namely, 0.294 in. as given in Fig. 7(a). 
According to Relations [4], deflections by the auxiliary forces 
reversed for beams 1 and 3 will be one half the deflections cal- 

- culated for beam 2 in the opposite direction. The latter at Ao, 

Fig. 7(b), is 0.060 in., and hence at A; and As, Fig. 6, deflections 
by the auxiliary forces reversed will be —0.030 in. The total 
deflection at these points therefore is 0.294 — 0.030 = 0.264 in., 

_ due entirely to the stringer forces on beams 1 and 3. According 

to Fig. 7(c), stringer A,A; exerts on beam 2 a force of 1353.4 lb at 

_ Ae. This force must be balanced by the forces exerted by the 

_ stringer at A, and A; on beams 1 and 3. By symmetry each of 

- the latter therefore is 1353.4/2 = 676.7 lb and directed down- 
ward. 

_ These then are the results of calculations based upon assump- 
tions 1 and 2, and the question arises as to their validity. 

In answer to this question, consider an arbitrary stringer 7, in 
Fig. 1, of which, according to assumption 1, only the portion 
b,b; is effective. The deflection of beam B, at point be is given in 

Figs. 7(a) and (6), and from it the deflections of beams B,; and B; 
at points b; and b; are easily obtained in the manner just dis- 
cussed. These deflections, however, are also the displacement of 
stringer 7, at points b, be, bs, so that both the position as well as 
the shape of portion b,b; of the stringer are thereby completely 
determined. Further, under assumption 1, portions b,d, and 
bsd. of stringer i, remain straight and tangent to the distorted por- 
tion b:b;. This enables us to determine the elevation of points 
g: and d, of the stringer in respect to beams G, and D, which, also 
under the assumption, are not disturbed by a load Q on Bz. Now, 
if assumption J is true, points g, and d, of stringer 7, as well as 
_ similarly located points of other stringers must coincide with the 
| somresponding points of beams G, and D,. The amounts by 
which they fail to do so are the criterion for the admissibility of 
_ assumption 1, and the basis for an estimate of the probable 
error. 

An investigation of the present example along the foregoing 
lines indicates that assumption 1 chiefly errs in the magnitude 
of the stringer forces and therefore also in the deflections cal- 
culated under it for beams B, and B; which are too large. A better 
and more satisfactory agreement would obtain had the rigidities 
of girders G, and G, been smaller and more commensurate with 
the rigidities of beams B, or had their distance from B,, respec- 
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tively, B; been larger. However, with the sizes of the beams as 
they are in Fig. 1 the error for beam B, which, as the loaded 
beam, is the chief concern, appears to be small. At A» and 
points to the left, the calculated deflections seem to be slightly 
too small. To the right of A, they appear to be too large, and 
progressively too large as we approach the end of the beam, 
Nowhere, however, do the discrepancies exceed the tolerance 
allowable for a platform of this size. 

In the foregoing discussion assumption 2, which disregards 
deflections of beams C; and C2, has been assumed to apply. 
sider the unloaded platform and such deflections impressed at 
E,, Ez, E3, Fig. 1, and at corresponding points of C2; as would be 
due to a force Q applied at As. The result can easily be visualized 
and described in general terms to be a displacement downward of 
beams B and superposed on it bending in the vertical plane, to- 
gether with bending of the stringers in shapes resembling the 
shape of beams C. No analysis is required to conclude that 
bending of beams B will be associated with deflections upward. 
Calculations based upon assumption 2 are therefore on the safe 
side in that the actual deflections of beams B will be slightly less 
than the calculated values. 

Example 2. The platform is the same as in example 1, but the 
load Q is now placed at B., Fig. 6. The first step is again to add 
the auxiliary force F, necessarily the same as in example 1, to the 
actually, impressed force Q. This is shown in Fig. 8(a), where 
the loading of beam 2 comprises the actually impressed force Q = 
15,000 1b, opposed by the auxiliary force F = 10,000 lb. The 
elastic line under these conditions as well as the deflections 6. 
at points where beam 2 supports the stringers are recorded in 
Fig. 8(a). 

Next, the auxiliary force F reversed is applied to beam 2 as 
shown in Fig. 8(b). With 8 the same as in example 1; a = 360 
in.; b = 24 in., the equation of the elastic line for 0 < x < a nowis 


yo = 5.933 |—26.63979 sinh Br cos Br + 


( ‘on- 


18.37917 cosh Br 
sin Br} 10-5 


Accordingly, the shape and deflections are recorded in Fig. 
8(b). Note that the deflections become negative near the left 
support. The actual deflections under the action of the actually 
impressed force Q will be obtained by superposing the deflections 
of Figs. 8(a) and (6) on each other. 

As in example 1, stringer forces are calculated for beam 2 and 
are shown by vectors drawn to scale in Fig. (8c). R, and /; are 
again the end reactions due to the stringer forces alone. Owing 
to the proximity of Q to the right-hand support of beam 2, there 
is of course in the present example less assistance of the stringer 
in distributing the load. 

Example 3. The load Q is placed on the overhang, beam /), 
of Fig. 1. This is Case 2, and the portion of the platform under 
consideration comprises beams D,, G,, B,, with their stringer. 
This portion of the platform including all details necessary for the 
calculations is shown in Figs. 9(a) and (b). As before, the beam 
are numbered 1, 2, and 3, of which beam 1 will be submitted to 
calculation. Starting with the addition of the auxiliary forces 
to the actually impressed force Q, whereby the former are so de 
termined that no stringer deflection occurs, we obtain F from 
Equation [8] as follows 


108 X 15,000 
— = 5764.3 Ib 


In accordance with Fig. 4, this is the auxiliary force for beam | 
to be applied in a direction opposed to Q. At the same time 
the auxiliary forces to be applied at A, and A; of beams 2 and 3 
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DEFLECTIONS AND STRINGER Forces; EXAMPLE II 


Leflections by avxi ba ry force reversed 


Beam 2. leflections byim 


149 
ded 
360 | | | | | : —S 
\ | 


are [F/m = 9607.2 lb and nF/m = 3842.9 lb, respectively, as 
shown in Fig. 9(b). With these added, beam 1 becomes a simple 
beam subject at A, to the impressed force Q = 15,000 lb, opposed 
by the auxiliary force F = 5764.3 lb. The shape of its elastic 
line and the deflections under these conditions are shown in Fig. 
10(a). 
Next, beam 1 as shown in Fig. 10(b), is loaded at A, with the 
auxiliary force F reversed, and from Equation [6b] there is ob- 
3 X 105.3 (= 180? 


tained 
3 

8 = Wax x 72? x x 180 \2500 857.6 * 587 

= 1.01705 X 10-? 
Further with a = 144 in.; b = 240 in.; L = 384 in.; cosh fa 
cos B(L + b) = 2.27483; cos Ba cosh B(L + 6) = 30.11271, 
sinh fa sin B(L + 6b) = 0.12893; sin 8a sinh B(L + b) = 
283.55667; cosh 28L — cos 28L = 1233.79754, whence by 
Equation [6d], we find A = —27.83788, and B = —283.42774. 
Writing » for y2 and J, for 7; in Equation [6d], we obtain with 
F = 5764.3 and J, = 857.6 for the branch of the elastic line de- 
fined byO<z<a 
y = 4.31527 {311.26562 sinh 8x cos Br + 255.58936 cosh Bz 
Br} 10-5 
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Similarly, we obtain from Equation [6e] for the branch a<z</. 


yi = 4.31527{—11.7411 sinh 8(L — z) cos B(L — z) 
+ 159.37077 cosh — z) sin — z)}10>* 


The shape of the elastic line and deflections at points where 
beam 1 supports a stringer are recorded in Fig. 10(b). 

The stringer forces S; for beam 1 may be obtained from Equa- 
tion [12], and will be found to be expressed by S, = 2.64287 x 
10‘ y,. They are shown together with the actually impressed 
force Q = 15,000 lb in Fig. 10(c). The assistance of the stringers 
in the support of the load Q is clearly evident. The end reac- 
tions, for example, due to Q alone are 9375.0 lb and 5625.0 lb, 
respectively. By stringer action they are reduced in the amounts 
R, = 3467.5 lb and R, = 2575.6 lb. 

To be noted is that here assumption 1 disregards whatever in- 
fluence portions of the platform more than two bays distant from 
the loaded beam may have on the said beam. In examples | 
and 2, on the other hand, the restraint of portions of the plat- 
form more than a single bay removed from the loaded beam has 
been neglected. The conclusion therefore is that the accuracy 
achieved in the foregoing calculations is greater than in the 
previous examples. 
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This paper presents a summary of the basic principles 
of the supersonic compressor and an analytical study of 
the types of this compressor most likely to prove successful. 
This study assumes rather idealized conditions, ignoring 


= stage stagnation pressure ratio (shock in rotor) - 
such variables as radial effects and flow irregularities. AH os 
Hence the results are not intended as design criteria. n = —— = stage efficiency is eee SS 
They should, however, give a fair guide to what may be AH = jv aye pf = Oe wom 
expected of the various cases considered; their outstand- k—1/(p* 
ing limitations, their range of operation, and their per- 2 Do "a & 
in 0 = isentropic stagnation condition (velocity = 0) 
hence a stagnation condition before the stage 
and that the largest restriction on this normal-shock-in- 
. ee eae 1 = condition at exit of stator and corresponding condition 
stator compressor is the Mach number limitation in the ‘ 
‘ at inlet of rotor 
— _-~ . 2 = condition at exit of rotor and corresponding condition at 
inlet of stator 
NOMENCLATURE = condition in stator after shock (shock in stator only) 
‘The following nomenclature is used inthe paper: == relative to stator 
w = relative to rotor 
( = flow velocity relative to stator, fps ae s = isentropic 7 
w = flow velocity relative to rotor, fps . ; 
Superscript: 
M = Mach number, ratio of flow velocity to velocity of sound condition to often to: an: com 
a* = velocity of sound when M = one, fps dition — 
M* = ratio of flow velocity to a* for same isentropic stagna- Constants used in calculations: ; 
tion condition k = ratio of specific heat at constant pressure to specific heat 
w = rotational speed, radians per sec - at constant volume, 1.4 ; 
r = design radius, ft R = gas constant of perfect gas-equation, 53.35 ft-lb per Ib 
p = pressure, psf per deg F 
T = deg F abs INTRODUCTION 
g = acceleration given to unit mass by unit force, fps per ? ’ F ; 
axe , oe Recent demands for a high-capacity, high-pressure-ratio com- 


Cy specific heat at constant pressure, ft-lb per deg F 


a, 8 = velocity diagram angles as defined by Figs. 1 and 2 

4H = enthalpy increment, ft-lb per Ib * 
V = flow velocity, fps 
N = rotational speed, rpm rite pee 


Derived symbols: 


M.* = entrance velocity relative to stator divided by a,* 


r st X N 

M,* = dimensionless wheel speed, = 
a,* VT; a 
as) dimensionless ratio of velocity diagram ke 
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pressor in wind tunnels, refrigeration machinery, industrial- 
process blowers, mine ventilators, and airplanes have brought 
to the fore the problem of high flow velocities in such machinery. 
Should these velocities exceed the velocity of sound at any point 
in the flow path, the machine is deemed “‘supersonic.”” Hereto- 
fore compressors of this type were considered impractical as 
compression shocks common to supersonic flows caused large 
losses in efficiency. It now appears, however, that these losses 
are due more to flow disturbances caused by the shocks than to 
the irreversibilities inherent in the shocks themselves. Analysis 
of the normal shock shows that, with a Mach number of 1.4 
approaching the shock, the efficiency of the compression is still 
about 90 per cent while the pressure ratio across the shock is 
approximately 2.7. With this in mind it appears that it is pos- 
sible, by checking such disturbances, to build a compressor in 
which supersonic velocities are purposely introduced. Knowl- 
edge of shockless supersonic diffusers being small, these super- 
sonic velocities will be diffused by the intentional production of 
compression shocks. In fact, it appears that for diffusion through 
the velocity of sound, a shock is necessary for stability. 

The types of supersonic compressor which appear plausible 
are those having: (1) a normal shock in the entrance to the stator; 
(2) a normal shock in the entrance to the rotor; (3) a normal 
shock in the entrance to both the rotor and thestator; (4) weak 
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oblique shocks in place of the normal shocks. The correct veloci- 
ties are obtained in each case by the proper proportioning of 
blade angles, blade shapes, rotational speed, and stage inlet ve- 
locity. Figs. 1 and 2 show the flow paths and velocity diagrams 
for the first two cases. The other cases will not be discussed 
further as they are more complicated and so are of less interest: 
until more is known of the simpler cases. 


NorMAL SHOCK IN STATOR 


For the case of the normal shock in the stator, the velocity 
relative to the rotor is kept subsonic but the velocity relative 
to the stator at the stator entrance is supersonic. If the com- 
pression shock is located at the stator entrance, the flow then 
returns almost immediately to the subsonic regime. Thus 
supersonic-flow difficulties will be small and high-velocity friction 
losses will be kept down. There is, however, a large angle of 
turn in the rotor which may produce separation of the flow from 
the wall. With such large angles of turn, local regions of super- 
sonic velocity may be avoided at present only by keeping the ro- 
tor entrance velocity low. As will be shown, this low velocity 
relative to the rotor imposes on the range of possible design a 
very large restriction. 

Weise? has built a single-stage compressor of this type em- 
ploying a normal shock. Owing to separation at the hub of the 
rotor and the resultant unsteady flow entering the stator, the 
measured efficiencies were only about 40 per cent, but even under 
these poor operating conditions a pressure ratio of approximately 
1.35 was reached. a- 


NoRMAL SHOCK IN Rotor 


For the case of the normal shock in the rotor, the velocity 
relative to the stator is kept subsonic, but the velocity relative 
to the rotor at the rotor entrance is supersonic. In order to 
attain this high rotor entrance velocity it is necessary to have 
higher rotational speeds than in the case of the shock in the 
stator. Hub separation effects, since they occur downstream 
of the shock, probably have less of an effect on the performance 
of this compressor. Also, the necessity for large angles of turn 
in the rotor blading is avoided. However, it will be shown 
analytically that this type of compressor should generally give 
lower efficiencies than would the shock-in-stator type. 


PROBLEMS 


If a normal shock is to be used for compression, some steps 
must be taken to produce it. An analysis involving friction but 
no boundary layer for supersonic flow in a channel shows that 
by control of the downstream pressure a normal shock may be 
produced and its position determined. Thus it appears that by 
proper design of the compressor with respect to pressures at 
various points in the flow path the desired shock conditions may 
be achieved. However, there will be in practice a wall boundary 
layer. A portion of this boundary layer near the wall is subsonic 
and cannot adapt itself to a discontinuous change in pressure as 
can the main supersonic portion of the stream. Hence just 
downstream of the shock the pressures of the free stream and of 
the boundary layer may differ markedly. This pressure gradient 
normal to the direction of flow produces a large eddying or back 
flow which, in turn, affects the form of theshock itself. Associated 
with these flow disturbances are large losses in compressor effic- 
iency. It is precisely these disturbances which must be avoided 
if the supersonic compressor is to be successful. One method by 
which they may be suppressed appears to be the installation of 
suction slits in the wall near the shock in order to draw off the 


Supersonic Axial Compressor,’”” by A. Weise, Report 
No. 171 of the Lilienthal Society, Bureau of Ships 338, vol. 9, 1946, 
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boundary layer. This method has been employed successfully by 
Weise? both in channels and in his compressor. Because of ease 
of fabrication and operation, it is more easily applied to the 
shock-in-stator type than to the other types of compressor. 

If, after the shock diffusion, a further subsonic diffusion is 
attempted, it will require a diverging channel. If flow separation 
is to be avoided this divergence must be small, requiring a rela- 
tively long passage. Also, it may introduce a source of insta- 
bility since the pressure gradient is adverse and the velocity is 
low. It would seem advisable therefore to avoid any diffusion 
across either rotor or stator other than that accomplished 
through the use of shocks. 

In actual compressor design a number of radial effects must 
also be taken into account. Velocity diagrams vary across the 
radius so that the Mach number approaching the shock will also 
vary with the radius. The effect of this on the shock and the flow 
downstream of the shock will be marked. Also, if the velocity dis- 
tribution approaching the shock is radially stable, it may be 


. difficult to have a radially stable flow after the shock because the 


higher velocities approaching a normal shock are transformed 
to the lower velocities leaving the shock. 

Another radial problem is that of blade-length limitations. 
The velocity in subsonic areas cannot be allowed to rise above the 
sonic velocity, while that in supersonic areas cannot be allowed 
to drop below such a level. This means that the velocity dia- 
gram cannot be allowed to vary in any one direction indefinitely, 
hence a blade-length limitation which may or may not be 
greater than conventional limitations. 

Friction effects have been disregarded in this analysis. They 
may be introduced as friction coefficients defined as the ratio of 
the energy loss to the kinetic energy of the stream. Shapiro 
and Hawthorne’ have made some estimates of friction effects in a 
normal-shock-in-stator single-stage compressor with a whee! 
speed of 1000 fps and a rotor Mach number of 0.7. Their calcu- 
lations show that a friction coefficient of as high as 0.2 reduces 
the efficiency from 92 to 77 per cent while the pressure ratio 
drops only from 2.5 to 2.2. Since these calculations indicate 
that the compressor is not overly affected by friction, the ideal- 
ized frictionless analysis will suffice to give a good idea of the ex- 
pected design possibilities and. the effects of the different varia- 
bles. 

In defining the pressure ratio of a compressor it is usual to us 
isentropic stagnation pressures both on approaching and leaving 
the machine. This follows from considering that any velocity 
may be reduced almost to zero by a suitable diffuser. If the dil- 
fusion is isentropic, the resulting pressure will be the isentropi: 
stagnation pressure. This mode of pressure-ratio definition then 
credits to the machine any leaving velocity of the gas, while it 
does not credit to it any entering velocity. In practice the ve 
locity approaching a compressor is very close to zero while the 
leaving velocity is generally grossly reduced by a scroll diffuse 

Hence the actual static pressure ratio may be very close to thé 
stagnation pressure ratio. For these reasons ‘‘pressure ratio’ 
this paper is taken to mean the ratio of exit stagnation pressure ' 
inlet stagnation pressure. 


CONCLUSIONS 

Shock in Stator. An analytical study of the normal-shock-in- 
stator compressor is included in Appendix 1. The results of this 
analysis are here presented in graphic form. It is to be noted 
that these results are subject to the assumptions of the previous 
discussion and of Appendix 1. The three independent variable: 


*“Report on Present Status of Compressor Development Wit) 
Special Reference to the Prospects for Supersonic Compressors,” bY 
A. H. Shapiro and W. A. Hawthorne, Ma isachusetts Institute 
Technology, Cambridge, Mass., October, 194 5. 
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employed to determine the stage characteristics are M,* (a 
measure of wheel speed), (M*/M,*) (a measure of inlet ve- 
locity), and a: (the stage entrance angle). Pressure ratio (pos/p,), 
and efficiency n, are plotted as functions of M,* with (Ma*/M,*) 
constant and equal to unity (Figs. 3 and 4). In these plots the 
limiting conditions are shown and labeled so that the effect of 
each may be easily seen. For this shock-in-stator case, it is 
assumed that the flow relative to the rotor and that relative to 
the stator at the stage entrance must both be subsonic, while 
the flow relative to the stator at the stator entrance must be 
supersonic. These limitations appear in Figs. 3 and 4 as lines 
of Mu: = 1,Ma = 1, and M.: = 1. The area included between 
them is the range of possible design. Points lying outside this 
area violate one or more of these assumptions, while those lying 
within the area satisfy all the conditions. 

However, it is inconceivable that a machine could be built 
with inlet blade angles of less than zero degrees. The line of a; = 


Mc2=! 


O 2 6 1.0 14 16 1.6 2.0 
DIMENSIONLESS WHEEL SPEED, M, 


_, Ratio Versus DIMENSIONLESS WHEEL SPEED FOR 


(Ma*/M,) 


Me2=! 


0.9 


0.6-— 
0.5 


EFFICIENCY , 


be 


| 


© 10 42 14 t6 220 
DIMENSIONLESS WHEEL SPEED, M; 


Fic. 4 Ssocx-In-Stator Compressor—Erriciency VERsus 
DIMENSIONLESS WHEEL SPEED For (Ma*/M,*) = 1 


2. JOURNAL OF APPLIED MECHANICS 


3 COMPRESSOR—STAGNATION PRESSURE 


MARCH, 1949 


0 deg, shown in Figs. 3 and 4, _— to this condition and 
further delimits the range of possible design to that area in- 
cluded within the lines Ma = 1, Me = 1, Mw. = 1, and a = 
0 deg. 

If now it is assumed that for construction purposes the mini- 
mum allowable blade angle is 20 deg and the maximum 160 deg, 
anywhere in the machine there may be found values of a min and 
@ max Corresponding to these conditions. The line of a mia 
is shown in Figs. 3 and 4. The line of a1 max is omitted since 
it falls wholly without the previously derived design area. This 
area of possible design now falls between the lines of Mu = 1, 
Ma = 1, Me = 1, and amin. It is to be noted that the con- 
struction-angle limitation reduces this possible area only slightly. 
Nevertheless, the reduction is in an area of high pressure ratio 
and high efficiency. 

If there is to be a large angle of turn in the rotor of this ma- 
chine it will prove necessary to reduce the Mach number rela- 
tive to the rotor at its entrance. In spite of the fact that the 
rotor is an impulse rotor with no change in velocity across it, 
actual practice has shown that within such a grid of turning 
foils local regions of high velocity will invariably develop. To 
date a Mach number of about 0.7 is the greatest that can be 
assumed at the grid entrance with reasonable certainty that no 
local regions of supersonic velocity will result. A line of Mw: = 
0.7 is shown in Figs. 3 and 4. The remaining area of possible de- 
sign is that shaded region lying between the lines Ma = 1, Mw: = 
0.7, and aimin. Note that the assumption of a rotor Mach 
number of 0.7 has reduced the design possibilities immeasurably, 
although the area remaining is still of high efficiency and very 
good pressure ratio. 

Should more advanced work on cascade grid design bring about 
an increase in the allowable entering Mach number, the de- 
sign possibilities of this type of compressor would be greatly en- 
hanced. The most important points brought out by these plots 
are the following: 


1 High pressure ratios appear possible at fairly high eff- 
ciencies, 

2 Wheel speeds are quite circumscribed and the area of op- 
timum pressure ratio covers only a small range of wheel speeds. 

3 The restriction of the stage inlet Mach number to less than 
unity is of little importance as the portion of the operating zone 
cut out is that of low pressure ratio and poor efficiency. 

4 The holding of construction angles to a minimum of 20 deg 
imposes a small but significant restriction. It cuts out a portion 
of the operating area near the optimum pressure ratio as well ass 
portion in the good efficiency area. 

5 The holding of the Mach number entering the rotor tos 
value of less than 0.7 imposes a very large restriction on the 
possible area of design. This restriction is by far the greates' 
brought out by this investigation and points up the importance 
to this type of compressor of better foil and cascade design. 


To generalize the analysis, similar calculations have beet 
carried out for various values of (Ma*/M,*). These reveal ver! 
strict limits on the valueofthis variable owing to constructiom- 
angle limitations. It is found that the minimum constructio 
angle is a function of (Ma*/M,*) and a only. Thus for some 
value of (Ma*/M,*) the minimum angle for any value of a will 
drop below that prescribed by construction requirements. 0 
this case the 20-deg-minimum-angle requirement will be vie 
lated when (M.:*/M,*) drops to approximately 0.8. 

If (Mca*/M,*) is increased beyond a certain point, the line 
representing possible construction angles fail to intersect thé 
area of possible design prescribed by all other considerations 
This oceurs when (Mci*/M,*) reaches a value of approximate! 
1.5. Thus (Ma*/M,*) can vary only between about 0.8 and 


EFFICIFAICY 


i 
a 
d 

w 2-0 be Mun, =0.7 Mc, =! Pc 

1. 

= 

6 Pi 

the 

= | 
Aen 
. 

inte 


1.5. The total area of possible design thus prescribed is shown 


d 
_ in Figs. 5 and 6. It is to be noted that the performance is good 
a although the possible range of design is small. 
An extension of the analysis of Appendix 1 (not here presented) 
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as & the stage Ms, is for all possible cases greater than the Mach 
number entering the stage Ma. Thus if a multistage machine 
toa were to be built with similar entrance Mach numbers in each 
the stage a diffusion would be needed between stages.- This con- 
atest dition is undesirable as it would tend either to lengthen the ma- 
hance chine or to cause flow disturbances and subsequent loss of effi- 
ciency. 
bees At higher rotor Mach numbers, however, the condition of 
oat equal entrance and exit Mach numbers may be reached. This 
‘tion Is another advantage to be gained from an improved cascade 
ction design for the rotor of this machine. 
pee Shock in Rotor. For the normal-shock-in-rotor case, similar 
1 Wil analysis (Appendix 2) and plots (Figs. 7 and 8) are presented. 
. b Again these are subject to numerous assumptions and limita- 
- tions and must be used with care. 

Figs. 7 and 8 are constructed in the same manner as Figs. 3 
lines and 4. In this case the stage inlet Mach number Ma, must be 
st, the less than unity, the rotor inlet Mach number Mw:, must be greater 
tions than unity, and the stator inlet Mach number Ma, must be 
nately less than unity. M2: = 1 shows in these figures as a point, the 
. intersection of the line Me = 1 and the line of pressure ratio = 


_——s LOEB—A STUDY OF THE SUPERSONIC AXIAL-FLOW COMPRESSOR 


7 ise! 
a7 
: 
20 
1.5 
t- «24 
Mcez= 0.7 
© 6 t2 t4 86 14°28 


DIMENSIONLESS 


Fic. 7 Sunock-In-Rotor Compressor—STAGNATION PRESSURE 
Ratio Versus DIMENSIONLESS WHEEL SPEED FoR (M.i*/M,*) = 1 


WHEEL SPEED , 


N 


4 
EFFICIENCY , 


0 2 4 6 .6 1.0 12 1.4 16 18 2.0 
DIMENSIONLESS WHEEL SPEED , Me 


Fic. 8 Ssock-In-Rotor Compressor—Erriciency Versus 
MENSIONLESS WHEEL SPEED FOR (Mai*/M,*) = 1 


1 or efficiency = 1.0. The line of Mu: = 1 is not labeled but it is 
the same as the line of efficiency and pressure ratio of 1. 

Based on a minimum construction angle of 20 deg, aima is 
again shown. It does not gravely reduce the possible area of 
design. 

If the Mach number entering the stator is limited to 0.7 as 
was that entering the rotor in the shock-in-stator case, the area 
of possible design is reduced. In contrast to the previous case, 
however, this reduction is of almost no consequence since it is 
small in magnitude, and since it cuts out only an area of low 
pressure ratio. Again the shaded portion is the remaining area 
of possible design. 

It is noteworthy that the high-efficiency segments of this pos- 
sible design area correspond to segments of low pressure ratio, 
while the high-pressure-ratio segments correspond to segments 
of very low efficiency. Thus although grid-design problems are 
alleviated by this type compressor, it appears difficult to achieve 
simultaneously both good efficiency and high pressure ratio. 

The most important points brought out by these plots are the 
following: 


1 It appears difficult to approach high pressure ratios with 


1.0 Meo= 0.7 

4 SEN 

4 % 


good efficiencies. 
those of the shock-in-stator compressor may be reached, but the 
corresponding efficiencies are far lower. 
rotor Mach number be increased in the shock-in-stator case, how- 
ever, it would result in much higher pressure ratios than would 
this shock-in-rotor case. 
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sian ratios of about the same value as 


Should the allowable 


2 There is an optimum wheel speed at which maximum 


pressure ratio is reached. This wheel speed is high, however, and 
the efficiency at this point is very low. 


3 Minimum construction-angle and maximum stator Mach 


number restrictions have a very small effect on the possible area 
of design. 


No generalized plots are presented since the same type of 
(M.:*/M,*) restrictions hold as in the case of the shock-in-stator 
compressor. It appears that the plots for (M.a*/M,*) = 1 are 
representative of the total potentialities of this type of com- 
pressor. 

Again, an extension of the analysis of Appendix 2 (not here 
presented) shows that in the shock-in-rotor case the Mach num- 
ber leaving the stage M.2, is for all possible cases less than the 
Mach number entering the stage Ma. Thus if a multistage ma- 
chine were to be built with similar entrance Mach numbers in 
each stage, an acceleration of the flow would be needed between 
stages. This is far more desirable than the diffusion required of 
the shock-in-stator machine. 

Furthermore, for a single-stage machine of given rotational! 
speed and inlet Mach number, a shock-in-rotor machine would 
have a lower exit Mach number than would a shock-in-stator 
machine. Hence asmaller amount of subsonic diffusion would be 
required in the shock-in-rotor case than would be required in the 
corresponding shock-in-stator case. 

Comparison. A comparison of the shock-in-stator and the 
shock-in-rotor compressors made upon the basis of the analyti- 
cal results and the discussion is presented in Table 1. 


TABLE 1 COMPARISON OF COMPRESSOR TYPES 
Shock-in-stator Shock-in-rotor 
Pressure ratio........... 1.4-2.1 1.0-2.0 
1.0-0.97 1.0-0.67 
Main restricting condi- 
Mach number in rotor Mach number at sta- 


(severe restriction) tor exit (not severe) 


Very large Very small 
Mow able stage inlet 

Miscellaneous........... Any hub separation is Hub separation is after 

before shoc 3 
asy to va’ OW pas- ard to vary flow pas- 
sage rhe y | suc- sage and jnstall suc- 

© pressure rise across Pressure rise across 


l-stage machine; greater 1 stage machine; less 
subsonic diffusion at subsonic diffusion at 


exit exit 
diffusion between acceleration be- 
stages tween stages 


Pacem compilation it can be seen that the shock-in-stator 
case is probably the more advantageous. It is superior in pres- 
sure ratio, efficiency, wheel speed, ease of construction, and con- 
trol of shock phenomena. Should future cascade investigations 
make possible a higher rotor Mach number, the possibilities of 
this type of compressor would be tremendously increased. The 
shock-in-rotor machine, however, has advantages in that its 
cascade design is not nearly so critical, and it requires no sub- 
sonic diffusion between stages. 
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The analytical study of the normal-shock-in-stator compressor 
is based upon the following assumptions, all of which are con- 
sistent with the foregoing discussion: (1) subsonic flow in 
rotor; (2) subsonic flow in stator except at entrance; (3) super- 
sonic velocity at stator entrance; (4) impulse rotor involving no 
pressure change across that part of the stage; (5) axial velocity 
constant across the stage up to the point of the shock; (6) normal 
shock in the stator entrance; (7) no irreversibilities other than 
those in the shock; (8) fluid is a perfect gas with k = 1.4; (9) 
no change of radius across the stage. The flow path and ve- 
locity diagram are shown in Fig. 1. 

By dividing all sides of the velocity diagram by a,;* a similar 
diagram will be achieved whose sides will be ratios of velocity to 
a;*; but 


By redrawing the velocity diagram using these and similar 
transformations, a dimensionless diagram is achieved (Fig. 1), 

Three independent variables are needed to determine com- 
pletely this velocity diagram. Those chosen are (M.:*/M,"), 
M,*, and a. This type of diagram is useful in shock analyses 
because across a normal shock a* does not change. Also, the 
star Mach number after the shock is equal to the reciprocal of 
that before the shock. This is a great simplification, especially 
in the shock-in-rotor case. 

In the analysis the basic equations are those deriving from 
energy considerations and from the geometry of the dimension- 
less velocity diagram. From these equations and the assump- 
tion of the value of one of the independent variables, all values 
involved in the velocity diagram may be ascertained. Once this 
has been done the stage characteristics may be derived directly 
from the velocity diagram. 

The energy equation in terms of stagnation temperature is 


The stagnation temperature with respect to the rotor will be 
different from that with respect to the stator while the actual 


temperature is the same in both. Hence 
= Ton Tm = Ta + 
29c,, 
1 wi? — 
01 Cy q 
But, from perfect-gas considerations 
= VgkRT* = 5 


for 


I 
Yager 
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k-1 
k—1 
* . 
K = const = —— (=) k = 0.1667 
2 Po 


cosines 


.. 19a] 


Mu *? (= ) = + M,*? + 2M,*Ma* cos a; 


a,;* 


Combining Equations [8] and {9¢a] 


In like manner 


1M,*? + M.:*? + cos a. . [95] 


M, *? 


=| — 
M.:*\* Ma* 


If values of (Ma*/M,*), M,*, and a are now chosen, a complete 
solution of the vector diagram follows by use of Equations [9] and 
{10}. 

The limitation that the Mach number in the rotor may not 
exceed unity gives a minimum entrance angle. Equation [10a] 
with unity substituted for Mwi* gives 


1— K M 2 M,* 


.. [108] 


* 
2 

M * 

The limitation that the Mach number must be greater than 
or equal to unity at the stator entrance gives rise to a maximum 
entrance angle. Equation [106] with the value unity substituted 
for gives 


1 M.*\? 
( ) 4(1 — K) 
M,*2 M,* 


COS Q@imax = M.* 
Ge) 


Another limitation may be that imposed by the necessity for 
actual construction of all the angles in the velocity diagram. 
An angle as small as 20 deg is here assumed to be the minimum 
feasible angle. This may mean that the minimum entrance angle 
is considerably greater than 20 deg, depending upon the geometry 
of the velocity diagram. In the case of the shock-in-stator com- 
pressor with an impulse rotor, the minimum a is approximately 
60 deg, while the maximum a: is approximately 160 deg. 
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_ - found by the use of the perfect gas relations 


(= = 1 — KM.*? (7] 
Pi Po M,* 


From the geometry of the velocity diagram, by the law of 


Pressure Ratio. The pressure ratio of the compressor may be 


The pressure ratio, (p3/p2), across the normal shock, is a func- , 
tion of the Mach number approaching the shock ° 


Across a normal shock J 
Pes 


All these functions may be found in tabular form to simplify 
the calculations. 
The stagnation pressure ratio of the compressor can be deter- : 
mined from Equations [13] through [17] 


Efficiency. The efficiency of the compressor is defined as the 
ratio of the isentropic enthalpy change between the entrance and 
exit stagnation pressures to the actual stagnation enthalpy 
change between entrance and exit. 

From perfect-gas considerations 


k mi 
AH, = RT; —— ( 
Pi 


_ From energy considerations 


29 
AH, 1 (2:) dD; 


Substituting Equation [9b] in Equation [21] 


k-1 
Pi 


M,*? + cos 


where (pos/p;) has been determined previously from Equation 4 
[18]. oe 


The analytical study of the normal-shock-in-rotor compressor ~~ 
is based on the following assumptions: (1) Supersonic velocity 
entering the rotor; (2) subsonic flow at all other points of the ; 
flow path; (3) axial velocity constant before and after the shock 
but not across the shock; (4) no turning of the stream within the 
rotor; (5) diffusion by normal] shock in rotor entrance only; i 


a,** 
where 
(Mat)’ 
Mat + K | .. [10a] 

= = .. (10a 

1] M.*\? , [Ma* 
M.* t é | COS 
ar 
1). 
18) 
of 
lly 
om 
np- 
this 
(2) 

| be ——=...... (21) 
tual 

<> 

[12] 


(6) no irreversibilities other than that in the shock; (7) fluid a 
perfect gas with k = 1.4; (8) no change of radius across the stage. 
The velocity diagram reduced to dimensionless parameters by 
the method of Appendix 1 is shown in Fig. 2. 

The same method of analysis is used in this case as in the 
shock-in-stator case. In fact, the first portion of the stage is ex- 


plicable. 
Across the normal shock 


By analogy with Equation [7] 


=. 
= 


Combining Eqn [24] and [7] 


a;* 1 — KM..*? 1— KMu*? 

the geometry of the velocity diagram 


M..*? M.*2 M *2 dw." 
a;* + we a,;* 


Thus with the pressure ratio known from previous calculations, 


> 
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actly the same so that Equations [7], [9a], and [10a] are ap-_ 


These equations are sufficient to determine completely the 
characteristics of the compressor stage of given (M.i*/M,*), 
M,*, and a;. The limiting conditions are found in much the 
same manner as are those of Appendix 1. 

Pressure Ratio. The stage stagnation pressure ratio may be 
found from perfect-gas considerations and the dimensionless 
velocity diagram. 
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Pi Pi 


(22) ~ (2) (22) 


The stage efficiency found by the method of 


Efficiency. 


Pi 
*\2 2 *\2 
*2 en om *2 
+ | Me : Ma: 


. {32} 


the stage efficiency may be found. 
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Three-Dimensional Solution for the Stres 


ina Plate of Arbitrary Thickness 
_ By E. STERNBERG? anv M. A. SADOWSKY,? CHICAGO, ILL. 


This paper contains an approximate three-dimensional 
solution for the stress distribution around a circular cylin- 
drical hole in an infinite plate of arbitrary thickness, which 
is otherwise in a uniform state of plane stress parallel to 
the bounding planes, The approach used rests on a modi- 
fication of the Ritz method in the theory of elasticity. A 
knowledge of the triaxial characteristics of the ensuing 
stress concentration is held important in connection with 
modern views on failure. The results furthermore illumi- 
nate critically the significance of two-dimensional analy- 
sis in problems of the type under consideration. 


NOMENCLATURE 
The following nomenclature is used in the paper: 
(z, y, 2) = Cartesian co-ordinates 


components of stress, strain, and displacement, respectively 


(r, 4,2) = cylindrical co-ordinates 
(o,,...7r0,...) = eylindrical components of stress 
= totalstrain energy 


t=2c,D =2R = plate thickness and diameter of hole, 
respectively 
c 
A =—=-— = thickness ratio 
DR 
r 
= = ‘) dimensionless cylindrical co-ordinates 
c 
E,G,v = modulus of elasticity, shear modulus, and 


Poisson’s ratio, respectively 


A CLass OF THREE-DIMENSIONAL PRoBLEMS AssocIATED WITH 
PLANE SOLUTIONS IN THEORY OF ELASTICITY 


The particular problem to be considered in this paper belongs 
to a class of three-dimensional problems which is closely related 
to the plane solutions in the theory of elasticity. This class of 
problems may be described as follows: Consider a homogeneous, 
isotropic, elastic body bounded by two parallel planes, as well as 
by one or several cylindrical surfaces whose generators are per- 

' This investigation was carried on as part of a research program 
conducted by the Armour Research Foundation under contract 
NObs-28377 with the David Taylor Model Basin, Washington, D. C. 

’ Associate Professor of Mechanics, Illinois Institute of Technology. 

* Associate Professor of Mathematics, Illinois Institute of Tech- 
nology. Mem. ASME. 

Presentated at the National Meeting of the Applied Mechanics 

vision, Chicago, Ill., June 17-19, 1948, of Tae American Society 
ov MecHANicaL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted 
until April 11, 1949, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
ofthe Society. Paper No. 48—APM-21. 


4 Concentration Around a Circular Hole 


); (u,v, w) = Cartesian 


wa 


pendicular to the bounding planes. Let the body be subjected 
to surface tractions on the cylindrical boundaries only, and, fur- 
thermore, let these tractions be parallel to the bounding planes 
and constant along any particular generator of the lateral bound- 
ary. Fig. 1 illustrates the case where the region D, occupied by 
the body, is finite and simply connected, the lateral boundary 
consisting of a single cylindrical surface S,; whose trace on the 


, 


lateral boundery Si 


A— space region 
=~ 


Fic. 1 GEOMETRY OF THE PLANE PROBLEM 


median plane (z = 0) is the plane curve C. The plane cross- - 
sectional region bounded by C will be denoted by A. The bound- 
ary conditions then appear as 


+ tzym = X(z,y) 
+ = Y(x,y) 7 [2}* 
+ Tym = 


where (X, Y, Z) are the Cartesian components of the resultant 
stress acting on S,, and (1, m, 0) the direction cosines of the outer : 
normalof S;. 

In the absence of body forces, the stresses and displacements 
throughout an elastic medium, within the assumptions of the 
classical theory of elasticity, are characterized by the boundary _ 
conditions, the equations of equilibrium 


Orgy O7;; 


and the stress-displacement relations 
ou il 
[4] 
ou ow il 


‘If D is multiply connected, analogous boundary conditions hold 
for each of the lateral surfaces Sz (¢ = 1,2,...). In this case the 
succeeding discussion must be modified correspondingly. 

5 Formulas not stated explicitly are obtained by cyclic permuta- 
tions. 
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The solution of the foregoing problem thus necessitates the inte- Thus the state of stress induced by the surface tractions Equa- 
gration of the partial differential Equations [3] and [4], subject tions [1], [2] will, in general, not be plane. The plane-stress 
to the boundary conditions Equations [1], [2]. solution is the exact solution of the initially stated three-dimen- 

We review at this place the connection between the plane-strain sional problem if v = 0 or V*¢ =o, + ¢, is a linear function 
and plane-stress solutions, and the three-dimensional problem of x and y, or t = 2c = 0, which corresponds to an ideally thin 
just formulated. Since the plane solutions are treated exhaus- plate (‘‘elastic sheet’’). Again, the solution to the three-dimen- 
tively in the literature (1, 2)* we merely cite those results which sional problem under consideration may be reached by super- 


are important for our purposes. imposing upon the plane-stress solution the solution of the 
The stress distribution of the associated plane-strain solution ‘‘residual problem of plane stress’’ whose formulation is im- 
is given by mediate by inspection of Equations [1], [2], [6,} [8], [9]. 

a a ah as An exact solution to the problem governed by the boundary 
o, = v(o, + o,) + « = CE ee conditions, Equations [1], [2], or to either of the foregoing resid- 

— ual problems, presents great analytical difficulties. In 1942 
where the Airy function (x, ) is determined so that aes « E. Reissner (4), on the basis of the energy principle, proposed a 
Vig =OinA ) a method for calculating three-dimensional corrections for plane- 
— $,, m = NX(z, y) ) Chie [6] stress solutions. Although Reissner’s approach up to the pres- 
ory b+ dem = Y(z,y) i ent has not been applied to any specific problem, it appears that 
perer the underlying assumptions confine the validity of any solution 


and the constant ais chosen so that Ads 7 so obtained to the neighborhood of t = 0, i.e., to ‘thin’’ plates 
S fase, y) [7] STATEMENT OF THE PROBLEM OF THE PLATE A CIRCULAR 


Houe; AppLicaTION oF Ritz Mretruop 


This solution satisfies the boundary conditions, Equations [2], on The particular problem to be treated subsequently consists 
S; but unless vy = 0 or V 26 = const, violates the boundary condi- of determining the stress distribution throughout a plate of 
tion ¢,=Oonz = +c. Asolution conforming to both boundary — thickness ¢ = 2c with a right, circular, cylindrical hole of diameter 
conditions, Equations [1] and [2], may be achieved by super- D = 2R (see Fig. 2), which at infinity is in an arbitrary, uniform 
imposing on the plane-strain solution the solution of the “residual state of stress parallel to the gery planes. . For the choice of 
problem of plane strain’’ which is characterized by a stress-free co-ordinates indicated in Fig. 2, and assuming the z- and y-axes 
lateral boundary S, and surface tractions on z = +c, which are 
equal and opposite to those appearing in Equations [5]. If the 
stress system oa, of the plane-strain solution is self-equilibrated,® 
then by Saint Venant’s principle, as the ratio of the thickness ¢ ver- 
sus the characteristic dimension of the cross section A tends to 
infinity, the plane-strain solution tends toward the desired solu- 
tion in the median plane (z = 0). 

The stress field of the associated plane-stress solution® appears 


oy, = dzz + f(z)V 


=Tz = Ty = 0 


4 
4 f(z) = ——— (c? [9] (Cartesi i cylindrical dinat 
6(1 + ») artesian and cylindrical co-ordinate systems.) 


and ¢(z, y) is again determined in accordance with Equations _ parallel to the principal directions at infinity, the boundary con- 
[6]. We note that the stresses o,, o,, and r,, of Equations [8], ditions become 
in general, depend upon z. The solution entishes the boundary 


conditions, Equations [1], on z = +c but ordinarily violates the 
boundary conditions Equations [2] for S; which are satisfied 
merely by the average stresses as is seen from Equations [8], [9], CE Ag Fit gy 0 at infinity 
(ce? — 32*)dz = 0............... [10] if, for convenience, we temporarily take R = 
7a. The determination of the stress distribution subject to cond 


‘© Numbers in parentheses refer to the Bibliography at the end of _ tions, Equations [11] may be reached by superposition of tli 
i: paper. See reference (1), chapt. ix or reference (2), chapt. xii. solutions corresponding to the following two basic loading cases 
asad 7 Subscripts attached to functions which originally bear no sub- 


scripts denote partial derivatives. “Thus (plane hydrostatic state of stress) 


Here, in addition to Equation [7], also = Case 2: = = 1 


(plane state of pure shearing stress) 
oz dzdy = 0 must hold. These two conditions yr, symbolically 
are siatasisihbhaltey satisfied whenever the region A and the loading on 10 Among the technically significant problems which belong to thi 
SL possess appropriate symmetry. narrow class are rectangular beams in pure bending, the thick-w ralled 
® This is to be distinguished from the ‘generalized plane-stress’’ cylinder under constant internal or external pressure, and the it 
solution; see reference (2), p. 373, et seq. finite plate with a circular hole under hydrostatic tension at infinity 
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9 29. 
+k,[solution for Case 2] | i A Ie, + + 9, 2v(o,00 + 
+ [13] in accordance with the Ritz procedure, we need to construct a 
4 linear aggregate of solutions of the equations of equilibrium in 
cylindrical co-ordinates 
he We now cite the well-known" plane solutions associated with 
n- the foregoing problem. In Case 1 the plane-stress solution in 1 | | or — | 

cylindrical co-ordinates is given by + dz + 
ry 
id- 1 Orrz 1 Oo, Tre 
42 oo =1+ = Tro = Tog = Ter = 0. .{14] on [19] 
la 

: Or 10 Or 2rre 
1e- and Equations [14] are here the exact three-dimensional solu- 0 
eS: tion.!2 In Case 2, the plane-strain solution is given by or . ” af 
rat which satisfies the boundary conditions, Equations [17]. For 
ion ¢, = this purpose it is expedient to integrate'* Equations [19], subject 
eS to the condition that the solution depend upon @ in the manner 
ain of Equations [17]. We are thus led to Bear: 
oo = 
. . [15] 1 cos 20 
of == 
| OF; 1 

ster E +—F,+ | cos 26 
of 40F, 10F. oF 


whereas the corresponding plane-stress solution appears as 


4 3 (c? — 32?) ) 
3 (c? — =) 
= 1—- cos 26 
ré l+p > . 
(c? — 32?) . 
= = 7, = 0 


The solutions Equations [15] and [16] violate the boundary 
conditions Equations [11] for Case 20nz = +c andr = R, re- 
spectively. In particular, the residual problem of plane stress, 
according to Equations [11], [16] is characterized by the bound- 
ary conditions 


F, = + Z,(z) q+i—1 
= — c*) cos 20 
v 4 
atr=1>..[17 r? — 
4y 2 2) si F, = Z,(2) — pa qt+i—4 [21] 
Tre = (32? — c?) sin 20, = 0 
N 
o = = o, = = = 7T,, = O at infinity vy —c?)? r? — 1 Nex 
onde We now seek an approximate solution to the residual problem ‘= 
f the of plane stress'* on the basis of the Ritz method. For our pur- 
poses, the underlying minimum principle may be stated as fol- 
lows: Among all stress fields satisfying the equilibrium Equa- 2\* Al 
tions [3] and the boundary conditions, Equations [17], the actual = 1| forz >0 
one is such as to minimize the total strain energy 
Z,(—2) = Z,(2) 
| These are due to G. Kirsch, reference (5). See also reference (2), 
p. 385, et seq. 14 A tr unsformation into cylindrical co-ordinates of the general 
*? See footnote 10. solutions of Equations [3] given by G. Morera, and J. C. Maxwell, 
to thit a Alternative approaehes to the three-dimensional solution for respectively, leads to highly inconvenient forms; see reference (1), p. 
walled 48e 2 via Equations [11] or via the residual problem of plane strain, 88. 
the it merge with the one chosen here if we require that the solution tend % 2” ceases to be a real continuous function of n whenz< 0. The a 
sfinity. ward the plane-stress solution [16] when ¢ — 0, as is necessary. unessential coefficient c‘ is introduced for future convenience. a 
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i 
| 
= 


Ter 


= = — cos 20 
2 2 OF: OF; 
=| - — — r? —— | sin 20 
oroz + r> Oz 
It may be verified by substitution that the stress field, Equations e 7 
[20], satisfies Equations [19] for arbitrary choice of the stress 4 
functions F,(r, z) (a = 1, 2, 3). Moreover, it is readily shown 
that any solution of Equations [19] which possesses the foregoing 
é-dependence may be expressed in the form of Equations [20]. 


The three stress functions appearing in Equations [20] are 
selected as follows 


ne 
“* 
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the Pp, 7, as well as the Aai(a = 1, 2,3; 


converges absolutely for y S 1 but isan for y < 1, the stress 


= 1,2,...N) areas yet arbitrary. Deferring any discussion of _ distribution, Equations [24] leads to a finite value of U provided F 
the reasons s underlying the particular choice of Fa(r,z) (a = 1,2, thatg >p>0." : r 
3), we first compute the associated stress distribution by substi- 4 Beyond a sufficiently large value of r, the magnitudes of all 
tution of Equations [21] in[20]. Writing stress components of the residual problem may be anticipated to F 
- be monotone decreasing functions of r approaching zero in the 
; - 5 The exponents p and g appearing in Equations [21] contro] 
we reach he 7, the rate of decay, as r—~ o, of the stress distribution, Equations 
[24], induced by the boundary tractions, Equations [17]. Their 
+ Z,"P values, which are subject to the foregoing inequalities, will de- 
cos a+ pend upon the thickness ratio A = t/D and should not be assigned 
arbitrarily. 
—4y (82* — c*) 1 6 The choice of the function Z,(z), governing the ‘z-profiles” 
cos 20 1+» r4 pati t of the stress field, was guided by the anticipated z-variation of ™ 
the stress whose determination constitutes the primary ob- 
wet —1)P + 1°) dx + PO + a) jective of this three-dimensional investigation, As is apparent 
from the residual problem of plane strain, for any given r and 6, 
‘o<|max is bound to occur at z = 0, and |e, must be expected to lx 
1 monotone, decreasing with increasing At z= o, Ww 
cos 20 » patit2 [4(q + — 1)P — 4r?] (Oe,)/(0z) = 0, by the boundary conditions for Case 2 and the 
vias - second equation of equilibrium, Equations [19]. Otherwise, the 
+1@+t — 4)P — + [(—2(q + 4+ 2)P particular shape of the z-profile for «, will depend upon the thick- 
ness ratio A = t/D. 
+ 2r?) (38) 7 The complete solution for Case 2, i.e., the superposition of 
Equations [24] and [16], must reduce to the plane-stress solution 
Equations [16] for c = 0. This condition is met by Equatio: 
+Z."P [24]. The extent to which the three-dimensional solution 
sin26 1+» r ra il Case 2 agrees with the plane-strain solution, Equations [15], for 
N = 0 and A> ©, will represent an important although partial an 
| check on the accuracy of the final results. 
cos 20 We next compute the total strain energy U by aubstitutior 
ie ee Equations [24] in [18]. After integration, the result may bv 
1 written in the form T 
2.) [—2q + i—1)P 
+ 2r?] Mit 2Pri + [(Q +t + 2)P — 
where tio 
For p = 0, Equations [24] clearly remain a solution of the equa- Kei,pj = Kej,ai tio 
tions of equilibrium, Equations [19], provided P(r) is replaced by Kai,go = Oif a ~ fori = lin 
its limit as i 0 hed = 1 lar 


P(r) = Lim and the coefficients Kqi,g; are functions of the “nonlinear parame- 
P ters” p, q, n, the thickness t = 2c, and Poisson’s ratio ». A mini- 
We now summarize the considerations which motivated the mumof U requires 
choice of the stress functions, Equations [21], as follows: 
oU (a = 1, 2, 3) ‘ 
1 As stated previously, the stress field, Equations [24], must = 0 (Gj =1,2,...1 . 
satisfy the boundary conditions of the residual problem of plane ” 
stress associated with Case 2. Indeed, the terms of Equations[21} —_ or, by Equation [27] 
which explicitly involve v give rise to boundary stresses conform- 3 N 
ing to Equations [17], whereas the remaining terms generate a De a: (a = 1, 2, 3) “9 
stress field satisfying homogeneous boundary conditions. The Kai,aj aj = 0 , veel 


solution, Equations [24], is thus of the standard Ritz form. 

2 The stress distribution generated by Equations [21] must 
possess the symmetry inherent in Case 2. 

3 The strain-energy density should be integrable in terms of 
elementary functions and the total strain energy U must remain 
finite,!* i.e., the improper integral, Equation [18] must be ab- 


he are self-equilibrated. 


1¢ This follows from the fact that the boundary tractions, Equations 


which, for given p, g, n, ¢, and », constitutes a linear nonhomo- 
geneous system of 3N equations in the unknown Aq. By Equa 
tions [27], [28], and [30], we find that the minimum of U with 
respect to the Aa: is given by 


solutely convergent. Since the integral ae 3 N 7 
Cain = > Kei.a0 Nei... (31) 
Umi 15(1 + ») + Aad [ 


provided that the A, are the solution of Equations [30]. 
17 This condition need not be met in the limit ast = » ae — ©, 
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~ 
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The main preparatory computational task consists of deter- 
mining the energy coefficients Kai,3j. We state at this place the 
results of this lengthy but otherwise direct computation 


—24yn? 


(a, 8 = 1,2,3) 
Kei, = K ai, aj? [33]" 
m=0 @,j=1,2 N) | 
where 
Kai, = Ca (m = 0, 1, 2)... [34] 
with 
12(2n - — 3)(4n — 3) = 
N® = - 3: 
2(2n — 1) (3n — 1)(4n — 1) (35) 
= 
2(n + 1) (2n ra 1) (3n ry 1) (4n + 1) + 1) 
and 
a®™) = 2g—p+i+j+2m—2 | 


The coefficients Cai, 3°" are given explicitly in Table 1. 


THREE-PARAMETER AND SIX-PARAMETER APPROXIMATIONS 


For given values of the exponents p, g, n in Equations [24], 
Equations [32] and [36], together with Table 1, permit the solu- 
tion of Equations [30] for Aqi(a = 1, 2,3;7 = 1, 2,...N) as func- 
tions of c and ». However, arbitrary dispositions of the non- 
linear parameters p and q would be made at the expense of a 
larger number of linear parameters Agi needed to secure an ade- 


‘8 Note that (2m) is a superscript, whereas 2m is an exponent . 


TABLE 1 
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quate approximate solution. At the same time, the number of 
Aai present in successive approximations increases in steps of 
three,'® and the corresponding volume of computation rises 
far more rapidly. Furthermore, as was pointed out previously, 
the optimum value of n is bound to depend upon the thickness 
ratio of the plate. 

In view of these considerations, we decide on a rational deter- 
mination of p, qg, and n in accordance with the principle of mini- 
mum strain energy. This would require that we adjoin to the 
system of Equations [30], which insures a minimum of U with 
respect to the \ai, the following three equations 

The system of Equations [30], [37] is nonlinear, and an explicit 
solution for the \gi in terms of ¢ and » is clearly prohibitive. 
Since, in any case, all further computations are necessarily 
numerical, we shall avoid the explicit formation of Equations [37] 
and instead adopt an equivalent course of computation which is 
better suited for numerical methods. 

Turning first to three-parameter solutions, we have N = 1 and 
a = 1,2,3. Furthermore, setting n = 2 and vy = 0.3, we seek 
the optimum values of p, g, and Aa, (a = 1, 2,3). To this end, 
a definite value of c is assumed and Ay, Az, As: are determined 
from Equations [30] for various choices of p and gq. With these 
values of Aa,, we compute Umin(p, g) by means of Equation [31], 
and subsequently revise the choice of p and q until a minimum 
of U with respect to p and q is reached. This process is then 
repeated for various thicknesses t = 2c; it necessitates extensive 
numerical tabulations of the functions Cq,, g, defined in Table 1. 

The computations yield pop. = 0 fore >'/,. Although por 
~ 0 for c < '/2, the stresses, Equations [24], are found to be sen- 
sibly unaffected by the departure from zero of pop: in this thick- 
ness range. For this reason, and to reduce the volume of future 
computations, we henceforth use p = 0 also for 0 <c < !/2. 

Table 2 contains the values of gop: and Aq, for p = 0 and various 
thickness ratios 


oU 
Op 


18 This triplication is absent in two-dimensional energy solutions, 
which are controlled by a single stress function. 

2 The inclusion of arbitrary elements other than linear parameters 
in the basic aggregate of solutions, and their subsequent rational 
determination, constitutes a departure from the traditional Ritz 
method. 


VALUES OF Cai, 8j@ FOR a, 8 = 1,2,3; m = 0,1,2 


Cay Cag 


: 
: & 


In connection with this and later tables, it should be observed 
that any result based upon the normed radius R = 1, is at once 
transformed into the corresponding result for arbitrary R by 


making the substitutions 


= 
where 
p=» 


are dimensionless co-ordinates. 
more expedient to introduce 


Sv? 


151 + 


TABLE 2 


Instead of tabulating U, 
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mum. 


figures. The value of 


dopt a8 a function of A, 


[39] Maintaining p 


determination of gop: and 


it is 
will be referred to as the ‘‘modified’’ 
We next turn to six-parameter solutions, i.e., 
(41) 21 Thus the z-profiles of the stress distribution, Equations [24], are 


THREE-PAKAMETER SOLUTION; 


no longer assumed fixed. 


We note that Us has a ae whenever U has a mini- 
The values of Aei and Us; listed in Table 2 and all sub- 
sequent tables, were originally established to six significant fig- 
ures. The optimum values of q were obtained to two significant 
Gopt = 8.4 for A = 0 was reached by pro- 
ceeding to the limit in Equations [30] asc ~ 0. Fig. 3 shows 


v= 03,p = 2 


= 0, we now abandon the assumption®! n = 2 
and obtain a three-parameter solution based on a simultaneous 
The results of this computation, 

which follows the same general course adopted previously, are 
[40] presented in Table 3 and Figs. 3 and 4. 
values of gopt coincide with those reached for n = 
0 < A< 2, but are different for A > 2. 
three-parameter solution, 


It is seen that the new 


The current solution 


7.3 0.000017L9 0.001078 = 0,0003194 0.002518 
hel 0.007039 0.1615 = 0.04145 0.8359 
3.0 0.02526 0.3306 = 0,07847 2.541 | 
2.3 0.05466 0.102 4,832 
1.5 0.1357 0.6027 = 0.1009 10.36 
1.2 0.1854 0.6337 = 0.08136 13.67 
1.0 0.2510 0.7282 0.006075 18.15 
1.0 0.2610 0.7513 0.03542 19.10 
1.2 0.3301 0.8855 0.2872 21.03 
1.3 0.4286 0.887 22.65 
1.2 0.4712 0.8156 0.6156 23.92 
1.1 0.4992 0.7478 0.6515 24.93 
1.0 0.5646 0.6298 0.7553 26.38 
0.9 0.5795 0.5618 0.7586 27.15 
0.8 0.5776 0.5136 0.7316 27.7 
0.5 0.5841 0.3402 0.6659 29.55 
Ook 0.5729 0.2997 a 30.01 
0.2 0.4927 0.3236 0.6619 30.68 
0.1 0.3251 0, 5006 0.2927 30.90 
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TABLE 3 MODIFIED THREE-PARAMETER SOLUTION; 


v = 0.3, p = U 


| Mo. | | | | 00°C, 
723 2.0 0,000017L,9 0.001078 0,0003194, 0.002518 
hel 2.0 0.007039 0.1615 = 0.04145 0.8359 
3.0 2.1 0.02491 0.3251 = 0.07768 2.564 
2.3 2.2 0.05328 0.44406 0.09827 4.910 
1.5 26k 0.1280 0.5679 0.1032 10.69 
1.2 2.6 041698 0.5830 0,091L2 
0.9 3.1 042206 0.6152 = 0.05665 
0.9 302 06231 0.6909 = 0.01123 
1. 0.2399 0.8673 041329 2429 
1.3 309 0.2936 0.9998 0.4036 27625, 
1.2 bel 0.3038 0.968 29042 
1.2 5.1 0.3138 0.9288 0.4793 31.72 
0.8 7.7 0.2618 0.8574 0.3707 
0.7 9.3 0.2410 0.8372 0.3295 ; 
0.5 15.4 0.1972 0.7999 0.2432 

0.7833 0.1992 
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and a = 1, 2,3. Here we employ the values for p, q, n obtained 
by the nonlinear strain-energy minimizations performed in the 
corresponding three-parameter solutions, and merely determine 
the Aai(a = 1, 2,3; 7 = 1, 2) according to Equations [30]. 

The six-parameter solution with n = 2 is given in Table 4. The 
range of A considered here is 0 < A < VJ 2.5. The modified 
six-parameter solution, based upon n = opt, is contained in 
Table 5. Table 6 represents modified six-parameter results for 
various Poisson ratios. 

Deferring a full discussion of the results obtained, we confine 
ourselves at present to comparing the foregoing approximate solu- 
tions to Case 2, on the basis of ¢,. This stress component is 
chosen as a basis of comparison since it constitutes the most pro- 
nounced three-dimensional deviation from the plane-stress solu- 
tion, and since the exact distribution of o,, forg = 0 and A>, 
is known from the plane-strain solution, Equations [15]. 

Fig. 5 shows (i.¢e., ¢, at p = 1,0 = w/2,¢ = 0) asa 
function of A for vy = 0.3. The three curves given were obtained 
by means of Tables 2, 3, 5, and Equations [16], [22], [24], [25]. 
It is found that all solutions are in close mutual agreement up to 
approximately unit thickness ratio.2? For larger thickness ratios, 


2 94, max according to the six-parameter solution with n = 2 (Table 
4), was omitted from Fig. 5, for reasons of clarity; it is within 2 per 
cent of the modified six-parameter values (curve 3) for this A-range. 


the assumption n = 2 leads to o2,max values which are consistently 


above the plane-strain value of 4», and hence too high. This de- 
ficiency of solutions involving fixed z-profiles was to be anti- 
cipated; it is seen to be remedied?’ by the rational determination 
of nopt. The behavior of the curves in the transition range from 
“thin” to “thick” plates points toward an abrupt change in curva- 
ture of the exact oz.max curve. The convergence in this range 
appears to be slow, and close approximations here would necessi- 
tate a substantial increase of NV, that is, of the number of linear 
parameters used in Equations [24]. 

In this connection, it is interesting to note that curve 3 exhibits 
a complete wave of reduced amplitude compared to the single 
peak of curve 2. It is to be expected that in the transition range, 
as N is increased, the successive approximations oscillate about 
the exact o2.max curve with a successively increasing number of 
waves of successively decreasing amplitudes. At any rate, as is 
clear from the residifal problem of plane strain, the exact oz,max 


*3 The importance of the n-modification for large A values is also A724 


inferred from a comparison of Ux in Tables 2, 3. pes wlan - 


Fic. 3 gopt AS A FUNCTION OF THE THICKNESS RATIO 


Fie. 4 opt AS A FUNCTION OF THE THICKNESS Ratio 


TABLE4 SIX-PARAMETER SOLUTION; » = 0.3, p = 0,n = 2, AND q ASIN TABLE 2 


A 


a 


Bre 


LT, 


0.03139 


0.1335 


- 0.1562 


0.2172 


0.001448 


0.05837 


0.04841 


0.02625 


0.01267 


= 0,0001755 


0.03515 


0.06653 


0.002937 


| 
pact 
0 10 20 es 30 ° 10 15 20 25 30 
0.5 = 0.04913 0.009642 | 0.06586 0.2332 0.8580 


is bound to be a monotone increasing function of A which asymp- 
totically approaches the plane-strain value of 4». On the basis 
of the modified six-parameter solution (curve 3), we obtain by a 
limit process 


35 
Lim ¢s.max = —? 


compared with the exact value 4». 

Refinements beyond the modified six-parameter solution do 
not appear warranted within the scope of the current investiga- 
tion. Such refinements would involve a rapidly increasing vol- 
ume of numerical computations without, it is felt, contributing 
essentially to the technical significance of the solution. It should, 
however, be emphasized that the generality of Table 1 reduces 
the determination of higher-order approximations to the purely 
numerical task of solving linear systems of ‘equations of order 9 
and above. 


SOLUTION 


In the foregoing, we arrived at an approximate three-dimen- 
sional solution for the problem determined by the boundary condi- 
tions, Equations [11]. We recall here that for Case 1, o, 
1 at infinity, the plane-stress solution, Equations [14], is exact. 
The largest deviations from plane stress (i.e., the most pronounced 
thickness effects) occur in Case 2 which is characterized by 
o, = —o, = 1 atinfinity. The following discussion of the engi- 
neering aspects of the results, however, will be conducted for 
the technically most significant loading of uniaxial tension at in- 
finity. The analogous conclusions for other loading conditions 
are immediate. 

The solution corresponding to o, = 1, o, = 0 at infinity, 
reached by performing the superposition, Equation [12], with 
ki = ke = 1/2 as determined by Equations [13]. For the con- 
venience of the reader, we explicitly state at this place the result 
of this superposition which is based upon Equations [14], [16], 
and [24]. With a view toward six-parameter approximations, 
we take N = 2 in Equations [24], and since p = 0, replace P(r) by 
L(r) = log r in accordance with Equation [25]. At the same 
time, we abandon the assumption R = 1, and pass to general di- 
mensions via Equations [38], [39], [40]. In this way we arrive at 


is 
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[44] 


where Z, = Z,,(¢) is the dimensionless equivalent of Z, = 
in Equations [22], and is defined by 


Z,(—) Z,(¢) 


and the exponents q, n as well as the values of \ 
1, 2, 3; ¢ = 1, 2) which depend upon A and », a 
given in Tables 4, 5, 6. 

For a fixed value of Poisson’s ratio », the foregoing 
stress distribuff}n depends solely on the dimension- 


13 
12 


less co-ordinates p = r/R, 0, ¢ = z/c, and the thick 
ness ratio A = t/D; it is independent of the absolute 


plate thickness or the absolute radius of the hole. 


1 
we) Three-por. Sol. 
@ Mod. Three-par. Sol. 


+ 4 + 


& 


If A = 0 or» = 0, the solution reduces to the plane- 

stress solution which is exact in this instance. The 

terms involving Z,” in Equations [43] and the 

_ stresses, Equations [44], may be regarded as three- 

dimensional corrections characterizing the departure 
from plane stress owing to A # 0. 

In examining the physical significance of the re 

sults obtained, we begin with the stress components, 

Equations [44], which vanish identically in the plane 


*4 The primes attached to Za(¢) in Equations [43), 
[44] denote differentiation with respect to {, while the 


5 10 15 20 25 


(4—Dependence of oz,max.) 


Fic. 5 SHEAR = — oy = 1 at INFINITY 


primes attached to Zn(z) in Equations [24] denote de 
; rivatives with respect to z. 

* For A = 0, Z,/ A? =0 by Equations [45]. 

= 0, all Aa; vanish by Equations [32] and [30]. 
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TABLE 5 MODIFIED SIX-PARAMETER SOLUTION; » = 0.3, p = 0,g AND n ASIN TABLE 3 _ ig 
a 
0.1 | - 0,001,19 = 0,008795 0.0001730 | 0.01267 = 0,0001755 0.002937 ~ 
0.5 | 0.04913 0.009642 = 0.06586 0.05837 0.2332 0.03515 0.8580 
0.75 | = 0.01909 0.2566 0.1176 0.04705 0.1090 0.06131 2.583 
1.0 0.03060 0.4276 - 0.1451 0.0203 0.03868 0.07669 4.937 
V2.5 0.12h6 0.6156 = 0.1922 0.008523 | - 0.06015 0.1697 10.85 
2.0 0.1543 0.6296 = 0.2027 0.03348 | - 0.05929 0.2485 14.57 
0.1790 0.6641 - 0.2157 0.07117 | - 0.1184 0.3599 18.24 
3.0 0.2002 0.7126 = 0.2259 0.09756 | = 0.2163 0.4523 21.18 
3.5 0.2581 0.9495 = 0.2625 0.1089 = 0.6194 0.5781 23.62 
4.0 0.3958 1.686 = 0.2940 0.03633 - 1.715 0.6090 25655 
5.0 0.5045 2.650 - 0.07858 0.005185 | = 3.080 0.3477 28.15 
6.0 0.5140 2.600 0.01227 0.0312h | = 3.149 0.2533 30.14 
765 0.5268 2.572 0.1211 0.05548 3.269 0.1242 32.30 
12.5 0.5291 2.120 0.08415 0.07771 | = 2.981 0.1122 %.18 
250.0 0.5364 1.975 0.06917 0.07731 |} = 2.921 0.09813 37.54 : 
30.0 0.5591 1.743 0.03081 0.07048 | = 2.880 0.05858 40.23 : 
50.0 0.5729 1.660 0.007366 0.07737 | = 2.94 0.03821 41.65 a 


"obtained from Fige 


TABLE 6 MODIFIED SIX-PARAMETER SOLUTIONS FOR}VARIOUS POISSON RATIOS; p = 0,¢g AND n ASIN TABLE 3 


7” 4 4 4 4 4 4 . 
0.5 0.1 = 0.02146 - 0.003769 | = 0.02675 0.02397 | 0.09690 0.01488 7 
0.75 0.1 = 0.01490 0.08466 = 0.04806 0.02210 | 0.05957 0.02590 
1.0 0.1 = 0,000905l, 0.1389 - 0.05904 0.0146 0.04152 0.03055 
v2.5 0.1 0.02642 0.2011 - 0.07650 0.005169} 0.02353 0.05703 
0.5 0.2 - 0.03778 - 0.001621 = 0.04826 0.04338 0.1753 0.02626 
0.75 0.2 - 0.02154 0.1709 - 0.08665 0.03813 0.09837 0.04599 
1.0 0.2 0.008628 0.2778 - 0.1068 0.02326 0.05817 0.05585 
v2.5 0.2 0.06669 0.4022 - 0.1400 0.009911 | 0.008023 0.1138 
0.5 Ook = 0.05501 0.03394 0.08001 0.06834 0.2667 0.04162 
0.75 0.4 = 0.005426 0.3820 = 0.1420 0.04653 0.079L4y 0.07214 
1.0 0.4 0.0686 0.5998 - 0.1750 0.01295 | = 0.03123 0.09253 
V2.5 0.4 0.2064, 0.8550 0.2334 - 0.005812 | - 0.1993 0.2221 
0.5 0.5 = 0.05418 0.07859 - 0.09125 0.07200 0.2670 0.04595 
0.75 0.5 0.02296 0.5297 - 0.1600 0.03286 | = 0.006899 0.07791 
1.0 0.5 0.1285 0.8111 - 0.1960 0.01661 | = 0.17h9 0.1013 
V2.5 0.5 0.3522 1.167 = 0.2546 = 0.08032 | = 0.4969 0.2434 


stress solution for A = 0, and base the discussion on the modi- 
fied six-parameter solution (Tables 5, 6). 

We first consider o,, which attains its largest. magnitude in the 
median plane ¢ = 0, where it is a principal stress, and at the 
boundary of the hole p = 1. It is compression for 0 < @ < #/4 
and tension for r/4 <@ < w/2 (see Fig. 2). 
occur at @ = w/2 and @ = 0, respectively. Fig. 6 shows o:z,max 
as a function of A for various values of ». As the thickness 
ratio increases, gz.max rises rapidly and asymptotically ap- 
proaches* the plane-strain value. 


and 


It is noteworthy that this maximum value is practically at- 
tained already at A = 2. By Equation [42], the current ap- 
proximation yields for uniaxial tension o, = 1 at infinity 


#6 99 


| 
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: *In Fig. 6 the transition range, in which the current approxima- 
tion exhibits a physically insignificant oscillation (see Fig. 5), is shown 


which is in good agreement with the exact plane-strain value 
Ozmax = 2v. The curves in Fig. 6 display a very sensitive de- 
pendence of o, upon Poisson’s ratio. This result indicates the 
need for caution in the interpretation of photoelastic observations 
in problems of the type under consideration. The influence of 
Poisson’s ratio on the remaining stress components is found to be 
technically insignificant. The p-dependence of o, for ¢ = 0, 
v = 0.3, and varying A, is given in Fig. 7 which illustrates the 
rate of decay of the stress concentration in o, Fig. 8 shows a, 
as a function of ¢, the curves being based upon Equations [45]. 

The shearing stresses r9z and 7,, vanish at ¢ = 0,¢ = +1, and 
are largest at ¢ = +f, where 


Fig. 9 illustrates the ¢-dependence of rez and 1,,; 792 reaches its 
extreme magnitude for @ = +/4, p = 1, whereas |rrs|max Occurs at 
6 = 0 and at an interior point (op > 1). The foregoing stresses, 
for y = 0.3, nowhere exceed 0.2 in magnitude, and merit no fur- 
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We next turn to the stresses o,, o@, 7-9 acting parallel to the 
bounding planes ¢ = +1. By Equations [43], each of these 
stresses appears as the sum of a plane-stress term which is inde- 
pendent of ¢, and a three-dimensional correction term which tends 
to zero with A. Thus 


Gy = [orla=0 + 
[tra]a=0 + Tra 


The z-profiles of the ‘stress corrections” &,, &», tre are governed 
by Z,"(¢) and exemplified in Fig. 10. Z,"(¢) is zero for ¢ = 
+) and attains a negative minimum at ¢ = +¢+, where 


| n—2 

The absolute (positive) maximum of Z,,” is reached at ¢ = +1. 
For 2 < n < 8, Z,’’’(¢) has a discontinuity at ¢ = 0 which gives 
rise to a cusp of Z,,"(¢), as illustrated by the curve for A = V/2.5 
(n = 2.4) in Fig. 10. This discontinuity is of course devoid of 
any physical significance, and merely reflects the nonanalytical 
character of the function Z,(¢) at ¢ = 0. In Fig. 10 the singu- 
larity is removed by the tentative broken-line curve segment. 


The averages of the foregoing stress corrections, taken over the 
thickness of the plate, vanish since 


= 


_ Among the stresses, Equations [43], o» is of primary interest. 
oe attains its (positive) maximum at the root of the hole, i:e., at 

= 1,0 = x/2,and o6,max = 3ford=0. If A 0, this stress- 
concentration factor is reduced at the faces of the plate and in- 
creased in the interior, o9,max occurring at the level ¢ = ¢*, which 
for A < 0.75, may be taken to be the median plane. However, 
regardless of the thickness ratio, the reduction of [¢6, max]4=0 
at ¢ = +1 does not exceed 10 per cent, and the increase at 
¢ = +f» remains less than 3 per cent. The influence of A on the 
value of ¢@,max is thus negligible, and for design purposes the 
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Fig. 6 UNtaxtaAL TENSION ¢;~1 AT INFINITY 
(A—Dependence of oz,max for various Poisson ratios.) 
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stress-concentration factor of 3 is found to remain valid for plates 
of arbitrary thickness ratio. 

Fig. 11 displays the behavior of og for A = 0.75, which is of 
particular significance in connection with rivet holes. For con- 
venience, n = 2 was used here in place of nop: = 2.1, the curves 
being based on Table 4. 

The foregoing conclusions with regard to og are in general 
agreement with the results of a photoelastic investigation,” per- 
formed on a plate of finite width; they lend further support to the 
general assertion that factors of stress concentration based upon 
two-dimensional analysis sensibly apply to plates of arbitrary 
thickness ratio. 

The solution, Equations [43], [44], tends toward the plane- 
strain solution® in the median plane = 0 as ~. Figs. 
8, 9, and 10 reveal that for sufficiently large A the stress correc- 
tions 3,, 9, tre as wellas the stresses rr, and rez, remain exceed- 
ingly small throughout a central layer of the plate, whereas ¢, 
stays nearly constant in that layer. The state of stress in this 


central zone of thick plates is therefore one corresponding to 


” See reference (6). This investigation was not concerned with 
other three-dimensional effects. 


* By Equation [46], the error in Lim a; is less than 2.8 per cent. 
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plane strain, and the plane-strain zone progressively spreads into 
the outer layers as A> ~, 

We finally consider one particular aspect of the deformations 
associated with the stress distribution, Equations [43], [44], 
which is of consequence for experimental stress analysis.22 The 
transverse displacement w of points in the bounding plane ¢ = 
is given by 


w(p, 9, 1) e,dz = [o, — v(o, + oe)]dz.. .[51] 
0 E Jo 


In particular 


which is, at the same time, the transverse displacement at the 
upper face of the solid plate under unit uniaxial tension. By 
Equations [51], [52], we obtain for the contraction ratio 


l 
= [or + oo] 
v 


If the plate is sufficiently thin, so that ¢, is negligible, Equation 
[54] provides a means of determining the sum of the principal 
stresses or + o¢ through lateral deformation measurements.*° 
As is well recognized, the foregoing method may lead to serious 
errors when applied to thick plates. To demonstrate quanti- 
tatively the influence of the thickness ratio on the error so intro- 


duced, we compute 6 at the root of the hole where a, = 0. By 
Equations [43], [44], [45], [50], [53], [54] 
72z,max 2n?2 
be = = 3 — (55 
* (1, (n +1) (2+) [55) 
and 
= 0) = [56] 


since oz, max > 2vandn—~>« as Fig. 12 shows ds asa 
function of the thickness ratio*! as obtained from Equations [55], 
[44], and Tables 3, 5. 

If o, is neglected in Equation [54], we arrive at [oe, 
maxlave = de. By neglecting o, regardless of A and 
measuring 5*, R. W. Vose*? arrived at the erroneous 
conclusion that the factor of stress concentration de- 
pends sensitively upon the thickness of the plate. The 
trend of Vose’s results is accounted for on the basis of 
the present solution. A comparison of the two curves in 
Fig. 12, however, shows discrepancies which grow as the 
thickness ratio increases. Moreover, since Vose’s curve 
clearly departs from the undisputedly exact limit, 


10 12 14 1.6 18 20 22 24 P 
UNIAXIAL TENSION 0, = 1 aT INFINITY 
—Dependence of % até = for 4 = %.) 


3] 35 
] 29 The authors are indebted to Dr. 


D. C. Drucker of 
Brown University for directing their attention toward this 
feature of the three-dimensional solution under discussion. 

3% This procedure is used frequently in two-dimensional 
photoelasticity. 

31In Fig. 12 the broken-line portion of the curve rep- 
resents a tentative transition. The current approxima- 
tion in this A-range gives rise to a physically insignificant 
wave (see Fig. 5, and the corresponding discussion). 

32 Reference (7). See als» reference (6) where Vose’s 


assertion is criticized. 


) 
= ve 
c 2 
w(p 6 1) 1 1 ee 
w(~,6,1) ec Jo v 
an 
— 
= an 
: 
20 
o5 1 15 
14 


38 gourn. AL OF APPLIED MECH ANICS MARCH, 1949 


Equations 156), the accuracy of the underlying tests appears 
doubtful. ** 

It should be noted that the measurement of 5« for various 
thickness ratios provides one approach to an experimental veri- 
fication of the solution presented here. Unfortunately, such 
tests would necessitate an extremely delicate experimental tech- 
nique. 

In conclusion, we refer to a three-dimensional photoelastic 
investigation of a slotted plate.*4 The radically different geome- 


5 10 1S 
Fig. 12 UnrtaxtaL TENSION AT INFINITY 


(A—Dependence of lateral contraction at p = 1, @ 


try which served as a basis for this study does not permit direct 
comparisons with the present solution. 


33 The influence of Poisson’s ratio on 5« is small and would not 
suffice to explain the deviation. 


34 Reference (8). 
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By MERIT P. WHITE,' AMHERST, MASS. 


An analysis of longitudinal impact tests that were made 
by Drs. D. S. Clark and P. E. Duwez at the California In- 
stitute of Technology on an iron and a steel with definite 
yield points is described. From this analysis is deduced 
the probable nature of the dynamic stress-strain relations 
for such materials. These appear to differ greatly from 
the static stress-strain relations, unlike the case for mate- 
rials without yield points. As pointed out by Duwez and 
Clark, the upper yield stress for undeformed material is 
severa! times as great under impact as the static yield 
The present analysis indicates that under impact, 
the material with a definite yield point is made harder 
at a given deformation, and ruptures at a higher (engi- 
neering) stress and smaller strain than when loaded 
statically. The critical impact velocity, defined as that 
at which nearly instantaneous failure occurs in tension, 
is discussed, and the factors upon which it depends are 
given. 


stress. 


INTRODUCTION 


INCE 1941, there has been considerable interest in the 
behavior of materials and structures under impact or 
under dynamic loading. Extensive tests have been made 
in which specimens of various metals have been suddenly 
stretched or compressed, and the resulting changes in dimensions 
measured. Frequently, stresses and strains during deforma- 
tion were also determined. During the same period several 
theoretical analyses of the propagation of plastic deformation in 
solids have been made and the results used to interpret and ex- 
plain the experimental work. Most of this work was done under 
government sponsorship during the war and has only recently 
been declassified. The government reports describing it can be 
obtained through the Office of Technical Services of the De- 
partment of Commerce. However, it is probable that in the 
near future the more important investigations, both experi- 
mental and theoretical, will be described in technical journals. 
Several such reports have recently appeared or are in the process 
of being published (1, 2, 3, 4).? 

Until now there has been no attempt to epply plastic wave 
theory to explain the behavior of a material with a well-defined 
yield point under impact.? Experiments indicate that such mate- 

! Professor, University of Massachusetts. Mem. ASME. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

* A material with a definite yield point, more exactly, with upper 
and lower yield points, is one that offers a sudden reduction in the 
stress resisting longitudinal strain at the transition from the elastic 
to the plastic state. Since most testing machines cannot record this 
reduction of stress the stress-strain diagrams of such materials gener- 
ally are shown with a finite horizontal section. 

Contributed by the Applied Mechanics Division and presented 
ig Annual Meeting, New York, N. Y., November 28—-December 3, 

eo of THe AMERICAN SocreTy OF MECHANICAL ENGINEERS. 
us iscussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted 
una April 11, 1949, for publication at a later date. Discussion re- 
ee after the closing date will be returned. 
ao Statements and opinions advanced in papers are to be 

erstood as individual expressions of their authors and not those of 


the Society. Paper No. 48—A-3. 
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rials behave in rather unusual ways. Figs. 8 and 9, obtained by 
Drs. Duwez and Clark at the California Institute of Technology, 
show the distributions of permanent deformation in specimens of 
soft steel and iron that were subjected to longitudinal impacts of 
high intensity and short duration (1). For these materials, it 
was found that the maximum stress that can be applied without 
causing plastic deformation is much greater for impact than for 
static loading. The same conclusion was reached by Bertram 
Hopkinson in 1905, following tests on soft-iron wires extended by 
the impact of falling weights (5). 

Since materials with definite yield points comprise a fairly 
large proportion of materials used mechanically, and since im- 
pact behavior will certainly be an important characteristic of 
materials in future engineering design, it seemed desirable to at- 
tempt to develop a theory for the behavior of such materials that 
could be used in connection with experiments and in design. This 
has been done and is the subject of the present paper. 


Tueory or PLastic WAVE PROPAGATION 


Although the theory of plastic wave propagation in certain 
special cases is discussed in the recently published reports to 
which reference has been made (1, 2, 3, 4), these discussions do not 
suffice for the present case. General discussions of the theory 
have so far appeared only in government reports (6, 7) and will 
not be available generally. For this reason, a short outline 
of the theory is given here, specifically for an idealized material 
and for the particular situations that arise in the present in- 
vestigation. 

Consider a cylindrical specimen subjected to longitudinal stress, 
for which the relation between stress and strain is given in Fig. 1. 
In this figure the line 0-1 represents the initial elastic state in 
which stress and strain are proportional to each other, their 
quotient being equal to Young’s modulus E, and in which defor- 
mations are reversible. The line 1-3 represents plastic flow with 
strain-hardening. This state is-not reversible; removal of load, 
starting, for example, at point 2, follows the relation 2-4. The line 
2-4 is assumed to be parallel to the line‘ 0-1. The length 0+ 
shows the amount of permanent plastic strain resulting from 
astress of the amount o2. If the specimen is reloaded from state 4, 
stress and strain will follow the elastic relation 4-2 to the plastic 
line and will then follow the latter from point 2 toward point 3. 
Fig. 1 is an idealized stress-strain relation which is intended 
mostly for illustration. Note that it does not contain a yield 
point. 

All calculations in this report are in terms of “engineering 
stress’ and “engineering strain.’”” The engineering stress equals 
the longitudinal force on a specimen divided by its original cross- 
sectional area and therefore differs from the “true stress” to the 
extent that the actual area differs from the original area as a re- 


‘ For an elastic deformation following very large plastic deforma- 
tion the value of Young’s modulus will depend on how stress and 
strain are defined. In terms of ‘“‘true stress’’ and “natural strain,” 
which are expressed in terms of the actual dimensions, the Young’s 
modulus would be expected to be independent of previous history. 
Therefore, in terms of ‘‘engineering stress and strain” which are ex- 
pressed in terms of the initial specimen dimensions, the Young’s 
modulus after a longitudinal plastic strain « would be 1/(1 + ¢)? as 
large as the initial value if € is positive for extension. 5 


: 
) 
h 
fa 
4, 
rs 
or 
> 
id 
3. 
18. 
! 
pict 
om 
39 
: 


J 


JOURNAL OF 

sult of deformation. Similarly, the engineering strain is de- 
fined as change of length divided by the original length of the sec- 
tion over which the change is measured. 

The elastic deformations are considered here to be always 
negligibly small in comparison with the plastic deformations. 

A longitudinal-stress wave (tension or compression) can travel 
along a specimen. If the wave is elastic, of maximum stress less 
than the proportional limit, it will maintain its form and will 
travel with constant speed cs. The speed of elastic propagation 


A 


Fie. 1 IpEALIZzED STRESS-STRAIN RELATION 


Fic. 2 Wave Form MepiIuM CorRESPONDING TO Fia. 1 


equals the square root of the ratio of Young’s modulus and p, the 
density of the material or mass per unit volume. In steel, the 
elastic-wave speed is approximately 200,000 ips. On the other. 


hand, if the stress exceeds the elastic limit, the part of the stress 


above this value will move more slowly than the part below 


as shown in Fig. 2. It can be shown that the plastic part = 


such a wave will move at a rate proportional to the square root — 


of the slope of the corresponding part of the stress-strain curve ~ 


(3, 8). For the material in Fig. 1, the plastic wave speed equals 


p 


Associated with any stress must be the strain corresponding to it 
in the stress-strain relation. Furthermore, a moving strain must 
result in movement of the material of the specimen, thus giving it 
“particle velocity.” For a wave moving only in one direction 
(i.e., not composed of waves meeting each other or being re- 
flected by a discontinuity), it can be shown that each wave ele- 
ment of stress magnitude Ao and strain magnitude Ae must con- 
tribute to the particle velocity of the specimen an amount c Ae 
or (Ao/pc) (3, 4). Then the total particle velocity caused by a 
wave containing several elements, such as that shown in Fig. 2, 
is the sum of the velocities contributed by its elements. For the 
wave shown in Fig. 2, the total particle velocity equals. 
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A compression gives a particle velocity in the direction of wave 
propagation, a tension the reverse. The choice of algebraic 
signs is a matter of convenience. 

When known waves meet and pass each other, as shown in 
Fig. 3, the state of the specimen afterward is determined by the 
necessity that the stress and the particle velocity be equal on 
both sides of the meeting point. Point a, for example, is sub- 
jected to the effect of two incident wave fronts, giving a velocity 
in one direction, and to two returning wave fronts, giving veloc- 
ity increments in the opposite direction. Point b undergoes a 
similar process. The stress and the particle velocity of point a 


must be the same as those of point b except when a wave front 

auch 


¢ 


4 


Fic. 4 Reriection oF Stress Wave at Frxep Bounpary 

is between them. These conditions allow determination of the 
sizes of the later waves and of the final stress and particle veloc- 
ity of this section of the specimen. When a wave is reflected by 
a fixed boundary, as in Fig. 4, a similar computation is made; in 
this case the boundary stress is determined by the requirement 
that the boundary particle velocity be always zero. 

A wave of decreasing stress, or unstressing wave, is a wave ele- 
ment whose particle-velocity increment is opposite to that of the 
initial, increasing part of the wave. For example, a wave corte- 
sponding to the stress cycle in Fig. 1, consisting of an elastic in- 
creasing element, a slow-moving plastic element, and an elasti¢ 
decreasing element, would leave the material of a specimen with 
zero stress but with finite residual particle velocity, since the 
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gain in velocity from the slow plastic wave element would exceed 
the reduction in velocity from an equal part of the elastic un- 
stressing element. Fig. 5 shows what happens in this case. 
Since the unstressing element moves faster than the plastic ele- 
ment it overtakes it. When this happens, the unstressing ele- 
ment attempts to pass over into the lower elastic section of the 
front. Here it runs into difficulties due to the fact that the 
residual velocity of the part of the specimen with plastic defor- 
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mation would be greater than where there had been none. Thus 
there occurs what might be called an imaginary internal impact 
Within the specimen, causing an elastic wave to move opposite 
to the original direction of propagation and a small plastic ele- 
ment to be propagated forward. The stress and particle velocity 
afterward can be found by considering what happens to two 
points a and b on either side of the overtaking point. Both must 
have the same stress and the same particle velocity. 

_All possible interactions of longitudinal waves in one-dimen- 
Sional specimens can be handled in this way. However, keep- 
ing track of the wave elements becomes complicated as their 
humber increases. Such complicated cases are best handled by 
Means of a “position-time” diagram (or z, ¢ diagram) in which 
each wave front moving in a specimen is represented by a line 
showing its position z as function of time ¢ (7). A simple dia- 
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gram of this type is shown in Fig. 6. Here a wave containing 
two elements starts at the left end of a specimen (z = 0) at time 
t = 0. The line 0-1 represents the faster moving, elastic ele- 
ment. Its slope in the diagram, z/t, equals its speed, c. The 
specimen is of length Z and the right end is assumed to be fixed. 
At time t = L/co the elastic-wave element reaches and is re- 
flected at the fixed end of the specimen. The wave resulting 
from reflection 1-2, travels back toward the left end of the 
specimen but, being a plastic wave, it moves at lower speed de- 
pending upon the slope of the part of the stress-strain curve which 
it occupies. Since the element 0-1 just reaches the elastic limit 
of the material, the reflected wave must, be entirely plastic. Its 
slope in Fig. 6 equals its velocity of propagation. 

In the meantime, the plastic part of the initial wave 1-3 (note 
that 3 has no connection with the point 3 in Fig. 1) has been 
moving to the right at its characteristic speed, equal to its slope 
in the diagram. The magnitude of this element is determined by 
the intensity of the stress applied at the left end of the specimen, 
or by the velocity imposed on this point, whichever is specified. 


pt 


Fic. 7 INTERSECTION OF INCREMENTS IN 2, 
DIAGRAM 


The wave elements 1-2 and 1-3 meet as indicated in the diagram. 
This meeting can be analyzed as shown previously, and the mag- 
nitudes of the two resulting wave elements and the common par- 
ticle velocity after meeting determined. 

The case illustrated is a very simple one. In general, it can be 
expected that several wave elements of different magnitudes and 
unequal speeds may meet at a point of the diagram and will pro- 
duce several outgoing waves, also of different magnitudes and 
various types as shown in Fig. 7. Such an intersection will 
normally contain two or more unknown quantities, usually the 
magnitudes and speeds of wave elements, and must satisfy the 
requirements of continuity of stress and continuity of particle 
velocity after completion of the process. It can be shown that 
the first requirement is satisfied by making the algebraic sum of 
all the increments of stress on the left side of the intersection 
equal to the algebraic sum of those on the right side. Thus, in 


+ Ao, + Ao, = Ao, + Aoy 
The second requirement is satisfied by making the algebraic 
sum of the velocity increments on the lower side of the inter- 
section equal to the algebraic sum of those on the upper side, 
using the same algebraic signs as for the stresses in the previous 
relation. Thus in Fig. 7 Yo 
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A stress element has an algebraic sign indicating whether it is” 7 


AV, + AV, = AV, + AV 


where 


tension or compression, and this sign is used in the previous equa- — 
tion for velocity equilibrium. However, in calculating the par-— 
ticle velocity of a point, it must be remembered that each com- | 
pressive-stress increment gives a velocity in its own direction of | 
motion and each tensile increment the reverse. 

In Fig. 6, for example, the entire sector 0 has zero stress and 
velocity; the sector 1 has stress o; and velocity o:/(pco); the 
sector 2 has stress o2 and velocity 


Since the end of the specimen is fixed, this last velocity must be 
zero; this determines the numerical value of a2. The 2, t-diagram 
should be thought of as a kind of double contour map which 
shows both stresses and particle velocities. To construct the 
figure, it is necessary to start where conditions are known and 
to calculate one intersection point after another. 
plete and general discussions of the use and construction of these 
diagrams are given in other reports (6, 7). 


INFORMATION AVAILABLE From ExpERIMENT 


In so far as the author is aware, the only extensive experi- 
mental information on the impact behavior of materials with 
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definite yield points is that obtained by Drs. Clark and Duwez at 
the California Institute of Technology. Figs. 8 and 9 were ol 
tained by them (1). Fig. 8 shows the permanent strains pro- 
duced in compression specimens of annealed mild steel 12 in. 
long and !/, in. diam at different impact velocities. In each test 
the impact velocity was held nearly constant for a finite time, 
and the impact force was then removed. This particular mate 
rial was found to have a static elastic limit of 42,000 psi, corre 
sponding to an impact velocity of about 280 ips. From Fig. 8, 
it appears that at the point of impact no permanent strain was 
caused at velocities of 252 and 576 ips. As pointed out by 
Duwez and Clark, this indicates that, under impact of short 
duration, the elastic limit of this material is more than doubled. 
This kind of behavior has not been found for materials without 
yield points. 

Fig. 9 shows the permanent strains produced in tension spec 
mens of annealed iron wire 80 in. long and 0.12 in. diam at differ 
ent impact velocities. As for the compression tests, the impact 
velocity in each test was held nearly constant for a short inter 
val, and the impact force was then removed. This materia! 
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was found to have a static elastic limit of 24,600 psi, 
would be produced by an impact velocity of 165 ips. From Fig. 
9, it appears that permanent strain at the point of impact first 
occurs at a velocity between 500 and 600 ips. Thus the dynamic 
yield stress for this material seems to be approximately triple the 
static yield stress. 

This fact must be considered in any attempt to theorize about 
the impact behavior of materials with yield points. At present, 
it is impossible to say much about this effect except that it exists. 
The reason for it, whether or not it varies with the nature of the 
impact and with its duration are questions that have not been 
answered. 

The durations of the impacts were not given in the report from 
which Figs. 8 and 9, were taken, but the authors of this report 
used these durations and the lengths of the zones of deformation 
to calculate the speeds of propagation of plasticity and give the 
following values: Tension tests on 0.12-in. iron wire, 330 to 420 
fps; compression tests on '/,-in. annealed mild steel, about 800 
fps. These values were not used in the present analysis but were 
found to agree fairly well with the plastic-wave speeds deter- 
mined in a later section by a completely different method. 

Figs. 10 and 11 are taken from Figs. 8 and 9, and show the 
magnitudes of the permanent strains at the ends of the specimens 
as functions of impact velocity. It is on these figures that the 
following analysis is based. 


which 


Dynamic STRESS-STRAIN RELATION INDEPENDENT OF STRAIN 
RaTE 


Since it has been found for materials without yield points that 
the static stress-strain relation can be used in studying impact 
behavior, it was hoped that for a material with a yield point it 
would be possible to find a universal dynamic stress-strain rela- 
tion, presumably differing from the static relation but constant 
for all impact tests and during each test on a given material. 
This attempt was not successful, but its results have a bearing 
on the later work and will be described. 

The dynamic stress-strain relation must conform to whatever 
is initially known or can be deduced. Therefore, here it must 
have an upper yield point very much above that found statically. 
Another deduction that can be drawn from the experiments is 
that there is a considerable drop from the upper to the lower 
dynamic yield point. This follows from the fact that, up to a 
certain impact velocity, permanent strain is caused only at the 
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Fig. 


fixed end. If there were not such a drop from upper to lower 
yield point, the elastic stress reflected from the fixed end would 
return as an increase in stress to the impact end, and under some 
conditions would increase the total stress there above the upper 
yield point. Since this does not happen, i.e., since at low impact 
velocities strain appears always to be confined to the fixed end, 
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it must be that this straining allows a temporary reduction of 
stress which protects the impact end of the specimen. This point 
is discussed more thoroughly later in this section. 

Fig. 12 shows the type of dynamic stress-strain relation chosen 
as basis for this part of the analysis. It is characterized by the 
quantities a’, the dynamic upper yield stress; o;, the lower yield 
stress; and by the slopes of the elastic and plastic branches 
of the relation. Presumably, the slope of the elastic line remains 
equal to Young’s modulus. It can be objected that in real mate- 
rials the plastic part of the relation is not necessarily linear. This 
assumption was made here because it simplifies greatly the 
numerical caiculations and will affect only the details of the re- 
sults, not the over-all relationships found. It was felt that the 
scatter of the data with which comparison must be made is great 
enough to justify this simplification. 

It should be mentioned here that, from this point on, all stres- 
ses, including the ordinates in Fig. 12, will be expressed not in the 
usual dimensions of stress (psi) but as the velocities that would 
produce equal stresses in elastic impact. The purpose is merely 
to simplify numerical calculation somewhat and the change is 
made here to avoid changing definitions of stress later. The 
numerical conversion is 


— = X 


For elastic waves an increment of stress (expressed in velocity 
units) is numerically equal to the corresponding increment of 
particle velocity; for a plastic wave, the corresponding particle- 
velocity increment equals the stress increment multiplied by the 
ratio of the elastic-wave speed to the speed of the plastic incre- 
ment. 

Consider now the way in which the strains produced at the 
ends of a specimen will vary with the impact velocity and with 
the characteristics of the stress-strain relation in Fig. 12. 

At very low impact velocities, an elastic wave will be pro- 
duced which will travel back and forth along the specimen, in- 
creasing the total stress at each reflection, until eventually plas- 
tic flow begins, providing the force is not first removed. For 
higher impact velocities, the number of reflections occurring 
before the beginning of plastic strain will be smaller. At some 
value of impact velocity, the first strain will be produced at the 
fixed end of the specimen by the first reflection of the stress wave 
there. Let this be the lowest impact velocity considered. Under 
some conditions, the elastic wave reflected at the fixed end can 
thereafter cause strain at the impact end; under other conditions 
not. These two possibilities are cases 1 and 2 in the following 


x 
(A) CASE | (B) CASE 2 


(c) CASE 3 


Fic. 13. x, t Diagrams FOR PossrsLe Kinps or STRESS- 
Srrain RetaTIon oF Fia, 12 


outline: With increased impact velocity, strain will be pro- 
duced eventually at the impact end immediately upon impact. 
The elastic wave that goes from this end to the fixed end and is 
there reflected may or may not cause plastic strain there. The 
case where plastic strain is not produced is considered unlikely, 
sincé the upper yield stress would have to be very much greater 
than the lower; none of the present tests shows strain only at the 
impact end. Therefore, this case is not considered here. The 
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other possibility, that both ends are strained, is case 3 in the 
following outline: 
Case 1. The z, t-diagram is shown in Fig. 13(A). It is based 
upon the stress-strain relation in Fig. 12. The following condi- 
tions must be satisfied: 


1 The initial impact stress must be less than o’; therefore, 
Vi<o’. 

2 The reflected wave i-1 must be positive. 

3 Plastic flow occurs at the right end; therefore, V; > o’/2. 

4 Plastic flow occurs at the left end only after reflection of the 
wave i-1 there; therefore, V, < 20; — o’. 


Therefore, V; < 


Conditions 3 and 4 together require that o; > 30'/4. If this 
requirement is not met, case 1 does not occur. 

AV iz is the increment of particle velocity associated with the 
wave element 1-2, and AV,; that for wave 1-3. Then 


sh AVi2 = ce = 2V; — 
> pith, AVis = ce; = o1 — V; 
In these ‘expressions c is the speed of a plastic wave element. 
The subscripts 7 and f stand for “impact end’’ and “fixed end,”’ 
respectively. 

Case 2. (Fig. 13(B)]: 


1 The initial impact stress must be less than o’; therefore, 

2 The reflected wave element i-1 may be either positive or 
negative, but stress 3 must be less than o’; therefore, V; > 
20; — o’. 

3 Plastic flow occurs at the right end of the specimen; there- 
fore V; >o'/2. Then 


Ce = 2V; and ¢ = 

C . L[Fig. 13(C)]: 
1 Plastic flow occurs initially at the impact end; therefore 


V;>0’. 
2 Plastic flow occurs immediately at the fixed end; therefore, 
o'/2. Then 


cey = 1, and = V; | 
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Fic. 14 THEORETICAL RELATIONS BETWEEN PERMANENT UNIT 

STRAINS AT ENDS OF A SPECIMEN, AND Impact VELOCITY, FOR STRESS- 

Strain RELATION OF Fic. 12, aNnp Impact ConpDITIONS oF Fia. 13 
o1 = 0.800’ 


Fig. 14 shows the relations between the permanent strains 
produced at the ends of a specimen and the impact velocity, 
for the stress-strain relation in Fig. 12, and for o:/o’ = 0.8. Gen- 
erally similar relations are found for other yield-stress ratios. 

Fig. 14 must be compared with Figs. 10 and 11, which show the 
observed relations between end strains and impact velocity. It 
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all impact velocities above that ot sabia permanent strain at 
the impact end is first produced. This is because this strain js 
produced by reflection of an elastic wave whose magnitude is 
constant, equal to the lower yield stress. Although there is con- 
siderable scattering of the experimental points in Figs. 10 and 11, 
it is plain that in each case there is a tendency for both sets of end 
strains to increase with increasing impact velocity over the 
whole range of velocities. This indicates that whatever gets to 
the fixed end from the impact end becomes stronger as the im- 
pact becomes stronger and as the strain at the impact end in- 
creases. For this to happen, the elastic wave sent to the fixed 
end from the impact end must increase in intensity with the 
magnitude of the plastic strain at the impact end. Therefore, 
the lower dynamic yield stress is not constant, but increases with 
the magnitude of the plastic wave. This situation is considered 
in the following section. 


StrEss-STRAIN RELATION DEPENDENT ON STRAIN 


RATE 
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The following initial assumptions are made: (a) The upper 
dynamic yield stress o’ is constant; (b) the plastic waves that 
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occur after the upper yield point is reached are ‘‘shock waves, 
or waves of relatively large stress gradient (this assumption & 
supported by the steepness of the strain distribution patterns in 
Figs. 8 and 9); (c) in a given specimen the speed of a plastic 
shock wave is a function only of the magnitude of the wave (or 0! 
the strain produced by it); (d) the magnitude of the variable 
lower yield stress, which must equal the stress on the lower sid 
of a plastic shock wave, is a function only of the magnitude 
that wave. 

Fig. 15 represents the corresponding dynamic stress-stral! 
relation. The line 0-o’ is the elastic stress line and ends at th 
upper yield point. Any stress below this value applied to the 
undeformed material will cause no plastic deformation during 
the short times considered here. However, a plastic shock wav' 
once started, is accompanied by a severe discontinuity in stress 
and strain. As a “stress-raiser,”’ this allows plastic deformatiot 
to be initiated at the front of a shock wave at a mean longitudinal 
stress, 1, smaller than the upper yield stress. The stress o is the 
lower yield stress corresponding to a particular shock wave ot stres 
magnitude ¢, — oi, or strain magnitude «. The speed of thi 
particular shock wave is proportional to the square root of the 
slope of the line drawn between iis limits in the stress-strain dis 
gram, (Fig. 15). Assumptions (c) and (d) imply that, if « ® 
given for a particular specimen, then og and ¢ are uniquely oo 
This line 
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produced by shock waves and, therefore, corresponds in some 
ways to the plastic part of the static stress-strain diagram, al- 
though the two do not coincide. 

A typical stress cycle at a point of a specimen is as follows: 
The stress increases from zero to the value o:, corresponding to 
the passage of an elastic stress wave of this magnitude. Next, 
usually after an interval, the stress increases further to the 
value a, as the plastic shock wave passes. After this, the stress 
might decrease, in which case elastic behavior would be expected, 
or the stress might increase still further. In the latter case, addi- 
tional plastic flow would occur and would be associated with a 
wave whose speed would depend on the slope of a plastic stress- 
strain line p’ through point d, but differing from the line b-c and 
from the shock-wave line s. 

To summarize: The stress-strain diagram, Fig. 15, is divided 
into four areas I, II, III, IV, by three fixed curves. These curves 
are the elastic curve 0-0’, the static plastic line p, and the dy- 
namic plastic equilibrium relation b-c. The area I is the space 
between the stress axis and the elastic line and is never entered. 
The area II is the domain of the plastic shock waves. It con- 
tains a family of straight lines with positive slopes. One of these 
lines, s, is shown in the figure. The slopes of these lines are not 
necessarily equal, but no line may cross another. Each line de- 
fines a particular shock wave; the left end ordinate is the lower 
yield stress, the right end ordinate the maximum stress in the 
wave, the horizontal and vertical projections are the strain and 
stress increments of the wave, and the slope of the line deter- 
mines the speed of the wave. 

Within the area IV only elastic stressing and unstressing occur; 
it contains a family of straight lines parallel or nearly parallel to 
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the initial elastic line. 
area ITT, 


These elastic lines also extend through the 
One of these lines, e, is shown in Fig. 15. 

The area III is a region in which can occur both elastic stress- 
ing and unstressing and also plastic nonshock flow. Thus in 
addition to the family of elastic lines e, it contains a family of 
nonshock plastic flow lines p’.. These correspond to plastic flow 
which occurs after the plastic deformation caused by a shock 
wave, 

Consider the two principal kinds of behavior expected under 
impact. In the first, permanent strain occurs only at the fixed 
end of the piece; in the second it occurs at both ends, caused by 
the initial stress and by the first reflection of stress, respec- 
tively. The z,t diagrams for these cases are shown in Fig. 16. 


Case 1. 16(A)]: 
a'/2< V; < o’ tt 
> 
= 0 
Case 2, (Fig. 16(B) }: 
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V; > a’ 
th 
V; = 03 + [3] 


Note that in Case 2, unlike the corresponding Case 3 of the pre- 
vious section of this report, the existence of a refiected elastic 
wave 1-3 is possible. This is because the lower dynamic yield 
stress is no longer fixed. In the foregoing expressions o; and 
a3 are the dynamic lower yield stresses which are assumed to be 
functions of the magnitudes of the associated shock waves pro- 
duced at the fixed and impact ends, respectively. . The expres- 
sions can be simplified by introducing the function u(e), such 
that 


u(le;) = o3 + ee; and ule) = + 


The quantity u is a function only of the magnitude of the as- 
sociated shock wave, here expressed as the plastic strain produced 
by it. 

In case 2 the quantity u measured at the “impact’’ end 
equals the impact velocity; in Case 1, uat the “fixed” end equals 
twice the impact velocity. Thus, in Figs. 10 and 11, the fixed-end 
strains for which ¢, equals zero (case 1) can be shifted to doubled 
values of velocity and combined with the impact-end strains of 
Case 2 in determining u as function of «. This has been done; the 
shifted points are shown by +’s in the figures. This furnishes a 
partial check on the correctness of the reasoning followed to 
this point. If the shifted points fail to line up with the others, 
the reason must be sought. Examination of Figs. 10 and 11 
shows that for the compression tests this shifting gives reasona- 
ble agreement, but that for the tension tests the agreement is 
very poor. The reason for this discrepancy is given later. 

The scatter in each of the four sets of data given in Figs. 10 
and 11 is enough to make it difficult to determine what kinds of 
functions are represented. The impact-end strains in the com- 
pression specimens are most self-consistent; for these, a straight 
line seems to give the best fit. Let this be 


Combining Equations [3], [4], and [5] yields 


4 


Equations [4] and [6] give the relations between impact velocity 
and the permanent strains produced at the fixed and impact 
endsofaspecimen. By choosing suitable values for the constants 
A and B and the function c(e), they are to be fitted to the experi- 
mental data so as to give the closest agreement. 

If Equations [3] and [4] are combined 


This expression is satisfied most simply if ¢ is constant and if 


(8) 


For the time being, these simplifying assumptions will be made. 
If the results are satisfactory, that is, if the experimental data 
can be represented by the resulting functions, the assumptions will 
be considered permissible. The effect of these simplifications 


is to make Equation [6] linear in V; and ¢. sie ee 
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The next step is to attempt to fit both sets of data in either 
Fig. 10 or Fig. 11 by two straight lines (Equations [4] and [6}) 
which are not completely independent, since not more than three 
arbitrary constants, A, B, and c, are available, instead of four. 
Actually, the number of available constants may be smailer. 
For example, the speed of propagation of plasticity c can be 
determined independently by measurements on the test speci- 
mens if the durations of impact are known. Moreover, as indi- 
cated in Fig. 15, it is believed that the point b, which is the start- 
ing point of the dynamic plastic equilibrium curve, coincides 
with the end of the region of yielding in the static stress-strain 
relation. If the location of this latter point is known, an addi- 
tional constraint is imposed upon the two lines which must repre- 
sent the experimental data. Thus, it is possible that only one 
arbitrary constant will be available for both lines. Of course, 
the fewer the degrees of freedom allowed in fitting the data, the 
greater the confidence in the theory in case satisfactory agree- 
ment is achieved. 

After finding the best values of the constants A, B, and c, the 
next step is to construct the complete stress-strain relation 
corresponding to Fig. 15. The upper dynamic yield stress (in 
velocity units) equals the lowest impact velocity at which im- 
mediate plastic strain is produced at the point of impact (1). 
The static plastic deformation line p is presumed to be known 
from static tests. The dynamic plastic equilibrium curve b-c 
is linear in the present case, with the equation 


The family of straight lines in the area II all have the same 
slope, which is determined from the shock-wave speed c. In the 
velocity units that have been adopted for stress this slope equals 
c2/cg; in normal stress units the slope is pc?. 

The elastic stressing and unstressing lines in areas III and 

IV, as already stated, have slopes nearly equal to that of the 
initial elastic line. As pointed out, only for large strains will the 
slopes be appreciably different. 
: The family of lines p’, corresponding to plastic flow after 
plastic shock-wave deformation, are not easily constructed. 
Fortunately, this type of plastic flow does not appear to occur 
often. The characteristics of these lines are discussed later in 
this section. 

Consider the relations between particle velocity, stress, and 
strain within a stress wave in this medium. Such a wave may 
consist of both an elastic element and a plastic shock element. 
It is most convenient to express all quantities in terms of ai, 
the dynamic lower yield stress for the wave, and the constants 
A, B, c, and c. The unknown quantities are the plastic strain 
produced by the plastic element of the wave, the stress incre- 
ment of the plastic element Ag, the particle-velocity increment 
associated with the plastic element AV, that associated with the 
elastic element V;, and the total particle velocity V produced by 
the wave. These are 
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Determination of Constants to Fit Experimental Data. Because 
of the scatter of the points in Figs. 10 and 11, considerable lati- 
tude in the location of the linear representations is possible. 
For this reason an attempt was made to obtain a satisfactory fit 
with the constant B equal to zero. This causes both straight 
lines(for ¢; and ey as functions of V,) to pass through the origin 
Although the results are satisfactory in the present cases, it is 
possible that in other tests it would be desirable to give B an- 
other value. The values of shock-wave speeds given by Duwez 
and Clark (1) were not used but agree reasonably well with the 
values determined here. In the compression tests, the location 
of point b (the end of plastic static yielding) was unknown; hence 
there were two arbitrary constants, A and c, to be determined 
from these data. In the tension tests, the point b was known: 
hence only one arbitrary constant was available for fitting the 
data. 

If B is zero, Equations [4] and [6] become 

piney 

Compression Tests of Fig. 10. The straight lines fitting the 
data are shown in Fig. 10. From these the numerical constants 


for the material are found to be al rrp 
Bed = 96006 
= 11,000 Ao = 6006e (Eq. [11]) 
AV = 11,000e (Eq. [12]) 


In addition, the static yield stress o, equals 300, and the dynamic 
upper yield stress o’ is between 600 and 790. All quantities 
are expressed in inches per second except ¢e, which is dimen- 
sionless. The stress-strain relation is shown in Fig. 17. 

Tension Tests of Fig. 11. The lines fitting the data are shown 
in Fig. 11. The corresponding numerical constants for the 
material are found to be 


A = 12,000 a, = 56006¢ 

B= 0 ¢, = 

c= 6400 Ao = 200¢ (Eq. 
AV = 6400e (Eq. [12]) 


In addition, the lower static yield stress o, equals 165, and the 
dynamic upper yield stress a’ equals 500. All quantities are in 
inches per second except ¢, which is dimensionless, The com 
plete stress-strain relation is shown in Fig. 18. 
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TENSION 


it should be mentioned again that Duwez and Clark calculated 
plastic-wave speeds of 9600 and 4000-5000 ips in compression 
and tension, respectively (1). The agreement is satisfactory, 
considering the amount of scatter in the data of Figs. 10 and 11. 

General Discussion of Results. The raising of the upper yield 
point is probably connected with the mechanism of deformation. 
That it is raised is in agreement with the fact that, at compara- 
tively low rates of straining, the upper yield point appears to be a 
sensitive function of the rate of application of load, increasing 
with this rate. Whether or not the upper yield point is also 
variable under the very sudden loads applied here cannot be de- 
cided from the present evidence. 
upper limit. 

That the dynamic lower yield stress varies and exceeds the 
static yield stress by an amount depending upon the size of the 
plastic shock wave can be explained physically. Assume that a 
stress within the plastic range is applied suddenly to the end of a 
long cylinder of a material of the type discussed here. An elastic 
wave will move along the body, followed by a plastic wave. The 
latter might be expected to be governed by the plastic branch of 
the static stress-strain relation, the line p in Fig. 15, as is the case 
in a material without a yield point. However, unless there is 
some kind of stress-raising discontinuity, the stress required to 
start yielding is somewhat greater than that needed immediately 
afterward to increase the yielding. This means that, unless 
there is a shock wave, the point 6 tends to be a minimum point 
in the plastic equilibrium line, or marks a region of zero slope in 
the line. Since the speed of a stress wave depends upon the slope 
of the portion of the stress-strain curve which it occupies, the 
stress increment corresponding to the point b would not move at 
all. But the stress corresponding to b, as the transition stress 
between the elastie wave and the slower moving plastic wave 
would have to be at the very front of the plastic wave, moving 


faster than the rest of it. It ean be concluded that this behavior 
8 not possivle. 


In any case it must have an 


The behavior of a stress wave in a medium whose stress-strain 
relation is partly or entirely concave upward, as here, has been 
discussed elsewhere (8). Since the lower values of stress in such 
&wave tend to move more slowly than the higher values a shock 
wave is formed, characterized by large gradients of stress, strain, 
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and particle velocity. Similar waves occur in gases for the same 
reason. All parts of a shock wave must move at the same speed. 
If the shock wave causes material to be changed from state z to 
state y, represented by two points in the stress-strain diagram, 
the speed of the wave is proportional to the square root of the 
slope of the line connecting the points. 

If a shock wave occurs it must transform material from a state | 
represented by a point somewhere on the elastic line on or above 


the static yield point to a state represented by a point above the © 
It might be | 


plastic branch of the statie stress-strain curve p. 
expected that the second point would have to lie on the line p. 
This, however, is impossible if the material has any strain-harden- 

ing ability. A shock wave causes the same type of deformation 

that is produced during the state of initial plastic yielding in a 

static test, 
actually being deformed at any time. This progressive deforma- 
tion is a constrained deformation and works the material more 
severely than would an equal longitudinal deformation produced 
by stretching or compressing the specimen uniformly. Thus, 
the stress corresponding to the plastic deformation produced by 
a shock wave must exceed that for an vege strain obtained stati- 
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= 
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in which only a very short length of specimen is _ 
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TRUE STRESS AND NATURAL STRAIN CO-ORDINATES 


cally, and the line b-c, the locus of end points of shock-wave lines, 
must lie above the plastic branch of the static stress-strain curve 
p. It is assumed that the two lines intersect at b, the end of the 
region of static yielding, since the types of deformation at this’ 
point are probably alike. 
The curve b—c is the plastic-flow line for the progressive defor- 
mation caused by a shock wave. This curve could be obtained 
statically if this particular type of constrained deformation could 
be produced statically. The form of the curve b-c may depend 
on the shape of the specimen cross section, but probably not — 
on the area of the cross-section. In compression, this curve will — 
extend indefinitely. In tension, it probably ends at a true stress 
(not engineering stress) equal to the rupture stress of the mate- 
rial, as indicated in Fig. 19, and at a strain considerably smaller 
than the strain at rupture in a static test. The area beneath this _ 


curve up to any point is proportional to the external work that _ 


would be required to produce the corresponding state statically. 

The plastic flow lines p’ in the area III, Fig. 15, can be deter- — 
mined approximately if desired. To do this, one must transform _ 
the engineering stress-strain relation into co-ordinates of true — 
stress and natural strain,’ as in Fig. 19. In these co-ordinates, — 


‘If tension and extension are considered positive, the true longi- 
tudinal stress ¢ equals ¢ (1 + ¢) for ihc ach in the plastic state. 


An increment of yon strain de equals ; 
= In, (1 +0 
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the curve p’ through any point d of the line b-c is probably iden- 
tical with that part of the curve p having the same ordinates and 
% is obtained by moving the latter bodily to the left. The family 

of curves p’ can be transformed from Fig. 19 back to the co- 
a ordinates of Fig. 15. 

_ Since any shock wave involves very large rates of change of 
strain, the production of heat due to friction must be greater 
than that produced statically. In the present case, it may be 

assumed that, in order to deform an element of material rapidly, 

- one must apply a stress that depends on both amount of strain 

and rate of straining. In the simplest case, this dynamic stress 

can be expressed as the stress required statically plus a constant 
(of internal viscosity) multiplied by the rate of deformation. 

If J is the length of the transition region (length of the shock 
wave), the average time required to change material from the 
elastic state to a strain ¢ is //c and the average rate of straining is 
ec/l. If w is the coefficient of internal viscosity, the additional 
— due to the high rate of straining is of the order 


pec 
om work of the viscous stresses is stress multiplied by strain or 
2 


The energy comes from the external force applied to the speci- 
men. The total amount of energy furnished is equal to the 
area under the stress-strain diagram. This area is in two parts, 
that under the curve y-b-d and that between y-b-d and the shock 
line s. The first takes care of the work of static deformation, 
or of the stresses that are independent of rate of straining. The 
second area corresponds to the work that overcomes the viscous 
losses. As the slope of the line s is decreased, the plastic end re- 
maining fixed, the available external energy increases; at the 
same time the wave speed, and, therefore, the energy lost to 
viscosity, tends to decrease. There must be equality between 
the work of dissipation W, and the energy available for overcom- 
ing it; therefore 

pe’c 

= (A —c) — ey?)E/2cy 
In this expression ¢, is the static yield strain. 
this equation becomes approximately 


For large strains 


It appears, both from the direct measurements of Duwez and 
Clark (1) and from the present analysis that the plastic shock- 
wave speed c is approximately constant in all tests on a given type 
of specimen under constant external conditions. If this is, the 
case, the foregoing expression indicates that the shock-wave 
length J is also approximately constant under the same condi- 
tions. The scatter in the data is great enough so that this con- 
clusion must be considered only tentative. 
The shock-wave length probably depends mostly on the di- 
- ameter of the specimen, presumably being proportional to it. 
If l is proportional to specimen diameter, the shock-wave speed 
will vary with specimen diameter, being nearly proportional to it. 
This conclusion, if correct, is extremely important, since the 
result would be to make the entire dynamic-behavior pattern 
of a material with a yield point dependent on the diameters of the 
pieces tested. Smaller specimens would have smaller shock- 
a speeds and smaller upper critical velocities (discussed in 
the next section). This dependence has ngt been found for 
materials without yield points. 
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In the tests that are analyzed here, it is unfortunate that 
different materials were used so that this dependence on dimen- 
sions cannot be investigated. However, it is interesting that the 
shock-wave speeds found are approximately proportional to the 
diameters of the test pieces. 


A critical impact velocity is defined as a velocity at 
occurs a transition from one to a completely different kind of 
behavior. In a series of tests at steadily increasing velocities, 
several critical velocities may be found. The first to be dis- 
cussed is that at which the impact end first receives permanent 
strain at the instant of impact. This velocity, called here the 
“lower critical velocity,” has been shown to depend upon the 
value of the dynamic upper yield stress and to be numerically 
equal to it when stress is expressed in velocity units, An inter- 
esting type of behavior, which might be called “spontaneous 
deformation” may occur at this velocity. If plastic deformation 
is not caused immediately at the impact point, the remainder of 
the specimen tends to be subjected to the upper yield stress, 
Since there will be variations in the strength of the specimen 
along its length, a weak interior section may start to yield as 
soon as the stress wave reaches it. This internal yielding will 
have two effects: (a) It will increase the length of specimen 
receiving plastic strain; (6) it will diminish the magnitude of 
deformation at the fixed end by reducing the intensity of the 
stress wave reaching it, or by sending out a negative wave which 
will reduce the fixed-end stress after a very short time. Ap 
parently, this happened in the 500-ips impact in Fig. 9, and caused 
the corresponding point to be completely out of line when moved 
in Fig. 11, according to the theory developed earlier. A calcula- 
tion of the expected strain distribution in a specimen with spon- 
taneous deformation has been made; the results appear in Fig. 
24. Since the point where the spontaneous strain starts is quite 
arbitrary, exact agreement with the observed strain distribu- 
tion would not be expected. The magnitudes of strain are in 
good agreement. Without spontaneous internal strain, the end 
strain would be much greater, as shown in Fig. 23. 

For impact velocities higher than this lower critical velocity, 
plastic strain will be caused immediately at the impact end and 
two stress waves, an elastic wave and a plastic shock wave, 
will travel toward the fixed end. The plastic element is char 
acterized by its maximum and minimum stresses. These are 
the ordinates of the two ends of the straight line s connecting the 
elastic line with b-c, the dynamic plastic equilibrium line (Fig 
15). As the impact velocity increases, this line (s) is raised and 
the stress interval between its ends increases. Eventually, in 
tensile test, either the left end of the line (the lower dynamit 
yield point) reaches the top of the elastic line (the dynamic 
upper yield point) or the right end reaches c, the top of the dy- 
namic plastic equilibrium line. In compression, the dynamic 
plastic equilibrium line does not end, and the critical state ® 
reached when the lower dynamic yield point coincides with the 
upper. 

When one of these things happens the upper critical velocity 
has been reached. In tension impact, reaching the end of the 
dynamic plastic equilibrium line results in almost immediate 
failure at the point of impact. This situation is exactly similst 
to that which occurs when normal plastic materials are stresse’ 
at their critical velocities. If, on the other hand, the lowe 
yield point is caused to coincide with the upper yield point, " 
is less easy to predict the effect. Probably, this also tends ™ § 
cause more or less sudden failure at the point of impact. Bus 
since the elastic wave that is sent out simultaneously from the 
point of impact has an intensity equal to the upper yield stress, " 
may cause spontaneous internal plastic strains within the specime? 
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These would give rise to elastic relief waves which would reduce 
the stress at the impact point in a very short time. 
sistent behavior would be expected under these conditions. 
In compression, the lower and upper dynamic yield points will 
also be made to coincide at a certain impact velocity. Of course, 
this cannot cause failure as in tension, but it must result in a 
change of behavior. This situation has been discussed theoreti- 
cally elsewhere (4), and only the physical behavior will be de- 
scribed here. At this critical velocity, the material of the speci- 
men is just barely strong enough to give itself the velocity that is 
imposed by the impact. At higher velocities, it will not be 
strong enough and, therefore, the material in contact with the 
hammer instead of moving only in the direction of the hammer 
motion will be forced to move laterally out along the face of the 
hammer, continually exposing new elements of the specimen to 
contact with the hammer. This behavior is analogous to that 
) of a stream of fluid that strikes a rigid surface and is deflected 
laterally in all directions. In the present case the behavior is 
between that of a fluid and that of a plastic solid. 
Calculation of Critical Impact Velocities. The critical veloci- 
ties of the materials studied here are calculated to be as follows: 
Compression tests: The lower critical velocity appears to be 
between 600 and 790 ips (no calculation necessary). The upper 
dynamic yield stress will lie between these values. The upper 
critical velocity corresponds to making o;, the lower dynamic 
vield stress, equal to o’, the upper dynamic yield stress. From 
Equation [14] and the constants given for this material, it is 
found that the corresponding velocities are 1330 and 1760 ips, 
respectively. In Fig. 10, this critical velocity would appear as 
that at which the relation between impact-end strains and impact 
velocity shows a discontinuity. Above this velocity, the strain 
is no longer a function only of velocity but also of duration of 
impact. In Fig. 10, the impact-end strain at the highest velocity 
(1740 ips) may be out of line with the others; however, the 
scatter in the data is enough to make no definite conclusion on 
this point possible. 
| Tension tests: The lower critical velocity appears to be 500 ips 
no calculation necessary). The end point of the dynamic plastic 
equilibrium line b-c is not known but, since the maximum strain 
observed is between 0.08 and 0.09, it will be assumed that the 
limiting strain is approximately 0.09 ( much smaller than the 
value 0.18 at which the material fails statically, as shown in Fig. 
\8). From the constants already determined for this material, 
the corresponding dynamic lower yield stress is calculated (Equa- 
tion [10]) to be approximately 500 ips. That this value coin- 
cides with the dynamic upper yield stress is probably a coin- 
tidence. The upper critical velocity is found from Equation 
(14) to be about 1100 ips. Duwez and Clark state that 1200 ips 
is the critical velocity found experimental for this material (1). 
Factors Influencing Critical Velocity. The most important 
ritical velocity is presumably that which causes almost im- 
mediate tensile failure at the point of impact. Its value will be 
affected by any change in the shape of the stress-strain relation. 
One possible change is in the slope of the plastic-shock lines be- 
ween the elastic and dynamic plastic-equilibrium branches of the 
hirese-st rain relation. As stated earlier, it is probable that this 
‘lope is & sensitive function of both temperature of the material 
and its previous history, and may also depend upon the lateral | 
mensions of the specimen. 
Any change in the dynamic upper yield point will also alter the — 
mpact behavior of a material. Lowering it slightly will presum- 
bly lower the critical velocities correspondingly. Eliminating 
he yield phenomenon entirely would have a considerable effect 
n impact behavior, although what that effect would be depends 
obey a of the plastic part of the static stress-strain rela- 
: € material without a yield point has a static stress- 


Incon- 
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strain curve that is everywhere concave downward, as with a 
normal plastic material, its behavior would presumably be nor- 
mal, without the complications caused by shock waves. In 
general, this would increase the upper critical velocity, corres- 
ponding to immediate rupture in tension or continuing flow in 
compression. The lower critical velocity would be decreased. 
If the static stress-strain relation is partly concave upward 
even after elimination of the upper yield point, it would be ex- 
pected that shock waves will still occur. This is the case with 
the material used in the tension tests discussed here. However, 
if that material were given an initial plastic deformation taking 
it entirely through the region of yielding, so that the plastic 
stress-strain curve starts at the point b, its behavior would be 
expected to be normal, without shocks, and the static stress- 
strain relation would govern its impact behavior. The corres- 
ponding upper critical velocity is calculated to be about 1800 
ips, or 50 per cent greater than with a yield point. 


CALCULATED STRAIN DISTRIBUTIONS 


Several calculations of the wave patterns and the final states 
of strain in impact specimens have been made by use of the 
stress-strain relations obtained in the fifth section of the paper, 
and the methods of calculation outlined in the second section. 
Some of these are shown here to permit comparison with the 
strain distributions that were obtained experimentally (Figs. 
8 and 9). It should be pointed out that since the impact dura- 
tions were not known the durations chosen for the analyses were 
selected arbitrarily; therefore the only comparison that should 
be made is between measured and calculated amounts of strain 
and the general shapes of the strain-distribution curves. 

Whenever a wave element meets another element or any kind 
of discontinuity, such as a boundary or a point where the char- 
acteristics of the medium change, one or several new waves will 
result. These new waves may be positive or negative; fre- 
quently both kinds appear at once. (A negative wave element 
is one whose sign is opposite that of the original impact stress.) 
In the present cases negative waves are always elastic. In the 
diagrams they are shown as broken lines to make identification 
easy. A positive wave may be elastic, a plastic shock wave, 
or an ordinary plastic wave, when the region where it moves has 
already been strained plastically. A complication which appears 
here and not in caleulations for normal plastic materials is due 
to the fact that in a shock wave the lower yield stress is a function 
of the magnitude of the wave. Another complication occurs for 
shocks of low strength. Since there is a discontinuity in the dy- 
namic plastic-equilibrium line at 6, there is also a discontinuity 
in the relations that depend upon this curve. If the strain 
corresponding to the point b is put into Equations [10], [11], 
and [12], the limiting values of lower yield stress, shock-wave 
strength, and shock-wave particle velocity are obtained. The 
lower yield stress cannot be smaller than this value, which is 
also the static yield stress. However, shock waves of lower 
strength must occur. One possibility for weaker waves is for 
the lower yield stress and the strain to be constant (equal to 
the static yield values) and for the wave speed to increase with 
the strength of the wave. The relations are 
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to keep their number within reasonable limits. For this purpose ; f 
it is usually helpful to combine several waves which nearly Rok | Dn, 

: coincide into a resultant wave and to treat several waves that a”, 7 
= almost intersect at a common point as though they did, calcu- ne citi a 
ro lating the results of a single meeting instead of having several ; Pil 
meetings to handle. 

Fig. 20 illustrates a typical intersection of waves in one of the 
tension specimens that are discussed here. The waves 4-1, 1-2, 
and 2-3 are known from previous calculations. The first is an 
elastic unstressing (negative) wave of stress magnitude —50 ips; 
the second a plastic shock of stress magnitude 7; and the third a 4 
av 
Fre. 
Fie. 21 Wave PatreRN AND PERMANENT STRAIN CAUSED BY Stra 
Compression Impact at 576 Ips ror a True (3L) /(2Co) 
Fi 
in 
| 
at th 
normal plastic wave of stress magnitude 10. The elastic wave i” Vee as nn 
has a speed of 200,000 ips, the plastic shock 6400 ips, and the ap a _ wae aan 
normal plastic wave a speed of 20,000 ips. The stress and par- ; = _— — ei. of th 
ticle velocity in section 1 are 196 and 250 ips, respectively. oa oe | point 
The first step in determining the result of this meeting of waves 
a1 is to predict what kinds of waves will appear. Calculations are _— ae exper 
made on this basis, and, if it is found that the numerical results a 
obtained are not in disagreement with the assumptions, this dinti 
result is accepted. If the numerical results indicate that wrong io One wr aa altho 
assumptions were made (for example, a shock wave may be > the s 
found to have a negative value, which is impossible) a new set of = 7 le spont 
assumptions must be tried. om 
In the case shown in Fig. 20, waves are assumed to result as 40° ae 1 end 
follows: A negative elastic wave to the right, a plastic shock No 
wave to the left, and an elastic wave to the left. The latter may ties 
but a positive value for wave 3-6 is impossible, since that would happe 
require a further increase in the plastic strain left by wave 2-3. Pe Rate : i it toa 
) Since three unknown magnitudes must be determined, it is strain for compressive impact at 576 ips (48 fps) and lasting f , Pt 
necessary to find three independent equations. Two of these on a 12-in. (This 
or an elastic wave to travel 1.5 specimen lengths. The strait 
predicted agrees reasonably well with that shown for this veloc 
; on the fact that the stress 5 is the lower yield stress for the ity in Fig. 8. Fig. 22 gives the results obtained for an impae bes 
_ shock wave 5-6. The three equations are . i pte velocity of 1740 ips (145 fps) and can be compared with the & ~ orn 
corresponding curves in Fig. 8. The calculations were based ere 1 
a+b—50=c+10+7 oe er upon a stress-strain relation slightly different from that in Fig 
—50 + 7(200,000/6400) + 10(200,000/20,000) = a 17. 
+ b(200,000/6400) + Similar for tension in 23, 24, 
ad Fig. 23 gives the wave pattern and final state of strain predict’ and co 
7 for impact at 500 ips (42 fps) and lasting for the time required fr Drs, D 
The solution isa = 53.0, b = 7.1, and c = —7.0 ips. . four traverses by an elastic wave (1.6 millisec). Since this ® Bi} Techn 
an 4 The stresses and particle velocities are as follows: . the lower critical velocity, plastic strain at the impact end may F} materj 
Particle velocity may not occur. Furthermore, as pointed out in the 1] 
- pene of 196 K dint: 250 section, at this velocity, even if plastic flow is not induced at wave | 
2 in 32 point of impact, it may occur at any point within the species 
Bet: In this case plastic flow is assumed to occur only at the fixed end. 
Comparison with the corresponding curve in Fig. 9, reveals th 7 
190 siderable disagreement in respect. to both magnitude and dit vieldi 


tribution of strain. Consequently, it can be concluded thsi 
Fig. 21 shows the calculated wave pattern and the final state of | spontaneous straining must have occurred here. iti 
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Fie. 23 Wave PatTeRN AND PERMANENT 


BY SrraIn CAUSED BY TENSILE IMPACT AT 500 (Spontaneous strain occurs at 0.6 point of Srrarn CausEep BY TENSILE Impact aT 1080 
Ips, LASTING FoR A 41, /Co specimen. ) Ips, LastinNG For A TrmE 3L/Co 
Fig. 24 gives the results of a calculation made on this basis, 3 The dynamic lower yield stress, the stress required to main- 


in which it is assumed that spontaneous strain, represented by tain yielding within a shock wave, is variable and depends on 

two plastic shock fronts, starts at the 0.6 point of the specimen the strength of the shock wave, increasing with the strength. 

at the instant of arrival of the first elastic stress. The impact It may have any value between the lower static yield stress and » 

is assumed to last for three elastic traverse times. As can be the dynamic upper yield stress. 

seen, the internal shock waves reduce the magnitude of the 4 Shock waves travel much more slowly than do elastic 

strain at the fixed end and at the same time increase the length waves; their speed seems to be approximately independent of -_ 
of the specimen being strained. The location of the starting shock-wave intensity, but may possibly depend upon the tem- 
point of the internal shock waves is entirely arbitrary. If it had perature and previous history of a specimen, as well as its lateral 
been somewhat farther to the right, rather close agreement with dimensions. 

experiment would have resulted. Fig. 25 gives the results cal- 
culated for a velocity of 1080 ips (90 fps), and a duration of three 
elastic traverse times. Here, the agreement with experiment, 
although satisfactory, is not as good as before. The nature of 
the strain-distribution curve near the fixed end indicates that 


5 If wave speeds depend on temperature, history, and speci- 
men dimensions, the whole pattern of the impact behavior of a 
material with a yield point will also depend on these factors. 
The possibility of a strong dependence on specimen size is es- 

; cee : pecially important; it has not been found in materials without 
spontaneous inner straining occurred there, but not quickly yield points. 
6 Eliminating the yield phenomenon will alter the impact be- 
havior of a material radically, reducing the impact velocity at 
which plastic deformation is first produced, and usually increas- 
ing the critical impact velocity at which nearly instantaneous _ : 
tensile failure or continued flow in compression occurs. ies 


No attempt was made to duplicate the results found at veloci- 

i ties of 840 and 960 ips (70 and 70 fps). In each case it appears 
20% that spontaneous inner straining occurred. If this is what 
happened, the present theory requires some modification to enable 

r for it to account for the fact. It is probable that the assumption of a 


sired fixed upper yield stress must be modified in cases where stresses ked i 
train fp) 8¢t for longer than a certain time. The fact that this phenome- "0 the material is more severely worked in receiving a given 


eloc- non did not occur in the compression tests is significant. degree of strain than when tested statically. Consequently, a 
This may have been due to some difference in the mechanisms of material becomes harder (has a higher flow stress) under these 


7 Since a shock wave causes a sudden, progressive deforma- __ 7 
tion rather than a comparatively gradual and uniform deforma- 


\ the fi) deformation in the two cases or to the’fact that impact durations ©2ditions than when given an equal strain statically. Thus, rup- = 

nased ) Wee much shorter in the compression tests ture in tension will occur at a higher (engineering) stress and 

Fig smaller strain than under static loading. : 
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The problem of the flow through a long unbranched pipe 
with uniformly spaced orifices presents some undesirable 
mathematical difficulties. These can be avoided by solving 
the related problem of the flow through a pipe with a po- 
rous wall. The differential equations for the pressure drop 
and flow are derived and the relation between them is in- 
dicated. A solution for the flow is obtained in terms of 
elliptic functions in such form that numerical results 
can be obtained readily from existing tables. 


through a pipe with a porous wall is immediately appli- 

cable to the relatively modern method of watering lawns 
with a canvas hose, it arises on a higher level as a generalization 
of the problem of determining the flow through a long unbranched 
pipe with uniformly spaced orifices. Recent experience has 
shown that the most practicable method of distributing triethyl- 
ene-glycol vapor throughout a large building, for the purpose 
of air sterilization in an effort to reduce respiratory infcctions, 
is to use a relatively small-diameter duct. to blow a vapor-air mix- 
ture at a high static pressure from orifices uniformly spaced along 
the duct.2- A promising combination ventilating-sterilizing sys- 
tem, employing uniformly spaced outlets but operating at low 
static pressure has also been developed. Although the flow 
characteristics of these systems are analogous in many respects 
to some commonly used sprinkling and sewage-disposal sys- 
tems, the relations between fluid flow and press“re drops appar- 
ently have not been described in detail. It is our purpose to 
determine these relations for the case where the pipe wall is 
porous and the flow through the pipe is laminar. 

If a pipe with n openings were to be considered, a set of n 
‘equations in nm unknowns can be developed readily. These, 
however, will be highly nonlinear and their solution can be ob- 
tained only by great labor and with considerable difficulty. A 
good approximation which avoids most of these difficulties is 
obtained by considering the case where n approaches infinity, 
while the orifices simultaneously decrease in size. The pipe 
may then be considered to have a wall of uniform porosity. 


; LTHOUGH the problem of determining the flow of fluid 


DERIVATION OF EQuATIONS 


The pound-foot-hour system and the nomenclature of Me- 
Adams‘ and of Jahnke and Emde® will be used. 
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By F. C. W. OLSON,! PUT-IN-BAY, OHIO 


The quantity of fluid flowing through the wall per unit length 
of pipe will be proportional to the pipe diameter D and to the 
square root of the static pressure P, or 


dW/dz = [1] 
where z is a co-ordinate along the length of the pipe, equal to 
zero at the pipe entrance and to L at the end of the pipe; K isa 
constant, depending on the porosity of the wall, and W is the 
flow in pounds per hr. In case the pipe is noncircular, D can be 
the equivalent diameter which is 4 times the cross-sectional area 
divided by the wetted perimeter. The pressure drop per unit 
length of pipe is® 

dP /dz = —2fG2/goD... [2] 
where 


G = mass flow rate in lb/(hr) (sq ft cross-sectional area) 


p = density in lb per cu ft 
g = acceleration due to gravity in fph/hr 6 
f = friction factor 


Since the flow is assumed laminar, the friction factor is given 
by f = 16/R, where the Reynolds number R is R = DG/y and p 
is the absolute viscosity in lb/(hr) (ft). Thenf = 16u/DG. Fora 
circular pipe, G = 4W/xD*. With these values substituted in 
Equation [2], we get 


where 
apres 


Setting KD = h, differentiating Equation [3] with respect to z, 
and substituting Equation [1], we have 


This is the equation governing the pressure in the pipe. The 
associated boundary conditions are W = Woatz = Oand W = 0 
atz = L. aan 

To find the corresponding equation for W, we square Equatfon 
[1], differentiate with respect to z, and substitute Equation [3}, | 
getting 


(dW /dx) (d?W/dz?) = — koky?W/2.......... 


This has the same boundary conditions as Equation [5]. 
The transformations 


z= L(l—t?) 
2L4Q/2 


w = 2Wo/kok:*L 

reduce Equations [5] and [6] to 

=w 


| p h a P 
Flow Through a Pipe With a Porous Wa 
> 
ae 
w(l1) = wo 
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whence sail 
Q” = (2Q)'/2 ] j rhoy on (u), 


Q’(0) = 0 
Q’(1) = w 


where primes indicate derivatives with respect to t. 
By squaring the first of Equations [8] and differentiating, it is 
easy to show that w = Q’, or 


w = (2/ko*k,2L*) (dP/dt) 
SoLuTION oF EquaTIONS 
Since Equations [8] and [9] are related by Equation [10], 
it will be sufficient to find the solution of Equations [8]. 


Multiplying both sides of Equations [8] by w’ and integrating, 
we get 


w? 

where c is a constant of integration. The boundary condi- 
tions w(0) = 0, and w(1) = wo applied to Equation [11] yield 


tek = =i 
[w(0)]* = 3¢ 


Therefore 


Since we > 0 and w’(1) > 0, we see that w’(1) > w’(0). There- 
fore w = w(t) cannot be a linear function of t. This almost 
trivial result is included here because the author has found in 
practice that under most circumstances the experimentally 
determined values of w fall on a straight line within the limits 
of experimental error. Furthermore, calculated values of w, 
when plotted on graph paper, also fall on a straight line within 
the limits of computational and drafting accuracy. 

In Equation (11), write m*/2 for c and make the substitution 


w2 ++ = 
i) 


where A = 1/3¢/#m. Let 


Then 


| 


where (? (u) is the Weierstrass 9 function. Differentiating Equa 


tion [14] and multiplying both sides by z we get 


zdz 


where {(u) is the Weierstrass zeta function, by integrating Equa- 
tion [15] and substituting Equation [13], we get 


Therefore 

1(At =u= M-'(z)........... [17] 
where ¢~! and denote inverse functions. To evaluate 4 


we that when = 0, w(0) = Oand z = Therefore 


From Jahnke and Emde we find that & = 0.5928. Equation 
[17] may then be written 


z= (At + 0.5928)] 
By Equations [12] and [18] we obtain 
w = [494 (At (19) 


This is the desired solution expressed in the form of the equian- 
harmonic case tabulated by Jahnke and Emde. 
The fact that 


dQ (u)/du = — V/4Q* (u) —1 


is fortunate, for the tables in Jahnke and Emde are arranged wit! 
contiguous columns of d (u)/du, @(u), and ¢(u). To evaluate 
the constant A, a graph showing the relation between w» and 4 
can be constructed readily. It is necessary merely to find the 
value of A + 0.5028 (corresponding to t = 1) in the ¢(u) colume 
and move over to the d@ (u)/du column for the required value o! 
36A‘wo. For example, if A = 2.0810, A + 0.5928 = 2.6738 
Entering the ¢(u) column at ¢ = 2.6738, crossing over throug! 
(u) = 7.1504, we find d@(u)/du = —38,2267. Therefore 
36A! wo = 38.2267, and wo = 0.1178. 

In applications, the values of A may vary widely, making ! 
inexpedient in this paper to give graphs or tabulated values / 
A and wp. 
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The Basic Elastic Theory of Vessel Heads — 


«(Under Internal Pressure 
G. W. WATTS? ann W. R. BURROWS,’ CHICAGO, ILL. - 


Means are outlined for calculating internal pressure = = concave toward axis of revolution, negative 
stresses and deformations at or nearthe juncturesofsemi- == ==2====~—~—~—~—__—~when middle surface is convex toward axis of 
infinite cylindrical vessel shells with hemispherical heads, revolution 
ellipsoidal heads, toriconical heads, torispherical heads, == = ~—«&R, = distance measured along a normal to any point on 

Kqua conical heads, and flat heads. The accurate Love analy- | middle surface, between middle surface and axis 
sis is used in this development. A system of dimension- | of revolution, in. 

less variables is proposed for each head shape todefinethe | t = uniform thickness of cylindrical shell part of each 

changes in that shape and the changes in the relative | head assembly, in. 

thicknesses of the heads and cylinders. Waysare devised = — 7' = uniform thickness of head proper of each head 

to show the critical head stresses in terms of these dimen- —| assembly, in. 

Lf sionless variables either by graphs or by tabulations. The _ g@ = axial distance from head-cylinder juncture along 

fundamental theory is sufficiently described to indicate | middle surface to a general point z on cylindrical 

how all results are derived. shell, in. 


a = 90° — @, constant for cones, radians or degrees 


y = distance toward apex along middle surface of cone 
from juncture of cone with either cylinder or 


ate 
uate 


ere fe yr 
NOMENCLATURE 


The following nomenclature is used in the paper: 


juatior torus knuckle to a general point y, in. is 
uw = Poisson’s ratio equals 0.3, about, for steel z = axial distance from apex along middle surface toa 3 
E = modulus of elasticity, psi general point y on cone, in. < be 
E’ = E/(1 — ¢@ = 90° — variable for hemispheres, ellipsoids, and 
m* = 12(1 — torus knuckles, radians or degrees 
e = base of natural logarithms sR = perpendicular distance from axis of revolution : 
19 P = internal pressure load on middle surface acting ‘wv along middle surface to a general point r, on < 
outward along a normal to middle surface, psi thick disc head, in. Se 
equial- of middle surface aaa oe r = distance along middle surface of thick dise head - 
s = subscript denoting cylindrical shell from head-cylinder juncture to a point r, in. —* 
k = subscript denoting knuckle = _ @ = diameter of middle surface of spherical portion of : 
h = subscript denoting head proper torispherical head, in. 
‘ Point 0 = middle surface juncture of head and cylinder, orof = = — K = radius of axial section of middle surface of torus 
7 knuckle and cylinder = knuckle, in. 
ged with Point 1 = middle surface juncture of head and knuckle t \ = constant such that \K is radius of circle forming 
evaluate D = diameter of middle surface of cylindrical shell part locus of center of generating circle of a torus i ; 
vo and 4 of each head assembly, in. _ 8°= ratio of semimajor and semiminor axes of the = 
find the @ = angle between axis of revolution and a perpendicu- middle surface of ellipsoid, dimensions a and b, : 
.) eolumt lar to middle surface of shell at any general > respectively 
1 value of point, radians or degrees u = deformation of any point on middle surface meas- 
= 2.6738. ¢’ = angle between any two points lying on middle sur- _ “2 ured along a tangent to undeformed middle sur- 
r through face in a plane normal to axis of revolution, and nest eth face at the point, and lying in a plane through 
Therefore & measured with vertex of angle at axis of revolu- | axis of revolution, in. 
tion, radians or degrees sw = deformation of any point on middle surface meas- 
making |! R, = radius at any point of a middle surface section i ured along a normal to undeformed middle sur- 
values 0! cut by a plane through axis of revolution, in. 


face at the point, and lying in a plane through 
axis of revolution, in. 
w = deformation of any point on middle surface, meas- 


This radius is positive when middle surface is => 


‘ This theory is currently serving as the basis for computations 


being made for the Pressure Vessel Research Committee of - 7 ured outward along a normal to axis of revolu- 
Welding Research Council of the Engineering Foundation. : atts tion, in. 
of Engineering, Standard Oil Company (Indiana). W = angle through which tangent to middle surface, 
* Assistant Chief Engineer, Whiting Refinery, Standard Oil Com- sae lying in a plane through axis of revolution, turns a 
pany (Indiana). 7 jean during deformation of the shell, radians or ; 
Contributed by the Applied Mechanics Division and presented degrees 
at the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, eta N. = shear in pounds per lineal inch of circumference . 
of Tue American Socrety oF MecHANICAL ENGINEERS. ay 
Discussion of this paper should be addressed to the Secretary, 7 oo ae section cut by a plane normal Ms 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted aS to axis of revolution. At any point this shear e 
until April 11, 1949, for publication at alater date. Discussion re- el atya acts along the normal to middle surface at this 
ceived after the closing date will be returned. point _ 
Nore: Statements and opinions advanced in papers are to be d 
understood as individual expressions of their authors and not those r = moment in Inc eo lineal inch of circum- 
ofthe Society. Paper No. 47—A-153. Pere ference of a middle surface section cut bya plane 


1 
2 
igh 


normal to axis of revolution. This moment 
acts in a plane through axis of revolution 

= moment in inch-pounds per lineal inch of middle 

_ surface section cut by a plane through axis of 

revolution. This moment acts in a plane that 

_ is normal to the plane through axis of revolution 

_ and that includes the normal to the middle sur- 
face from the point in question 

= tension in pounds per lineal inch of circumference 

of a middle surface section cut by a plane normal 

beasirie to axis of revolution. At any point this ten- 

sion is acting along a tangent to the middle 

surface at this point, said tangent lying in a 
plane through axis of revolution 

= tension in pounds per linear inch along a middle 

___- surface section cut by a plane through axis of 

revolution. At any point this tension is acting 

along a tangent to middle surface at this point, 

said tangent lying in a plane normal to axis of 


S, 


revolution 
= Meissner’s operator 
C’s = constants of integration -= 
I’s = complementary function integrals ; 
F’s = particular integrals involving loads here restricted 
to internal pressure 
U’s = matrices in boundary-problem solution 


’s = computed numerical coefficients of PD? in stress 
and deformation relationships 

= [m/(Dt)°-] in cylinder solutions 

term number in infinite-power series 


n= 

é A,, to F,, = general terms in infinite-power-series solutions for 
torus knuckle 

A’,, B’,, = general terms in infinite-power-series solutions for 


sphere 
coefficients 
power-series terms 


in recurrence formulas for infinite- 


M',, (Qi), 


=e sin nz 
= cos nx meaan- 


INTRODUCTION 


While much work has been done on the elastic theory of shells, 
_ real progress in the development of its application has been slow. 
Regardless of so much effort, the present-day membrane-type 
vessel design formulas are quite primitive. Actually, they re- 
main theoretically suitable only for structures no more com- 
plicated than cloth balloons, where the fabric carries pressure- 
tensile loads, but obviously cannot resist shear and moment 
loads. This deficiency arises because considerations of shear and 
moment have been deliberately avoided in the development of 
these formulas. No other way to reduce complexity appears to 
have been found in the past, so that formulas with such limita- 
tions are the only ones now available for the estimation of the 
supposedly critical internal pressure stresses in steel vessel shells. 
Perhaps it is true that the practical results of this abbreviated 
procedure of analyzing stresses are not too much in error, and 
are therefore satisfactory enough, but this cannot be stated 
with certainty. The neglected shear and moment stresses may 
be much more important than is commonly suspected. Greater 
knowledge is needed to decide such questions. To supply this 
information it has seemed advisable to develop more comprehen- 
sive analytical methods for the benefit of vessel design engineers, 
and the better guidance of testing engineers. In this effort an 
attempt has been made to improve the accuracy without making 
any sacrifice of simplicity or facility. Complexity has been con- 
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fined to the process of obtaining results, and does not extend to 


the results themselves. wh 
The elastic theory of plates and shells had its roots in the work is t 
of the French mathematician, Sophie Germain (1, 2),* and sid 
reached its present form at Oxford at the hands of A. E. H. the 
Love (3) whose results became better known on the Continent 3 
after A. Timpe’s translation (4). Practicalization of the theory anc 
followed in the work of H. Reissner (5), and E. Meissner (6, 7), eyli 
and in that of L. Bolle (8), F. Dubois (9), E. Honegger (10), and 4 
H. Wissler (11, 12), who were graduate students of Meissner. thic 
Additional contributions to these efforts were made by E. thic 
Steuermann (13). At the same time attempts were under way to tha 
simplify the calculations through approximations devised by, the 
Bauersfeld and Geckeler (15). Their contribution has been re- 5 
ported and extended in this country by Coates (16), Rhys (17), eyli 
Boardman (18), Rossheim, Markl, and others (19). These ap- alth 
proximations consist of using the Love analysis of the cylinder sect 
not only for the cylinder but also as a substitute for the Love to ¢ 
analysis of all other specific head shapes. However, the ac- cate 
curacy of these approximations appears to be uncertain and re- plics 
sulting errors may be excessive at times. Hence for the present, tion: 
preference should be given to the Love analysis which has the unne 
added advantage that in the limits it reduces identically to struc 
the Kirchhoff theory of cylinders and to the Poisson-Kirchhoff place 
theory of thin dises (14, 23). Much has been written on al effec 
these questions, but the best general exposition of the subject term 
appears to have been made by T. Péschl (20). at th 
VessEL Heaps UNpER CONSIDERATION 

As a first example of one of numerous possible applications o/ matt: 
the basic theory of shells under internal pressure, the use of this state. 
theory will be illustrated here in connection with outlining meth- been 
ods for the determination of the critical juncture stresses in the make 
most commonly used vessel heads. These are shown in Fig. |, by ot 
twine 

struct 
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Fic. 1 Srx Types or Pressure-VesseEL HEADS ARRANGED IN tween 
Groups FoR Stress CoMPuTATION PuRPOSES ders, ¢ 

angula 

and are detailed to exhibit the following characteristics, as wel This is 

as those illustrated in Fig. 1, in order to strike the best possible the hes 
mean between conforming to construction practice and being the na 

consistent with the generating assumptions of the underlying duces | 

theory: Severe 

1 The load is assumed to be entirely due to internal pres cumfer 

sure, so that support, dead weight, and similar loads are cot and dec 

pletely neglected in this particular analysis. the hea 
ance in 

4 Numbers in parentheses refer to the Bibliography at the end 0! membr: 

the paper. nately |; 
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2 All heads are attached to cylinders sufficiently long that 
whatever cylinder closure is used at the far end (not shown), it 
is too distant to affect the stresses in any of the heads under con- 
sideration, or portions of the cylinder immediately adjacent to 
them. 

3 All heads are considered to be complete (without holes) 
and to be free from any stress raisers other than the head- 
cylinder juncture itself. 

4 In all cases the cylinders are assumed to have uniform 
thickness, and the heads likewise, but in each case the two 
thicknesses may be equal or may differ, either one being larger 
than the other, although Fig. 1 shows only the condition where 
the cylinder is thicker than the head. 

5 For purposes of stress analysis, the conditions at the head- 
cylinder junctures are assumed to be those shown in Fig. 1, 
although it will be observed that there are abrupt changes of 
section and sharp corners detailed at these junctures contrary 
to good construction practice. But, regardless of these indi- 
cated discontinuities, the theoretical analysis has not been com- 
plicated further by the assumption of streamlined transition sec- 
tions here. It has been thought that such a refinement was 
unnecessary, and it has been deemed sufficient to analyze the 
structures as they are shown. In doing this reliance has been 
placed upon the principle of Saint Venant (3) which states in 
effect that the stress analysis will be independent of how the 
terminal tensions, moments, and shears are assumed to be applied 
at the boundary, except very near that boundary. Hence any 
errors in the results, arisimg from this source, should be confined 
to the immediate vicinity of the head-cylinder juncture. In the 
matter of stress concentrations due to sharp corners, it should be 
stated that they are not predicted by this theory because it has 
been simplified to the point that it is not powerful enough to 
make such estimations. They can be deduced when required 
by other well-known means, and combined with the results ob- 
tained here. However, the presence of fillets, used in actual con- 
struction, will generally obviate the necessity of doing this. 


NATURE AND LOCATION OF CRITICAL STRESSES 


When internal pressure is applied to the head-cylinder struc- 
tures shown in Fig. 1, membrane stresses are set up in both the 
heads and in the cylinders. These are well-known stresses and 
are the ones that would be present if the structures were made of 
fabric. They can be computed by available formulas, and their 
distribution over the wall sections of the structures is assumed to 
be uniform. These same calculated stress results are also ob- 
tainable from the Love analysis, because it can be demonstrated 
that the membrane stress formulas are a direct result of Love's 
method when shear and moment are neglected (23). In this 
respect then the basic theory makes no change in existing prac- 
tice. 

However, in head-cylinder structures made of steel, the limp 
qualities of fabrics can no longer be assumed. Differences be- 
tween the natural flexibility of the heads, and that of the cylin- 
ders, cause these two parts to attempt to deform radially and 
angularly at different rates under the effect of internal pressure. 
This is prevented at their junctures by the rigid attachment of 
the heads and cylinders, one to the other. Such a disturbance of 
the natural deformations, arising from internal pressure, pro- 
duces shear and flexural stresses which obviously are most 
Severe at or near the head-cylinder junctures; do not vary cir- 
cumferentially because of the axial symmetry of the structures; 
and decay ultimately, if not at once, both in the cylinders and in 
the heads as the axial distance from this point of stress disturb- 
ance increases. These juncture stresses exist in addition to the 
membrane stresses just described, but the Love theory fortu- 
nately is able to analyze them almost as readily as the mem- 


brane stresses. In this respect, it represents a distinct advance- 
ment over present-day procedure. 

More particularly the juncture stresses consist of axial shear 
stresses, axial flexural stresses, and circumferential flexural stresses 
superimposed on the axial and circumfefential membrane 
stresses. All vary in an axial direction only, as previously stated, 
due to the axial symmetry of the structures under consideration. 
This same property of symmetry obviously excludes the exist- 
ence of circumferential shear stresses, so that circumferentially 
only uniform membrane stresses and uniformly varying flexural 
stresses obtain. These two types of stresses are additive, and the 
magnitudes of their algebraic sums, taken at any axial point on 
the structures, at both the inner and outer wall surfaces related 
to that point, represent the greatest and least combined cir- 
cumferential stresses at the point. It should be noted that when | 
the greater stress is at the outer wall surface, then the lesser — 
stress occurs at the inner wall surface, and vice versa. Both | 
stresses are principal stresses, due to the absence of any circum- _ 
ferential shear stresses to combine with them, and as axial © 
distances from the head-cylinder juncture increase, the greater — 
of the two ultimately decreases, both in the head and in the | 
cylinder, down to the circumferential membrane stresses of those = 
parts as a limit. 

Likewise, the greater and lesser axial combined stresses also 
are derived as the algebraic sums of the axial membrane and 
axial flexural ‘stresses, in the same manner as the greater and 
lesser circumferential stresses just described. They too are 
principal stresses because they occur on either the inner o: 
outer wall surfaces where the existing axial shear unit stresses 
reduce to zero in the same manner as they are assumed to do in 
the case of rectangular beams. Since there is no shear to com- 
bine with the axial stresses, it is not necessary to estimate the 
rotation of the stress planes to obtain the particular condition 7 
of zero shear and principal stresses (14). Such a condition al- ; 
ready exists. Between the zero values at the inner and outer wall - 
surfaces, the unit axial shear stress can reasonably be assumed to 
have a parabolic distribution across the wall thickness precisely — 
the same as in rectangular beams. Theoretically its maximum _ 
value at any point is, therefore, from beam theory, about 50 per 
cent greater than if it were assumed to be uniformly distributed 
across the wall section (27). 

From the foregoing it is seen that the important stresses, at 
any axial point on the middle surface in the head-cylinder struc- 
ture, are the circumferential stresses on the inner and outer wall 
surfaces related to the point; the axial stresses on the inner and 
outer wall surfaces related to the point; and the axial shear stress 
at the point. The first two are important because it is from them i 
that the critical stress is selected, and because there is the pos- 
sibility of measuring them in tests; the third represents valuable 
information for designers. Hence it is desirable that all three 
can be computed as required. 

For the purpose of making a stress identification study of each 
shape and size of head-cylinder structure it will be sufficient to 
develop and report only a single or, at most. two stress parameters 
or stress indexes for each condition. To do this, a ratio can be 
formed of the greater of the axial or circumferential stresses, in the 
vicinity of the juncture, and the constant circumferential mem- 
brane stress in the cylinder. This ratio then becomes a dimen- 7 7 
sionless stress parameter that can be designated as the critical- 
stress index. One of these indexes can be computed for each 
shape, size, and thickness of structure under consideration. 
The same can be done for the shear stress if it is found to be 
critical, but in neither case will it be too important to show the 
location of the stresses in question. Two critical stresses at most, 
therefore, can be made to define in parameter form the stress 
condition of each head-cylinder structure. 


With no more ex- 
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ensive information than this, reasonably good strength com- 
parisons, sufficient for most design purposes, can be rapidly made 
among these heads. 

Examination of Fig. 2 will show that conventions are such that 
tension stresses are*positive; and positive moment stresses repre- 
sent tension stresses on the outer shell wall and compression 
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Fic. 2. Group One Heaps ILLusTRATED BY MEANS OF COMPLETE 
Heap 


stresses on the inner shell wall. Therefore stresses are in ac- 
cordance with the following tabulation 


Circumferential Stress: 


ane q Outer wall surface whys Inner wall surface 
(S/T) +6(M,/T?) (S,/T) — 6(M,/T*) 
Axial Stress: 
be Outer wall surface wal aa Inner wall surface 
(S/T) + 6(M,/T?) — 6(M,/T?) 
Critical Stress: 
/T)| + |6(M,/T?)| maximum 


\(S./T)| + |6(M,/T*)| maximum 
whichever is the greater either in the cylindrical shell or in the 
head proper of the particular structure under consideration. 


x= 
Critical Shear Stress: ag 


\1.5(N,/T)| maximum 


either in the cylindrical shell or in the head of the particular 
structure under consideration. 


Critical Stress Indexes: 
critical stress + 0.5P(D/t), critical shear stress + 0.5P(D/t) 
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where S,, S,, M,, M,, and N, apply either to the cylindrical shell, 


or to whichever head shape is under consideration; and where { 
shall replace 7 for stress combinations for cylinders. 


GROUPING OF SHAPES 


The six types of complete heads, shown in Fig. 1, fall into four 
groups distinguished for the most part by the somewhat different 
way Love’s theory must be applied in the solution of the boundary 


problem: 
Group One: Hemispherical heads ams 
Ellipsoidal heads 
Group Two: Toriconical heads 
Torispherical heads 
Group Three: Conical heads 


Group Four: Thick flat heads 


In Group One, each head is in the form of a continuous shell 
which meets the cylinder in a continuous juncture, with the ex- 
ception of the radial radius which is finite for the head and in- 
finite for the cylinder, with this change taking place abruptly at 
the juncture. 

In Group Two, each head is formed from two continuous shells 
having a juncture which is continuous except for the radial 
radius. The juncture of each of the composite heads with the 
cylinder is also continuous except for the radial radius. 

The “conical head” and “thick flat head’’ of Groups Three and 
Four, respectively, exhibit discontinuities at the juncture with 
respect to the tangents of the head and of the cylindrical shell, 
the radial radii, and the circumferential radii, although each head 
is formed from a continuous complete shell. 

Dimensionless parameters which can be used to define fully 
the size and thickness of the head and cylinder shapes under 
consideration, and axial locations on these shells, are given in the 
following tabulation: 

Dimensionless 
loeatio 


Head shape ba ra Shape parameters parame 
Cylindrical part * D/t 
Hemispherical head D/t, t/T 
Ellipsoidal head D/t, 8 = a/b,t/T is o 
Toriconical head D/t, K/D, a, t/T y/I 
Torispherical head D/t, K/D,d/D,t/T ¢ 
Conicalhead /t, a, t/T /D 
Thick flat head ge = D/t, t/T ay r/D 


SoLuTION OF BouNDARY PROBLEM FROM CONSIDERATIONS 
SraticaL AND ContTiINuIry AT Heap JuUNcTUE 


Group One Heads. Fig. 2 shows a typical juncture betwee 
the cylindrical shell and a complete Group One head free of holes 
Experience with this type of structure indicates that when it! 
sectioned at the head-cylinder juncture equilibrium is mai 
tained by the application of equal and opposite axial tensions, 
equal and opposite axial moments, and equal and opposite axial 
shears, as shown in Fig. 2, where the indicated direction of the 
forces and moments is assumed to be positive. Since the load 01 
the structure as a whole is arbitrarily limited in this discussion 
to internal pressure, and the axial tension obviously is know? 
statically, its value can be recorded in Fig. 2 as 0.25 PD lb per 
in. of the circumference of the middle surface. The shears ané 
moments arise from unequal deformations of the head and of the 
cylinder under internal pressure, and they are statically inde- 
terminate. However, if continuity is to be maintained as the 
internal pressure is increased, the radial deformation of the 
middle surface of the head and of the cylinder at their junctut 
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must be the same. 


middle surfaces must be the same in the sense shown in Fig. 2. 
Therefore here are four juncture conditions that must be met: 
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Likewise the rotations of the ends of the 


equality of axial moments. 

Equality of axial shears. 

“quality of radial deformations. 

Equality of axial rotations. ° 


These conditions are sufficient to determine four unknowns: 


2 Axial shear. 

4 Axialrotation. & 7 


if relationships connecting the radial deformation, axial rota- 
tion, axial moment, axial shear, and internal pressure can be 
found at the juncture both for the head and for the cylinder. 
The Love theory gives these relationships, and when the un- 
knowns are determined, continuity is thereby established for 
the radial deformation, the axial rotation, the axial shear, and 
the axial moment as planned. Continuity has been previously 
established for the axial teAsion from considerations of axial 
statical equilibrium. Furthermore, when these results hold, 
Love's theory is powerful enough to give in addition axial con- 
tinuity simultaneously to the circumferential moment and the 
circumferential tension. Hence with the use of the theory, these 
seven forces, deformations, and rotations will be equal across 
the head-cylinder juncture. 

A more general concept of this same question can be obtained 
to a better advantage, perhaps, from the consideration that 
Love’s principal solutions derive from a fourth-order linear 
differential equation. Therefore from the complementary 
function of the solution of the equation, four unknown con- 
stants of integration are connected with results for the cylinder, 
and also for hemispheres, ellipsoids, cones, or like heads. Thus 
when a structure consisting of one of these heads, attached to a 
cylindrical shell, is under consideration, a total of eight con- 
stants of integration are involved, four arising from the cylinder 
and four from the head. But the boundary conditions at the 
far end of the semi-infinite cylinder, and at the center of the 
complete head, are together sufficient to establish two of the four 
constants of integration for the cylinder, and likewise two 


conditions. Thus boundary conditions appear as rapidly as 
unknowns, with the result that the constants of integration can 
always be eliminated theoretically no matter how complicated 
the symmetrical structure is. 

This, then, is the solution of the boundary problem, and it re- 
mains the solution and is theoretically possible regardless of what 
procedure is used to accomplish the elimination of the integra- 
tion constants. However, one simplification is instantly availa- 
ble. 

As previously stated, two constants of integration, ob- 
viously, are determined by the boundary conditions at the far 
end of the semi-infinite cylinder, and likewise two more at the 
centers of complete heads, but fortunately much more precise 
information is available here. It has been known for a long time 
for the case of cylinders that the actual value of the two constants 
of integration so determined is always zero. More recently this 
has been found to be true also for complete hemispheres (8) and 
complete cones (24), and this year it has been established for 
complete ellipsoids (25). While it has been shown that evalua- 
tion of these constants is always possible in the problem, 
nevertheless, the existence of zero values, in place of more 
complicated finite values, serves to simplify the results con- 
siderably. 

The problem of elimination of the remaining unknown con- 
stants of integration through boundary conditions is now seen 
to resolve itself into one of solving simultaneous algebraic equa- 
tions to evaluate constants of integration. Hence the wide 
variety of different ways to proceed in such solutions are appli- 
cable here. From this field, one involving matrix presentation 
has been selected. Through its use a single formula for each of 
the four head groups can be made to show the entire operation; 
and because these four formulas are closely related, the method 
appears to indicate most clearly and concisely the mechanism of 
the elimination operation, how the numerical calculations must 
be made, and what integral solutions are involved. 

In view of the foregoing discussion, and from a general knowl- 
edge of Love’s theory, it is now known that the seven stress and 
deformation relationships can be expressed in general terms for 
the semi-infinite cylinder at the general point z in matrix notation 
in the following form: 


forthe head. Hence four of the eight constants of integra- Radial deformation Etw 2 | hel + Fo | 
tion are evaluated by this means. The remaining four Axial rotation EM fe ty (LCs. Pre 
unknown constants can be determined by means of the four Axial shear DN, Tuli | ; Pr / 
boundary conditions just enumerated in the foregoing Axial moment M, Tie In id Po 
as equality of axial moments, axial shears, radial deforma- Circumferential Pw 
tions, and axial rotations at the head-cylinder juncture. Axial meee ‘ DS, Ix In Ps 
Thus th Circumferential tension | DS, Ts2_] Frio 
e complete head-c: p 8-2 
eight unknown integration constants, can be solved. In 
more complicated combinations of head forms, for each ‘This first general relationship can be written down in even briefer 


additional shape interposed between a complete head and 
the semi-infinite cylinder, four additional constants of inte- 
gration are introduced. But, at the same time, an additional 
boundary is established, and with it come four more boundary 


Radial deformation 
Axial rotation ET?W 
Axial shear DN, 
Axial moment M, 


Circumferential moment | 1/, 
Axial tension DS, 
Circumferential tension | DS 


matrix notation as follows: 
[Uo-s- al = [U1-s-«] [C,] + 
Likewise, for Group One heads, seven similar relationships for the 


Fo 


= [ids + PD? 
Ie; Cun Fy 
In hie Fx 
Tie Tir Fio 
In Fo 
Fo 
gives y LF 


general point can be written, as 
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This second general neeinne. can, in turn, be expressed in 
briefer matrix notation as follows: 


[Ui-n-g] [(C,] + PD*(Us-n-g] 


The problem consists of the determination of values for these 
seven stress and deformation relationships for any axial point 
either on the head or on the cylinder in the head-cylinder struc- 
ture. It will be more or less obvious that actual numerical 
values of [Ui-s-2], [Us-s-z], [Ui-n-g], and [Us-n-y] are 
calculated from expressions derived from the comple- 1 
mentary function integrals and particular integrals of 0 
the differential equations. It will be assumed for the 0 
present time that these are known. On this basis the 0 
seven stress and deformation relationships could be com- 

puted from the formulas if it were not for the presence of the 
unknown constants of integration, [C,] and [C,]. Therefore at- 
tention will be centered first on their elimination by means of the 
boundary conditions at the head-cylinder juncture. In this lo- 
cation it is possible to write for the case of the cylinder: 


Etw Iz Ci-. | + PD? | Fo 


Etw 10 
DN, Tu lie F x9 
M, Th Fy 
s-0 s-0 


which, after replacement on the left side of t by 7 as shown, be- 
comes 


= 


ETo Ppt _ Fo 7 
ET?-W (t/T) (t/T) (t/T) 
DN, Is Fie 
Lu, WT? (/T)? 
8-0 Tn The Fx 
lis I; 4 Fy 4 
s-0 s-0 
In briefer notation, this is be of 
Keel [C,] + PD? 
Us» 


A similar expression can be written for the head canto f 

ET?W Ie | 

DN, Tui tie Fx 

M, 

h-O0 h-0 h-0 
and this too, in briefer notation, is baie sat nm 


ETo |= [C,] + 


DN, 
M, 
h-0 


Reference to Fig. 2 shows that 
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so that these relationships can be equated with the results 


[C,] te [C,] = PD* Hee 
Us--0 U3- h-0 U ~) 
It is now possible to combine these particular relationships with 


the two genergl relationships preceding. The result of this con- 
solidating operation follows: 


0 = PD? Us-s-z 

0: —U 2--h-0 C, — 
0! 3-8-0 —U3-n-» C, Us-h-o Us--0 


and by the process of partitioning matrices (22, 26), as indicated 
by dashed lines, and because of the unit and zero matrices on the 
left side, it is possible to eliminate the constants of integration 
and to write 


Uv-n-o 0 U; -h-p Us.-0 —l 
e 


Us-n-o 


Furthermore, the associative law of multiplication holds for 
matrices. This enables the foregoing to be reduced to 


PD* 0 | eed + 
U-n-¢ 0 Us-n-¢ 

This concise formula, where [U7] represents the evaluated con- 
stants of integration, expresses the form of the numerical compu- 
tations for obtaining all of the relationships for Group One heads. 
It is applicable to any point z or ¢, including the juncture point. 
It is developed in terms of numerical values of the integrals oi 
the differential equations applying separately to the point in 
question and to the juncture point zero, all as indicated clearly 
by the subscripts. It is shown in expanded notation in Fig. 6 
where more particular results for the semi-infinite cylinder ar 
recorded. 

Group Two Heads. Reference to Fig. 3 shows that the pres 
ence of a knuckle section between the complete head and the se! 
infinite cylinder introduces a second boundary at point 
in addition to the head-cylinder juncture at point zero. The 
knuckle represents an incomplete head so that all four constants 
of integration are present in the general stress and deformatio! 
relationships, thus 


Pete = + PDT Fo 
ET?*W Ie Ir Is Is Fo 
DN, Tun Tia Tis Tia | | 
M, This Ths Cx Fx 
M, Tos Fa 
DS, I27 Fx 


In briefer notation, this becomes a ae 
[Uo-r-g] = [Ui-x-g] [C,] + PD?[Us-z-¢] 
From Group One head theory is obtained in addition 
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for the cylindrical shell, and 


(Uo-n-g] = (Ui-n-g] [Cy] + 


for the head proper. Now at point zero, the head-cylinder junc- 
ture, there results 


ETo | = + 
D 


r 


M, 


s-0 


for the cylinder, and 


for the torus knuckle. 
Likewise at point one, the knuckle-head juncture, there obtains 


ET?*W Use -1 
2 DN, 


or M, 
k-1 
for the knuckle, and 
PLAN SECTION A-A 

ETw = (C,] + ‘-h 

ET?-W Fic. 3 Group Two Heaps By ToriconicaL Heap 
a DN 


V, 
Whence, as before, after the elimination of the constants of inte- 
# 


gration 


for the head. 
Reference to Fig. 3 shows that 


rly 2 1 
mi- s-0 k-0 k-1 h-l 
“he with the result that it is possible to write at once two particular > oy - 
nts relationships —Ur1-0 0 
jon —U3-40 0 x 


U2-x-1, —U2-r-r 


Us+a, 


c,] [C,] = PD? Eee — 


— a 


Ke | [C,] = eal [C,] = PD? = | 
1 Us-n-1 Us-x-1 


Again, the three general and the two particular arrangements 
can be combined 


7. 
+ PD 
0 0 0; U2-0-0 —U 2-4» 
0 0 0; Us-e-0 0 
00 0 0 Ure 

19 0 0 —U 


ol 

Uso} | + | Us 
Ureo| | Use|} 


Pere) 


Therefore the solution for Group Three heads remains the same 


as for Group One heads with the following two exceptions which 2° - oo <t A 
involve changes in only the three entries Ji2, and F2 for the NS | 
cone head at the point zero: x 

h-0 


{U;] = ke + 0.25 sin a) see a 
h-O0 Fin 
h 
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or, in briefer notation osD 
0-s-z = PD* 


The solution for Group Two heads, embracing particular re- 
sults for cylinders, is shown in expanded notation in Fig. 7. yn 
Group Three Heads. Reference to Fig. 4 shows that the gen- — 
eral relationships for the seven unknowns remain the same as =f 
for Group One heads, but that continuity at the cone-cylinder 7 Ot 
juncture requires the following equality: 


DN, DN,’ 


s-0 h-0 
Further reference to Fig. 4 shows that a. 


Nr-n-o = N'r-n-0 Cos a — 0.25 PD sin a 


or 
os ’r-n-o = DNr-n-o sec a + 0.25 PD* tan a 


Now DN,_»-» remains the same as for Group One heads 


[DN,] = Un-v-0, Cr» | + PD? [Foo] SECTIONAL! ELEVATION 
h-0 Con h-0 
PLAN SECTION A-A 
[DN,'] = sec a, Ii2-n-0 sec 
h-0 Cor Fic. 4 Group Turer, Contcat Heaps 


tae + PD? F, sec + 0.25 t 05D 


/ 


This solution for Group Three heads in expanded notation is 
shown in Fig. 6, along with that for Group One heads, because 
of the very slight changes involved. 

Group Four Heads. An examination of Fig. 5 shows that this _ 
head classification differs from Group One heads in the same 
manner almost as Group Three heads. The general relationships ‘ 
remain the same as those for Group One heads, but continuity 
at the dise-cylinder juncture requires the following equality: ; 


ET*W ET?-W 


ETw | =[ ETw' 


PLAN SECTION A-A 


Sc-s-x 


Fic. 5 Group Four, Tatck Disc Heaps 


an 


= Nrs-o | 
= r-h-o Point Zero | 
4 Mrh-o | 
44 \y | 7 
Wh-o / MMW \ Sem 
a 


: 
WATTS, BURROWS—BASIC ELASTIC THEORY OF VESSEL HEADS UNDER INTERNAL PRESSURE 


0.5 m*(D/t)Anz 0.5 m*(D/t)Diz | 
m*(D/t)®-5 Snz m*(D/t)®-5 Caz 
—2m(D/t)®-® Caz 2m(D/t)°5 Siz 
—Ar 
= S; h-0 
0 0 
m*(D/t)Anz m?(D/t) Daz 


(1 — — r/D) 0 
= | — '/,.ET*W 12(1 — pw) (D/t) (t/T) —r/D) 


Reference again to Fig. 5 shows that : = ; 


W'n-o = — 


DS, 


0 


Now the relationships involved are given by 


—6(1 — (D/t)? — r/D)? — 
ETw =f/, + [Us] = ‘ae (2—)- 

= 


that 


ETw’ = 
ET?!W 
DN,’ Tx —0.75 (1 — u*) (D/t) (t/T) — r/D)? 
LM,’ 26 —0.5 — r/D) 
(D/t) (t/T)’ (D/t) (t/T) —0.0625 (3 + ('/2— r/D)? 
—0.0625 (1 + 3u) ('/2 — r/D)* 


+ PD? Foo — '/2F 10 0 


Me 


/T) 


This has been done in Figs. 6, 7, and 8. 


DIMENSIONLESS EXPRESSIONS FOR JUNCTURE STRESSES AND 
DEFORMATIONS 


An examination of Figs. 6, 7, and 8 shows that the form of 


ie : : the results is such that they can be very well expressed as follows 
i : e Ale Ih— for the cylinder and for the six head shapes: 
6 


DN, 


(D/t) wry ((/T) | lM, 


DS, 
Uj 
h-0 Fe ] 


identics al with those for One 
Results for Semi-Infinite Cylinder and Thick Flat Disc. The >: 
form of these results is so well known that they can be substituted 


into the general results at this time from the following expres- 
sions: 


where ¢ is to be replaced by y for conical heads. The Q’s are seen 
to be dimensionless number values when computed. Stress 
Po _ and deformation relationships can now be written down at once 
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for the cylinder and for the heads in accordance with the follow- 


ing tabulation: 


Axial rotation 


Radial deformation (w/D) H 


Shear stress index 

Axial tension stress index - 

Circumferential tension stress 
index 


Axial moment stress index 
Circumferential moment stress 
index 
_ Axial deformation, dise (w/D) 


and these expressions serve in the computation of the critical 

stress and critical shear stress indexes that can be exhibited by 

graphs or tables for the use of designers. 
Critical stress index equals 


=< 


or 
|2(t/T)Qs-n¢| + |12(D/t) maximum 


or 


\2Q;-+-2| + |12(D/t)Qs-.-2| maximum 


+ |12(D/t) maximum 


whichever is the greatest. 
Critical shear stress index equals 


8Qs-s-2! maximum 
or 


|3(t/T)Qs-n-¢|maximum 


whichever is the greater. 


SumMary oF BounpDARY PROBLEM SOLUTIONS 


An examination of the results just obtained shows that they 
are well indicated by two basic general formulas: the first apply- 
ing to Groups One, Three, and Four heads; the second for Group 
Two heads. 


As previously written, these are 


Uo-s-z = PD z 0 
| 0 Ui-n¢ 


and it is essential to emphasize that by their means the boundary 
problem is completely solved. The first is expanded in Figs. 6 
and 8; the second in Fig. 7. They are for heads composed of 
two and three parts, respectively, and it can be seen that they 
are closely related in form. In fact, one can be written from 
the other on the basis of inspection, and through inductive 
reasoning. it is obvious that formulas for heads consisting of 
four or more parts can be written down at once. Furthermore, 
it will be observed that changes in the Q’s with respect to changes 
of the general points z or ¢, relative to the juncture, are dependent 
upon changes in U; and U, only for the points in question, and not 
upon U; which is constant for any given head shape. This con- 
cept will be helpful in determining whether the critical stress is 


Cylinder 


(P/E) (D/t)Qi-.-« 
(P/E) (D 


12(D/t)Qs-s-2 
12(D/t)Qs-»-z 


Ueow = PD U; -s-—z 0 0 
Uo-k-o 0 Ui-x-¢ 0 
Uo-n-¢ 0 0 Ui-nr¢ 


actually at the juncture, or is located somewhere near the junc- 
ture. 


Head 


(P/E) (D/t) (t/T)Q:-n-¢ 
(P/E) (D/t)? (t/T)*Q2-n-¢ 


2Q6-s-2 2(t/ T )Qe-n- 


12(D/t) (t/T)?Qs-n-¢ 


2(t/T)Qz-n-¢ 
12(D/t) 


(P/E) (D/t) (t/T)Qs-n-+ 

A considerable amount of future study is required to decide 
many of these details, but this should prove easy because the 
derivatives of matrices consist of the derivatives of their terms. 
A little consideration will also reveal the additional fact that if 
the two boundaries of any head part, interposed somewhere 
between the semi-infinite cylinder and the complete head, are 


sufficiently far apart so that either one ceases to affect the other 


materially, then the matrix U; will separate into distinct parts. 
The process will be automatic due to the presence of zeros, but 
this is the explanation. 


NOTE ON INVERSION OF JUNCTURE MATRIX 


In the foregoing work, the juncture column matrix U; is de- 
veloped from other matrices, one of which requires inversion in 
the actual calculations. This inversion can be done in a variety 
of ways leading, of course, to the same result. There is always 
available the fundamental method. Another good procedure is 
that of submatrices. The selection of the best way in any par- 
ticular case is, nevertheless, a problem for the computer (22, 
26, 43), and will not be given further consideration in this dis- 
cussion beyond that required by the numerical example ap- 
pended. It may involve matrix algebra or special machine com- 
putations or similar methods. However, for the purpose of 
checking the work of inversion, it should be remembered that 
the product of a matrix by its inverse produces a unit matrix. 
In this way numerical results can be verified easily. A method 
is also available to increase the number of accurate decimal 
places, when such a procedure is required (26) because of the 
entry of differences into the calculations. 


0) Us-n 


U; s—)-1 + U's = PD Q, 
U7-x-0-1 Us-k-o 
Us-n-e Q, 


Notes ON TABULATING AND GRAPHING CRITICAL” STRESSES 


It will be observed that the dimensionless shape factors for 
both hemispherical heads and thick flat heads are only two in 
number and consist in both cases of D/t and t/T. Hence it is 
possible to graph critical-stress information for these two types 
of heads very easily. The ordinate scale can be used for the 
critical-stress index and the abscissa scale can be used for D/t. A 
system of curves, one for each value of t/7,, will then completely 
indicate the relationship. Furthermore, if it is found that the 
critical stress does not occur at the juncture, then its location 
can be indicated by a second system of t/T curves employing the 
same abscissa scale D/t and a new ordinate scale showing dis- 
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tances (dimensionless) from the juncture (zero point) along the 
cylinder and along the head. Fig. 9 shows indicatively how this 
can be done for hemispherical and thick disc heads to develop 
engineering standards. 

Exactly the same type of plotting can be done in the case of 
ellipsoidal and conical heads with the exception that a separate 
graph will have to be made for each ratio of major and minor 
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A REPRESENTATION OF THIS TYPE ae emit! 
(S POSSIBLE IF THE CRITICAL STRESSES 
ss DO NOT OCCUR AT THE HEMISPHERE- 
CYLINDER JUNCTURE 
Fic. 9 SHowrne How Srress InrorMATION CaN Be GRAPHED fig. 10 SHOWING AND DEFORMATION OF SHELL 
FOR HEMISPHERICAL Heaps AND Fiat Disc Heaps, ALSO FOR 


HEADS AND ConicaL Heaps 


axes 8 under consideration for ellipsoidal heads, and each value 
of one half the total apex angle a under consideration for conical 
heads. 

In the case of toriconical heads and torispherical heads, no 
really practical graphical method has yet been discovered to 
i show the relationship among the four dimensionless shape parame- 

ters involved, but tabulation should give reasonably usable 

results if due consideration is given to proper arrangement, and 

graphical results appear hopeful through the possible reduction 
J in the number of dimensionless variables. 

- While exhaustive consideration has not been given to these 
matters, the useful range of D/t probably now extends from about 
5 to 500. If the critical stresses for a reasonable number of heads 
lying in this range, and within practical ranges for the other 
dimensionless parameters, are given, then the critical stress for 
te a any actual head can be estimated by the interpolation of the com- 
a puted results. 

It is possible that superior graphical methods can, in the future, 
be brought to bear on the solution of this problem of the exhibi- 
tion of results. The linear nature of the solutions, and the 
a dimensionless parameters involved, both indicate the possibilities 
of improvements, and investigations along this line are under 
way. But no important results, better than those of Fig. 9, are 
now completed. 


Love’s Basic THEORY OF SYMMETRICAL SHELLS : 


ss Tn the foregoing exposition of the solution of the boundary 


ELEMENT 


problem, general expressions for either the seven or eight stress 
and deformation relationships for each head form are introduced 
into the development without the explanation of a formal deriva- 
tion either for the general form or for particular values. This 
previous deficiency will now be supplied in tabular form, in 
Table 1, and subsequent tables, and the complete determination 
of the expressions that are pertinent to this discussion will be 
recgrded to the degree that they are now known. Nearly all of 
the “following results of theoretical analyses have been in the 
literature for a considerable period. However, little if any prior 
progress has been made toward reducing their complexity and 
giving them engineering utility. Because of this continued 
failure to attain effective and usable results, the theory 
has gradually gained the reputation that it is impractical. 
Hence in the discussion here, the presentation of these mathe- 
matical analyses is intentionally, and with good reason, made 
subsequent to the complete solution of the boundary problem. 
This will tend to correct this improper impression by -showing, 
even before they are exhibited, that these theoretical elastic 
analyses actually have a practical application in the production 
of useful graphical and tabular information through the use o! 
formulas shown in Figs. 6, 7, and 8. Obviously, such results, once 
they are obtained, and exhibited as suggested in Fig. 9, can be 
_ applied rapidly in an easy manner that without doubt will be 


sufficiently helpful to practicing engineers to compensate et- 


tirely for the tedium of effort required for their establishment. — 
The following is a brief explanation of Table 1, and also 0! 
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ELASTIG THEORY OF UNIFORMLY THICK 
AXIALLY SYMMETRICAL SHELLS 
UNDER INTERNAL PRESSURE 


4 


GENERAL SHAPE 


CYLINDER 


THICK DISC 


SPECIFIC SHAPE 


UNDER CONSIDERATION 


SEMI-INFINITE 
CYLINDRICAL SHELL 


COMPLETE 
THICK DISC HEAD 


REFERENCES 


SEE ALSO FIGS. 1 end 10 


3,13,14,16,20,21,23 
Fig 2 


3,14,23,42 
Fig 5 


VARIABLE 


> 
OOIFFERENTIAL 


90° Sin = 1 
R,d@=dx Cos9=0 6=0 Sin8 = 0 
PARTICULAR ase on R,d@= dR Cos@= 1 
4 050 Cot@= 0 R,= @ Ton = 0 
VALUES t designates cylinder =@ R.= @ Cot@ 
thickness in place of CscO= 1 R.Sn@=R SecO= 1 
T representing head (Et*/m4) =(ETm*) 
thickness 
5 D/t, x/D D/t,1/T, 
INDEPENDENT 6 


RELATIONSHIPS 


— 


Ni, - 2(S,/0) = - P 
0 
S,= + 
E't( 


-M.-N,R=0 


S, = E' TLS 
= 
M.= (wR) 


DIFFERENTIAL 
EQUATIONS 


‘We an*w=o 


nt= 1?) 


W+(G/R)- (u/R*) = 0 


20 WR) - (WR®) + (WAR?) = 


WITH INTERNAL 
PRESSURE 


DS, = 0.25Pp* 

W= + 

W= + Col-nAz,) 

W= + 

nx = 


9: 
yw = C[R*-(D/2)"} + (0/2) 
= Cp(2R) + 
= C,(2)+ 
= 3(P/8)R 


GENERAL 
RELATIONSHIPS 


10 


= 
= 

ON, = Dy'W 

= 

Me = 

0S, = 0.25P0* 

DS, = 


=€Tu 

Me = 

Me = 

DS, = 

DS, = 

ETw = ETw 


| 
va- PRIMITIVES 
“2 2 0° -s 2 00 h ; 
FORM OF ON, | | te = Ses 
M, I, I, Fyo M, I I F. 2 = 


TABLE CON'T 
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GENERAL SHAPE ENTRY 


CONE 


SPHERE 


SPECIFIC SHAPE 
UNDER CONSIDERATION 2 


COMPLETE 
CONICAL HEAD 


COMPLETE 
HEMISPHERICAL HEAD 


CscO= Seca 


REFERENCES 3,6,7,9,10,13,16,18, 20,23,24,34,37,40 3,5,6,7,6,13,16, 20,23, 26, 30, 31,33, 
SEE ALSO FIGS. 1 end 10 3 Fig. 4 35,36,38,41 Fig 2 
@=90°-a SinO= Cosa @=90°-¢ ‘ 
PARTICULAR Sina R,= 0.5D 
4 R, = Ton@= Cot a 0.50 
VALUES R,=zTona Cot@= Tona m= 


D/t, t/T, y/D, « 


D/t, t/T, ¢ 


z:O050Csca-y 


9+ 90°- ¢ 


DIFFERENTIAL 


RELATIONSHIPS 7 


- 

V-s, = -Pz Tana 
Tana - M,.Tana-V =0 

S, = ay) 

a)) 
W+y(W/2)) 

(w/2)) 

= (u+wCot a) Sing 

Vv =N,z Tana 


S-ReSin8 - =O 
=-PR-R,Sin® w= [(u-#)/R,) 
Sind - = 0 V = NR, 


@ = (w+ uCoth)Sin8 


Se = wld + Ry = Tand 


M, = W + u(R,/R,)WCot 


S, = (E'T/R,)[(0 + w) + /ReMw+uCot 
= pW + (R,/Re) W Cot 8) ' 


DIFFERENTIAL 
EQUATIONS 


(S, Cot a -N,)z = Pz 
L(V) +E TWCot a =-15PzrTana 
L(W)-(Wy) Cot a = 0 


L(V) = 2V4V- (Wz) 


+0 SDIET)W = 0 
0.5(D/y)V = 0 


| 


DS, = DN, Tan + O.5PD*(2/D) Tana 


+ 


OS, = DN, Tan +0 25P0* 
V = (Cos Sin FA, + $85) 


DS, DV+PD*[(z/D) Tana) 


ET? W= eT? [Cos 4+ Sin 
= C,(m*Bei,C) + C,(-m* Ber, 4+ Sin 
PRIMITIVES 9 Ton? a] 585) 
ETW = ETW = 
ET*w eT*w=€T*w 
ON, =[W(z/D)) Cota =2V 
GENERAL 10 M, = M, 
RELATIONSHIPS OS, ON-Tana +P0*[0.5(z/D) Tana) DS, DN,Tan@+0.25PD" 


OS, *2¥+0.25PD* 


DIMENSIONLESS 
VARIABLES 
INDEPENDENT 
VARIABLE 
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TABLE 4 CON'T 


GENERAL SHAPE | ENTRY 


ELLIPSOID 


TORUS 


SPECIFIC SHAPE 
UNDER CONSIDERATION 2 


COMPLETE 
ELLIPSOIDAL HEAD 


CONVEX HEAD 
KNUCKLE 


REFERENCES 


SEE ALSO FIGS. 1 ond 10 


3,7, 13,16, 19,20, 23,25,29,30, 32,39 
Fig. 2 


Fig. 3 


PARTICULAR 
VALUES 


@=90°-¢ 
(iF = [1+ 


B= Semi-Maror Axis 
Semi-Minor Axis 


Ave = 8 
=8 


8=90°-¢ 

R,= K 

K(1+ACsc 8) = 
K+\K=05D 

1+ACsc = (€/€') 
€ 


DIMENSIONLESS 
VARIABLES 


D/t, t/T, ¢, B 


D/t, t/T, K/D, ¢ 


INDEPENDENT 
VARIABLE 


9=90°-¢ 


DIFFERENTIAL 
RELATIONSHIPS 


Sind - =O 


S, = (E'T/R,)[ (0 + w) 
Se = (E'W/R, + w)+ (R,/ReMw+ uCotO)) 
M, = (W/RIC W +2 (R,/R,)WCot 6] 
M, = (R,/R,)W Cot 


w = [(u-#)/R,) 

Vv =N,R, 

@ = 
R, = +R, Tan@ 


DIFFERENTIAL 
EQUATIONS 


(S, - N,Cos 8) 3 Sin 8 = 0.5PD83'Sin8 Cos 


OS5D(ETS)w = 0.125 1-v2)Cotd 
= 0 


v®L(v)= V+[(3-2v2)Cot8 Cot? @ 


(S, Sin8 - N, Sin8 = O.5PDEE Sin8 Cés 0 
L(V)+pV+ O.SD(ETE')W = 0.125PD%(E-€')€(1-2 8) Cot 
= 

Lev) = + V cot 8- (€/€ Cot? 


COMPLETE 
PRIMITIVES 
CONSISTENT 
WITH INTERNAL 
PRESSURE 


DS, = DN, Tang +0.25P0°8 
Other integrals not 
determined except 
at B= O° where 


DS, ON, Tang + 
* J] 
0.125PD*A€E' Sing Cos 


ETW = 

eT*w 

DN, 2(w8) 

M, 
DS, = DN-Tang+0.25P0"8 

Ds, = 


ETW = 

ET*w 

ONe * 2(WE) 
= + (WE) Tang) 
DN, Tang +0.25P0°E 
= 2(Wé')+ 0.25PD"€(1- Sec gp) 
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Approximate formulas, 


— Relations between second and zero order functions 


TABLE 2 VALUES FOR COMPLETE CONICAL HEADS 


(2/0) Bei't - Berl 


-(2/0) Ber't- Beil 


Ber}C= (2/t) Berl- - Beit” 
Bei = (2/0) Bei C- Beit (2/t)* Ber't” 


C greater than to 


= 0398942078 %e 


= Sin(40. 514230 - 22.5)° 


Sin(40.51423¢ 22.5)° 


= Sin(40.51423f - 67.5)° 


Sin(40.51423¢ * 67.5)° 


= Sin(40.51423C *112.5)° 


Re 


ference: 37, 40 


Ber, = -MC(O.75N, - 16750 No 
TABLE 3 VALUES FOR COMPLETE 
Bein = * 0.1250 N,-0.75Nq* 20Ng) 
Ber, = M,(I.5N,- 3.750N,¢ 2.375 SPHERICAL HEADS 
Bei, = M, (2 375 0.25¢ ISN, 4CNs) satisfactory to (D/T)= 50 ond ¢ o° 
TABLE 4 VALUES FOR COMPLETE ALN, BLM, 
ELLIPSOIDAL HEADS AT = 0° 
ip A,=1 ; B20 
A 
VALUES OF COMPLEMENTARY (My = 
ONE | TWO | THREE FOUR | 
TABLE 5 VALUES FOR TORUS KNUCKLES 
+5 
= + A, * (Q,),. m 
6, = B,.,(Q)),., 2‘“3/n-2 2 ‘“a!n-2 — (Qo), ko) - Cos ¢) 
Cc, = (RD, D,. (Ra), (Qs) nin +8) + 5 Cos 
€ 
m 
Ay = Co zs i Bo = Do Eo Fo (Rod, 2(n+1)(n+0.5)( h*1) Cos $) 
TSingcosg = 1-ACosp-2 Cos? ¢ me 2 
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supplementary Tables 2, 3, 4, and 5. References given in these 
tables are not necessarily duplicated. 

1 The differential relationships for symmetrical curved 
shells, established by A. E. H. Love, and simplified by the assump- 
tions of uniform thickness and the restriction of load to internal 
pressure, are shown as common to the sphere, ellipsoid, and 
torus in Entry 7. 

2 Through particular values peculiar to each shell shape, 
limiting differential relationships are obtained for the cylinder, 
thick disc, and cone from Love’s fundamental relationships. 
Systems of differential equations are then derived for each of the 
six shell shapes both from the limiting and from the fundamental 
differential relationships. 

3 The arrangements of these differential equations follow 
proposals of Meissner who also demonstrated the conditions 
under which the fourth order linear differential equations can 
be reduced by factoring to second order equations (6, 7). 

4 It will be observed that the differential equations for the 
cylinder and for the thick dise are identical with well-known re- 
sults for these two sk “Il shapes. 

5 The differential equations for the cylinder and for the 
thick dise have primitives in terms of well-known functions. 
Those for the cone, sphere, ellipsoid, and torus, however, are 
developed in terms of infinite power series. A second order equa- 
tion in W is obtained for the cone, sphere, and torus, but the 
fourth order equation for the ellipsoid cannot be so reduced, ap- 
parently. 

6 The second order differential equation for the sphere has 
been transformed to the hypergeometric form with the result 
that solutions without logarithms can be written down at once. 
The convergence of the hypergeometric series so obtained has 
been improved materially by the supplementary use of one of 
Kummer’s quadratic transformations (36), suggested by Dr. 
Walter Bartky (41). However, these methods do not produce 
series that are convergent in a practical sense for the full range of 
6 equals 0 to 90 deg for values of D/t much in excess of 50. Very 
probably integration in steps between @ equals 0 and 90 deg will 
overcome this difficulty. 

7 The method of Frobenius has been applied to the fourth 
order differential equation for the ellipsoidal head, but series that 
are convergent in the practical sense have not been obtained at 
this time with this procedure (25). However, as shown in Table 
4, these results have given values at @ equals 0 deg (center of the 
ellipsoidal head), and these indicate that the third and fourth 
constants of integration must be suppressed for complete heads. 
This is true likewise for all other complete heads under considera- 
tion here, as well as for the semi-infinite cylinder. A number 
of methods undoubtedly will give the results needed for ellip- 
soidal heads at @ equals 90 deg. The selection of the best proced- 
ure is now under consideration. 

8 For the torus knuckle, Meissner’s form of differential 
equation has been integrated in series of a type that appears to 
be convergent in the range of practical dimensions (11, 12). 

9 All differential equations are linear with the load appear- 
ing only in the particular integrals. 

10 General stress and deformation relationships can be de- 
veloped for each shell shape from the original differential rela- 
tionships for these shapes. Such results are shown in Entry 10. 

11 When the solutions of the differential equations are sub- 
stituted into the general relationships of Entry 10, these general 
relationships take the form shown in Entry 11. It will be ob- 
served that these forms are similar for all the shell shapes, and 
that all parts can be determined from the information in the 
tables, or can be considered known, with the exception of the 
constants of integration. 

12 It will also be observed that the forms of these solutions 
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are such that they can be introduced directly into the boundary 
solutions when a matrix method of presentation is followed. The 
boundary solutions eliminate the constants of integration. The 
arrangement is well suited for the attainment of the most simple 
expressions for the complementary function integrals through 
variation of the constants or through the substitution of linear 


Computations in the appended numerical example have been 
completed for a particular thick dise head chosen at random. 
The dimensions selected are D/t equals 50, and ¢t/T equals 
0.3. The critical stress is found to be axial stress in the cylinder 
at its juncture with the head. Its value is determined to be 
7.923 times the circumferential stress in the cylinder at a point 
sufficiently far from the head juncture to be beyond the influence 
of boundary effects. a 


NummRICAL EXAMPLE 
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NUMERICAL EXAMPLE: THICK DISCHEAD 3 


(D/t) = 50; (t/T) = 0.3; 0-9 
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ei By J. M. KLITCHIEFF,! 


The stability of plates reinforced by a large number of 
transverse ribs and subjected to compressive loading is 
considered. An expression is developed which gives di- — 
rectly the required rigidity of the ribs by transformation 
of the expression for critical compressive forces previously 
developed by S. Timoshenko. Use of trigonometric series 
is made to calculate effective width of plate. A numeri- 
cal example is given to compare the results of the method 
with Lloyd’s Rules (1931-1932) used in cargo-ship design. 
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metric series which satisfies the boundary conditions for a simply 
then 


a b 


n=1 


The only lateral load to be considered here is the pressure of j — | 
transverse ribs rigidly connected to the plate. This pressure is 
equal and opposite to the pressure exerted by the plate on Nic 


The following nomenclature is used in the paper: | ae 
z,y = rectangular co-ordinates in plane of plate ! + —— 
2s, = effective width of plate lta, tt 
2t = ribwidth > | = b 
p pressure exerted by rib on plate we + 
h = thickness of plate q— aoe 
v = Poisson’sratio = 0.3 for steel 2 jr2 jet 
12(1 — v?) 
I = moment of inertia of cross section of rib Tl 
N, = resultant compressive forces per unit width in middle 1 Dr |! 7 
Ncr = critical compressive forces per unit width in middle Fic. 1 
plane of plate 
u = displacement of plate in z-direction ribs. From Equation [2] the usual relation between (w)z =<, 
¢, = stressin x-direction i.e., between the deflection of the rib number ¢ and the load dis 
= stress in y-direction tributed along its length, gives the following expression for tli 
t = Shearing stress in zy plane 7 pressure p, exerted by the rib 
CriticaL ComPRESSIVE Force 


The differential equation of the deflection surface of a rectangu- 
lar plate, Fig. 1, subjected to any distributed lateral load g 


and compressed in its middle plane by forces N, uniformly dis- _ 


tributed along sides x 
equation 


= 0 and z = a may be expressed by the 


Assuming the deflection can be expressed by a double trigono- 
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where 2¢ denotes the width of the ribs. The distributed load ¢ 
can then be represented by the trigonometric series 


4 krt kare; kez 
= - Pi —— 
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t=1 
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Presuming t/a to be very small and replacing sin - by og Kiqus- 


tion [3] may be combined to give 
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By substituting this expression in Equation [1] and assuming 

that the reinforced plate buckles into one half wave in the trans- 

verse direction, i.e., n = 1, the equation for determining the 
critical value of the compressive force Ne x is obtained 
j-1 

mre 
a,,(m? + + a, sin sin 
a a a 


kre; 
—— = )dmia,,.. [4] 


t=1 


The second subscript in coefficients a,,,, is here omitted and the 
following notations introduced 


Equation [4] was established by S. Timoshenko in 1915 by using 
the energy method and applied to the cases of one and of three 
equidistant ribs. By calculating the critical forces corresponding 
to gradually increasing rib rigidity, he obtained the rigidity re- 
quired for the ribs to become nodal lines of the buckled plate. 
These investigations were applied later by many authors to prob- 
lems in civil engineering. If applied directly to problems in 
naval architecture, where the number of ribs is usually large, the 
method requires a considerable amount of computation. In the 
following discussion it will be shown that after transformation 
' Equation [4] gives directly the limiting value of the required 
rigidity of ribs in a general form suitable for practical use. 


([RANSFORMATION OF THE EXPRESSION FOR CRITICAL COMPRES- 
SIVE Force 


If the ribs are equidistant, c, can be replaced by a;/j and 
Fiquation [4] becomes 


a,,(m? + 82)? + 26 pa a, Zz. sin —— sin — 
t=] 


The sum 


i(k — m)x 


is equal to zero if m or k is a multiple of 7. To determine its 
value corresponding to other values of m and k, use may be made 
of the following known formula for trigonometric polynomials 
n 
11 sin (n + '/2)0 
cos i@ = — + — 
272° sin'/0 
Thus expression [8] is equal to j if k = m + 2nj and equal to 
—j if k = —m + 2nj where n is any integer making & positive. 
For all other values of &, it is equal to zero. 
For values of m which are multiples of j, a group of independent 
equations are obtained from Equation [7] 


(129? + = 127%, (24% + 6%)? = 24%,....,.... 


which determine the critical forces corresponding to buckling of 
the plate into j, 2j,.. half waves. The smallest value 
is given by the first of the equations, i.e., buckling into 7 half 


1 
dj + 


For values of m which are not multiples of j, a group of homo- 
geneous linear equations in the coefficients a,, are obtained from 
Equation [7]. These equations can be divided into j — 1 inde- 
pendent systems, the determinants of which must be equal 
to zero. Hence there are j — 1 equations determining the criti- 
cal forces corresponding to buckling of the plate into 1, 2, 

(j — 1) half waves. The equation for buckling into, say, 7 — r 
half waves [r = 1,2, (j — 1)] would be 


G—n +ja 


+ 
ja 


je 
—jw 


((3j — r)* + — + 


The condition has been prescribed such that the ribs must be 
rigid enough to become the nodal lines of the buckled plate. 
This means that none of the critical forces determined by the 
equations of type [10] may be smaller than the force determined 
by Equation [9]. By introducing the value of \ from Equa- 
tion [9] into Equation [10], there result 7 — 1 limiting values of 
& corresponding tor = 1, 2, 

Equation [10] becomes 


+ 


—je 


ja 
= 


=0 


4 


— (37 — r)* — + jo 


Retaining n pairs of columns and n pairs of lines in the deter- 
minant, the constituents of every column are added to the con- 
stituents of the foregoing column. Then the determinant may 
be expanded by reference to the constituents of the last column 
and by increasing n to ~ to obtain 


1 \ 
[(s7 r)? [(s7 r)? 1 
where 


‘The first term of the sum within the brackets is negative; all 
others are positive. Thus the equation can be written in the 
form 


(47? r®)[(j? — — 2(j? + r2)a? + at} 
+ r? — a?) 


a(1— R) = 


= 
i 
, 
2 4 sin — sin — = where > 
= 
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Since the greatest value of R (corresponding to r = 1) is smaller 
than 


s=3 


— 1) — 1)? — 2G? + 1a? + a] 


< 0.026 


it can be omitted in Equation [13]. 
of & corresponding to r = 1 is? 


Hence the greatest value 


+ 1 — 


and the moment of inertia J of the rib cross section is determined 
by Equation [5}. 

Since the ribs are closely connected to the plate, a portion of 
the plate must be considered in calculating J and will now be 
considered. 


EFFECTIVE WIDTH OF PLATE 


P. F. Papkovich (1)* has investigated the question of the ef- 
fective width of the flanges using the expression for the load dis- 
tributed along the length of the beam by trigonometric series. 
It was assumed in the foregoing that the reinforced plate buckles 
in the transverse direction in one half wave and the deflection 
curve becomes sinusoidal. Therefore Papkovich’s solution can 
be applied directly to the case under consideration if the first 
term only of his series is taken. Thus the stress function for 
the plate, Fig. 2, will be 


@ = f(z) sin™ 


where the constants A, B, C, D are to be determined from the 
boundary conditions on the sides z = 0 and z = 2 of the plate. © 


- Due to symmetry, the conditions on the side z = O are r = 
0% 


= and u = Owhere 


E rae 


denotes the displacement of a point in the z-direction. Condi- 


2, 
tions on the sidez = sareu = = = csin where 


Oxdy b 

cdenotesaconstant. It follows that 

* Equation [13] was obtained from Equation [12] by retaining two 
terms corresponding tos = 1. Its accuracy is quite sufficient, but it 
would be incorrect to retain only one congredient in the determinant. 
The ratio of the second term in Equation [12] to the absolute value 
of the first term is — 1) [(j— 1)? — + 1) [(j + 1)?— 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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ifo\*? e 
~ a i_ inh 6 — 6 h 
( v) sin (1 + v) @ cosh 0? 


1+. 
2 x/ sinh 6 
where 


Thus the normal stress o, = > at a point of the cross section 


B=0, C=0, D= 


of the plate is 


2 
= \4 cosh ry +D (2 cosh > + cos 


and the effective width of the flanges 2s can be calculated as 


2 f 4 sinh* 
(3 +») sinh cosh — (1 + 


23; 


NUMERICAL EXAMPLE 


As a numerical example to illustrate the theory, a cargo ship 
has been selected from a known textbook of naval architecture 
(2). The principal dimensions of the ship are 350 ft < 50 ft 
6in. X 31 ft. The part of the deck plating considered amidships 
is 28 ft long (from bulkhead to the presumably very rigid beam 
on the web frame) and 12 ft 6 in. wide from side plating to the 
very rigid longitudinal girder connected with the coaming. 
According to Lloyd’s Rules (1931-1932) the frame spacing is 
28 in., the deck-plating 0.46 in. thick, and the ribs are bulb 
angles 7!/,in. X 3!/2in. X 0.44 in. on every frame. From Equa- 
tions [11] and [14] and taking 7 = 12and 6 = 2.24 


The limiting value of the moment of inertia of the cross section 

of the rib from Equation [5] with »y = 0.3 is therefore J = 80 in.‘ 

The effective width of the flanges from Equations [15] and [16] is 
6 = 0.293 


Since the width of the flanges of the bulb angle is more than 2 in., 
the entire width of the plate, i.e., 28 in., can be taken in calculating 
I of the rib. Thus the moment of inertia of the rib and plate 
is J = 89 in.‘ which can hardly be considered adequate. 

The critical compressive stress of the plate is determined by 
Equations [9] and (6]. With E = 12,700 tons per sq in. and 
Aw = 154, then Nor/h = 3.3 tons per sq in. Since the average 
value of the compressive stress at the deck plating in the stand- 
ard sagging condition for merchant vessels is more than 7 tons 
per sq in., the strength of the deck plating as indicated by 
Lloyd’s Rules must be considered as inadequate unless sheathed 
with wood. 


26 in. 
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This paper deals with the general problem of manifolds 
supplying fluids to a set of parallel pipes or ducts, or dis- 
charging through numerous openings distributed along 
the manifold length. Examples are the familiar “pipe 
burner” for gaseous fuels; the manifold of the ‘‘radiant- 
fire’ type of gas burner; headers or manifolds for certain 
types of multitube air heaters; the distributing flues 
above and below the checkers of open-hearth furnaces and 
of glass tanks; furnace combustion chambers containing 
heat ports; distributing pipes in water-filtering systems; 
and many others. The very specialized problem of the 
gasoline-engine manifold is not considered here. 


INTRODUCTION 


fluid flow in a single pipe, the problem of flow in manifolds 

has been almost completely neglected. Few papers on the 
subject have appeared; these deal only with parts of the prob- 
lem, and are scattered. The object of the present paper is to 
assemble the solutions hitherto developed, present new develop- 
ments, and make the results readily applicable for the use of 
designers. The problem may be systematized as follows: 


|: contrast to the concentration of effort on the problem of 


(a) Single Pipe or Duct, With Lateral Discharge Openings: 


1 With constant cross-sectional area of pipe, and uniform dis- 
tribution of holes along the length (or, alternatively, uniform 
width of a continuous slot), what is the distribution of discharge 
along the manifold length? With what factors does the distribu- 
tion vary? 

2 With constant cross-sectional area of the pipe or duct form- 
ing the manifold, what should be the distribution of the discharge 
holes (or alternatively, the width of a continuous slot at various 
points along the length) in order to produce uniform discharge 
per unit of length? 

3 With uniform distribution of constant-diameter holes (or 
alternatively, uniform width of continuous slot), how should the 
cross-sectional area of the manifold vary along its length, in order 
to produce uniform distribution of the discharge? 


(b) Single Manifold, Feeding a Multitube Grid of Pipes: 

1 With constant cross-sectional area of manifold, feeding 
pipes of equal area and length, uniformly distributed along the 
manifold length, what is the variation of discharge among the 
multiplicity of pipes? 

2 How should the minimum opening into the various pipes 
be varied, in order to produce equal discharge through all pipes? 


(c) Inlet Manifold and Discharge Manifold, Connected by a 
Multitube Grid of Pipes: 


1 For most nearly uniform distribution, should the inlet and 
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The Manitold Problem 


By J. D. KELLER,' PITTSBURGH, PA. 


a+ 


the outlet be at the same ends of the two manifolds or at opposite 
ends? 

2 Sameas (bd) 1. 

3 Sameas (bd) 2. 


There are only two important factors which determine the dis- 
tribution of flow in and from manifolds; these are (1) inertia 
and (2) friction. The former corresponds to change of velocity 
head. In general, as the fluid flows along the manifold its longi- 
tudinal velocity decreases, due to part of the fluid volume being 
discharged laterally through the openings. Therefore the fluid 
in the manifold is being decelerated and, in accordance with 
Bernoulli’s theorem, this tends to increase the fluid pressure. 
Friction, on the other hand, results in loss of pressure along the 
length. The relative magnitudes of the pressure regain due to 
deceleration and the pressure loss due to friction determine 
whether the pressure rises or falls from the inlet end to the closed 
or dead end of the manifold. In cases where the cross section of 
the manifold can be varied, it is usually possible so to proportion 
the area along the length that the two opposing factors just bal- 
ance and the pressure remains constant at all points, resulting 
in uniform discharge per unit length. 

In the derivations it is postulated that, in the case of gases, 
pressure variations are sufficiently small that compressibility 
effects can be neglected; also that gravity or buoyancy effects are 
absent. The results will be stated first, and the mathematical 
derivations wil] be given in the Appendix. ; 


ManiroLtp Havinc Unrrorm Cross SEcTION 


It is evident that if the lateral-discharge holes are spaced eloser 
and closer together, they approach, as a limit, a continuous longi- 
tudinal slot. Where the equations can be integrated, it is prefera- 
ble to treat the openings as a continuous slot, but where the 
solution must be obtained by the method of point-by-point sum- 
mation, it is more convenient to consider the separate holes. 


Variation of Discharge With Uniformly Spaced Holes. This 
is the case of the ordinary pipe burner, shown schematically in 
Fig. 1, the discharge holes being evenly spaced along the active 


Dead 
E 


~ 
Direction end 


length L and each hole having the same diameter as all the others, 
There are two dimensionless variables or ratios which define 
such a manifold, namely, the ratio of active length to diameter 
or L/D, and the area ratio, or 


Sum of areas of all discharge openings 
Cross-sectional area of manifold 


Curiously enough, while the effect of the area ratio on the varie- 
tion of discharge along the length is well known, the effect of the 
length/diameter ratio is seldom if ever mentioned. 

For this case or subdivision of the problem, the fundamental 
equation relating pressure and flow to position along the mani- 
fold reduces to a second-order differential equation for which no 
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solution has been found. Therefore it was necessary to assume a 
reasonably large number of holes and calculate the values section 
by section, starting with unit velocity and pressure at the dis- 
charge hole nearest the dead end of the manifold and working back 
from hole to hole toward the inlet end. The numerital work is ex- 
tremely simple, but tedious. The results are shown in the graph, 
Fig. 2, and the derivation is given in the Agpentix. 
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Fie. 2 DistrripuTion oF DiscHaRGE ALONG LENGTH or MANIFOLD 
or ConsTAnt Cross Section; f = 0.00052 


It is, however, easily possible to integrate the equation if fric- 
tion is considered to be absent. The variation of discharge along 
the manifold length then follows simply a partial cosine curve, 
the rate of discharge being maximum at the dead end, or 


con 

sin (kR) L 
where V, is the discharge velocity at distance s from the dead 
end of the manifold having length L, area ratio R, and inlet 
velocity Vo; k being the coefficient of discharge of the holes or 
slot. This equation was given in somewhat different form by 
Enger and Levy.? 

This gives a check on the results obtained by the point-by- 
point method, since the shorter the manifold in relation to its 
diameter, the smaller is the effect of friction in comparison to the 
deceleration regain and the closer does the distribution of dis- 
charge approach the case of no friction. In other words, the curve 
defined by Equation [1] represents the limit toward which the 
actual curve approaches as the friction becomes smaller and 
smaller, or as the L/D ratio decreases toward zero. Thus in 
Fig. 2 it will be seen that the curves for (length/diameter) ratio = 
10 lie only a little above the no-friction curves corresponding to 
Equation [1]. 

In the case of noncircular manifolds, the “aoe diameter” 


or 


4 X cross-sectional area 
takes the place of diameter D in the length/diameter ratio. a 


perimeter 


* ‘Pressures in Manifold Pipes,’’ by M. L. Enger and M. I. Levy, 
Journal of the American Water Works Association, , vol. - 21, May, 
1929, pp. 659-667. 
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The manufacturers of pipe burners ordinarily state that th 
area ratio (that is, the ratio of the sum of areas of all openings to 
the cross-sectional area of the pipe) should not exceed unity; and 
that when this rule is observed the distribution of gas discharge, 
or the height of the flames, wil] be practically uniform along the 
length of the burner pipe. But this takes no account of thie 
effect of variation of the ratio length/diameter. In pipe burners 
the latter ratio ordinarily varies between the limits of 5 and 70, 
the larger ratios being more frequently used. Now it so happens 
that for L/D = 70, the friction practically cancels the decelera- 
tion regain, and the distribution of discharge along the length 
is practically constant, as shown by curve 2 in Fig. 2; the maxi- 
mum variation from the average being only 1'/, per cent, th 
distribution is sufficiently uniform for any practical require- 
ment, when the area ratio is unity. 

For shorter burners, however, the discharge is far from uni- 
form, even if the area ratio is unity, as will be evident from curve 
1, Fig. 2, which corresponds to a length/diameter ratio of 10, by 
no means an unusual ratio in pipe burners. In. this case the 
discharge rate at the inlet end of the burner is 16 per cent less 
than that at the dead end, and 11 per cent less than the average 

Also, as L/D increases above 70, the variation of discharge 
again increases. Curve 3, Fig. 2, calculated by R. W. Powell’ 
for L/D approximately 135, shows a variation of 10 per cent from 
the average, the greatest discharge rate in this case occurring 
at the inlet end. 

For area ratio = 2, (or total area of holes = twice the cross- 
sectional area of the pipe), the variation is much greater, and, 
regardless of the length /diameter ratio, it is not. possible to obtain 
satisfactory uniformity of discharge, as will be evident from Fig. 


3 “Loss of Head Determination in Uniformly Tapped Pipes,"’ by 
R. D. Gladding, Engineering News-Record, vol. 125, November 21, 
1940, p. 697; discussions by W. M. Lansford and R. W. Powell, ibid. 
vol. 126, April 10, 1941, p. 522. / 
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9, Even for the most favorable length ratio, L/D = 70, the 
variation from uniformity is 7 per cent of the average‘(curve 5); 
and for L/D = 10, the discharge rate at the inlet end is only 38.7 
per cent of that at the dead end. 

When the area ratio is increased still further, it can be shown 
on the basis of Equation [1] that, with a discharge coefficient of 
0.62, the discharge rate at the inlet end decreases to zero when the 
area ratio reaches 2.54, in the case of no friction. For still 
larger area ratios, there would actually be reverse flow, or in- 
flow from*the atmosphere into the holes nearest the inlet end. 
Friction has of course an equalizing effect; the greater L/D, the 
greater can the area ratio be made, without this reversal of dis- 
charge occurring. 

Fig. 3(a) is a photograph showing the variation of flame height 
along a pipe burner, of area ratio 2.3 and L/D ratio about 19. 
Fig. 3(b) shows the discharge of water from the same manifold. 


Distribution of Holes Required to Produce Uniform Discharge. 
Frequently it is undesirable or even impossible to vary the cross- 
sectional area of the manifold along its length. In such cases, 
if uniform discharge per unit of length is to be obtained, the dis- 
tribution of the holes must be varied to suit; or, in os case of a 
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*the “radiantfire” type of domestic gas heater. 
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continuous slot, the width of the latter must vary along the mani- 
fold length. 

The results for this case, derived by the method explained in 
the Appendix, are shown in Figs. 4 and 5, for the continuous slot. 
When the area ratio is unity, for short manifolds (L/D = 
the slot at the inlet end should be 13 per cent wider than the aver- 
age; at the dead end, it should be 5°/, per cent narrower than 
the average. For long manifolds (L/D = 80) the required 
variation of slot length is so small that it can be neglected, Fig. 
+, and the slot can be made of uniform width. 

With area ratio = 2, Fig. 5, the required variations of slot 
width are very much larger than for area ratio = unity. For 
short manifolds (L/D = 10), the width of slot at the inlet end 
must be 2.28 times, and at the dead end 0.80 times the average. 
Even for long manifolds (L/D = 80), the slot width must be 
about 12 per cent greater than the average at a point 8 per cent 
of the length from the inlet end. 

For separate holes, instead of a continuous slot, for convenience 
the holes are all made of the same diameter but are spaced closer 
together or further apart, as may be required at different parts of 
the manifold length. The distance apart is inversely as the slot 
width ratios given in Figs. 4 and 5. Since it would usually be 
impracticable to lay off the spaces between holes to a different 
length for each succeeding hole (as would be required for strict 
correspondence with the reciprocals of the values in Figs. 4 and 
5), the holes can be divided into, say, four groups for the entire 
active length of the manifold, each group having a uniform 
spacing equal to the required average for its portion of the length, 
and the number of holes in each group being so chosen that the 
deviation of the end spaces of the group from the exact values 
is about the same for all the groups, whereby the maximum 
deviation is kept as small as possible. To do this required the 
plotting of curves (not shown) of the reciprocals of the values in 
Figs.4 and 5. In that way were obtained the following approxi- 
mate rules for spacing, which can ordinarily be used with suffi- 
cient accuracy: 

For area ratio = unity, L/D = 10, from inlet end for 10 per 
cent of the active length, make the spacing from center to center 
of the holes 90 per cent of the average spacing; from 10 per cent 
to 25 per cent of length, 94 per cent of average; from 25 per 
cent to 60 per cent of length, equal to average; and from 60 
per cent to 100 per cent of the active length, 105 per cent of the 
average spacing. 

For area ratio = 2 and L/D = 10, from inlet end to 10 per 
cent of active length, make spacing (center to center of holes) 
48 per cent of the average spacing; from 10 per cent to 20 per 
cent of length, 68 per cent of average; from 20 per cent to 40 
per cent of length, 92 per cent of average; and from 40 per cent to 
100 per cent of active length, 116 per cent of the average spacing. 

For area ratio = 2 and L/D = 80, from inlet end to 20 per 
cent of active length, make spacing 93 per cent of the average; 
from 20 per cent to 40 per cent of length, 96 per cent of average; 
and from 40 per cent to 100 per cent of active length, 104 per cent 
of the average spacing. 


Manifold of Variable Cross-Sectional Area. Where the cross- 
sectional area of the manifold can be varied along its length, 
the contour can usually be so proportioned that friction loss 
exactly counterbalances deceleration regain at every point. 
Thus the pressure can be caused to remain constant, and the 
discharge uniform, along the length, even for very large area ra- 
tios. A familiar example is the “gooseneck” manifold used in 
This manifold 
is sketched in Fig. 6. 

If friction could be neglected, then the only requirement for 
uniform discharge would be that the longitudinal velocity in the 
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manifold be kept constant, which would be the case if the cross- 
sectional area were made to decrease linearly from the maximum 
at the inlet end to zero at the deadend. In the radiantfire mani- 
fold, which has a rectangular cross section of constant width, 


Manifold 4Gas 
y Nozzle 
Tube ie 


Fic. 6 GooseNEcK MANIFOLD OF RADIANTFIRE HEATER 


this means that the bottom of the manifold would be a sloping 
plane surface. Friction, however, of course upsets this simple 
plan, to a greater extent the greater the relative length. In this 
type of burner or manifold, in order to be applicable to any shape 


of cross section, the length-ratio used is L/W Ao Ao, where Apo is 
cross-sectional area at the inlet end. 

The derivations for the circular cross section, and for the rec- 
tangular cross section with either width or height constant, are 
given in the Appendix. The former is the simpler and gives the 
equation 


= (Dy + fol) 


where D is the diameter (feet) at a distance s (feet) from the 
dead end, in a manifold having Do diameter at the inlet end and 
an active length of L feet; fis the friction coefficient in the well- 
known expression for friction loss 


‘L\ (v2 
Ap; = f (x) [3] 


where Ap, = pressure drop in pounds per square foot in a pipe 
L feet long, and D feet in diameter (actual or hydraulic), with a 
fluid having specific volume v cubic feet per pound, flowing at V 
feet per second. Friction coefficient f of course varies with the 
Reynolds number and to some extent with roughness of pipe, 
but in the present calculations, a constant value of f has been 
used, namely, 0.00052. Gravity acceleration g is 32.2 fps per 
sec. 

It should be noted that the friction coefficient and the length 
ratio are, in a sense, interchangeable. Thus if the friction 
coefficient is smaller than the value used in the calculations, this 
corresponds to a greater length ratio. For example, if the fric- 
tion coefficient in a given manifold is only 90 per cent of 0.00052, 
then for a length ratio L/D = 70 + 90 per cent or 77.8, the same 
curves would apply as for L/D = 70 with the 0.00052 coefficient. 

For the rectangular cross section of constant width (or height) 
b and variable height (or width) h, the value of h must vary with 
s, the distance from the dead end, according to the equation 


h = Se“ 


bs 


E — Kb {ets + KS + —— 


where K = (fg)/(2b), and C is a constant which can easily be 
determined for any numerical] case, since h = the height ho at+ 
the inlet end when s = L. . All dimensions are in feet, for f in the 
units givenin the preceding paragraphs. 


_ ___ Inspite of the widely different forms of Equations [4] and [2], 
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the curves derived from them relating area (x/4D? for the circu- 
lar cross section, bh for the rectangular cross section) to position 
along the length of the manifold, practically coincide for the two 
cases; the difference between them being negligible except near 
the dead end, as the following comparison for a particular ex- 
ample will show: 


—Ratio of area A at s to area Aoat inlet end 
For round cross For rectangular crosg 


Position, measured section, section of constant 
from dead end, see L/V Aq = 10, width, L/-~V/4, = 10 
Fig. 13 Ker d Equation [2] Gees Equation [4] 
s=0.50L & 0.5444 0.5535 
8=0.26L 0.2885 0.2959 
20.102 0.1213 0.1276 


In view of this near coincidence of the two contours, the simpler 
Equation [2] was used to calculate the contours for several ratios 
of L/V Ao. The curves are plotted in Fig. 7. In the case of 
the manifold in Fig. 6, having constant width, the curves in Fig. 
7 weuld represent the contour of the bottom of the manifold 
(internal surface). 
Fraction of Active Length from End 


Friction - 


Area at Any Point 


Fic. 7 Contours or GoosENEcK MANIFOLD FoR CrRCcULAR CROSS 
SECTION 
(Calculated for f = 0.00052 and fg = 0.01674.) 


For L/ V/ A» = 10, which ratio is approximately that of the 
radiantfire manifold, the deviation from the ideal contour for 
the case of no friction, corresponding to the broken line in Fig. 7, 
is so smal] as to be negligible. In the attempt to make a rough 
correction for friction, the thumb rule that the height at the dead 
end should be '/; of that at the inlet end is sometimes used. 
This corresponds to the dot-dash line in Fig. 7, and it will be 
seen that this line agrees fairly well with the curve for L/W Ao - 
30, except for the portion extending about 20 per cent of the 
length from the dead end. For all other ratios, the thumb rule 
is far from correct. : 

For values of L/V Ao above 70 (approximately), the mati- 
fold must actually expand near the inlet end, and for L in/ Av= 
200, this expansion must continue for more than one half of the 
length, as shown by the two lower curves in Fig. 7. 

A fortunate feature in this phase of the problem is the fact 
that the contours are theoretically correct for any value of the 
area ratio 


Sum of areas of al] discharge openings _ 
Cross-sectional area of manifold at inlet end 


Area ratio = 


no matter how large the ratio. In practice, the smaller the ares 
ratio, the less will be the variation from uniformity caused by 
inaccuracies in the actual contour. 

In a case from the author’s practice, for the manifold sketched 


in Fig. 8, the length ratio L/ / Ao was 5, and the area ratio wa 
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3.17. This was a manifold supplying heavy vapors to a number 
of paralle] heating flues. In this case it was extremely important 
that the distribution among the various flues should be very 
even. The frictional resistance in the flues was such as to reduce 


4 
Line of Contour, see Fiq-9: 


EMEVATION -SECTION 


kia. 8 Heatinc Frues anp INLET Maniro_p ror UntrorM Di1s- 
TRIBUTION 


the equivalent area ratio to 2.9. Manifold and flues were made 
of refractories and, for operating reasons, instead of the side of 
the manifold containing the openings being parallel to the direc- 
tion of inflow and the opposite wall being sloped, as in Fig. 7, 
in this case the opposite wall was made parallel to the direction 
of inflow of the vapor at the inlet end, and the wall containing 
the openings was sloped, in effect, as shown in Fig. 8, by causing 
the partition walls between the flues to extend closer to the op- 
posite wall, the further they were from the inlet end. 

Measurements of distribution among the various flues were 
first made on a half-size wooden model, using cold air, and vary- 
ing the velocity (and hence the Reynolds number) over a range 
of 10to 1. The partitions were so arranged that the end of each 
could be moved closer to or farther away from the opposite wall. 
By trial, the best distribution was obtained with the setting shown 
in Fig. 8, corresponding to the solid-line curve in Fig. 9. The 
air distribution among the various flues was then found to be 
uniform within +1 per cent at high velocities and +3 per cent 
at low velocities, the flues near the middle of the manifold length 
having slightly more than the average and those near the ends 
slightly Jess than the average. 

In Fig. 9 the contour as calculated from Equation [4] for 


fo 

ow 

Calculated from Eq.(3), 

__tests of model 

FRACTION OF AcTIVE LENGTH, FROM INLET END 

Fic. 9 CoMPARISON OF CALCULATED AND EXPERIMENTALLY DETER- 


MINED ConTouRs, FOR MANIFOLD SHOWN IN Fia. 8 


L/V Ao = 5is shown by the dotted line, in comparison with the 
contour determined by trial as giving the best distribution. The 
discrepancy between the two contours is noticeable, and is 
thought to have resulted from erratic turbulence caused either 
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by the longitudinally flowing air striking the projecting ends 
of the partition walls, or by the conditions at the entrance to the 
manifold, where (as in the actual oven) the fluid entered from a 
direction perpendicular to the plane of the paper (referring to the 
plan view in Fig. 8), through a sharp right-angle bend. 

The manifold in the actual] oven was then constructed in ac- 
cordance with the proportions determined from the model, and 
was tested with cold air. The same uniformity of distribution 
was obtained as in the mode]. After the oven was in operation, 
it was impracticable to measure the flow of hot vapor through 
the various flues, but the operating results indicated even dis- 
tribution. The only trouble was that the refractory partitions 
“grew” in length after some months of operation, and reduced to 
less than one half, the distance from the opposite wall to the ends 
of the two partition walls nearest the right side in Fig. 8. In 
spite of this, the distribution continued to be good. 


MANIFOLD OF ConsTANT Cross SecTION Supptyinc a 
pucr GRID 


Variation of Flow Through Various Ducts. It is assumed 
that the ducts or pipes are al] of equal diameter and length, 
and are evenly spaced along the manifold. The distribution 
then corresponds to that for the case shown in Fig. 2, with the 
exception that the resistance of the tubes reduces the equivalent 
area ratio, and consequently makes for better uniformity of 
distribution. Taking the discharge coefficient for the holes 
as 0.62, and that at entrance to the tubes as 0.75, with friction 
coefficient 0.00052 as before, it can be shown (Appendix) that 
for tubes of the same diameter as the holes 


Area ratio for tubes 
1 


V/ 0.6834 + 0.0129 (L,/D,) 


where L, = length of tubes and D, = diameter of tubes, both in 
feet. 

If the fluid is a gas which is heated or cooled in passing through 
the tubes or ducts, a further correction must be made for the 
increased or decreased resistance resulting from the change of 
velocity and density. 

Using the equivalent area ratio obtained from Equation [5], 
the variation from uniformity of distribution can then be esti- 
mated from Fig. 2. 

Adjustment of Areas of Openings Into Pipes as Required to 
Produce Uniform Distribution. Instead of varying the width 
of slot or the spacing of holes as in the case just cited, the adjust- 
ment of flow through pipes fed from a manifold can be effected 
by inserting sleeves into the inlet or the outlet ends of those of 
the pipes which otherwise would have greater than the average 
flow. The curves in Figs. 4 and 5 apply also in this case with 
sufficient accuracy, provided the equivalent area ratio, calcu- 
lated from Equation [5], is used. The ordinates of these curves 
now mean 


= (area ratio for holes) X 


Minimum cross-sectional] area in tube at given position on manifold 


Average cross-sectional area of all tubes 


In general, it is preferable to place the sleeves in the outlet ends of 
the tubes rather than the inlet, to avoid changing the entrance 
coefficient. If placed in the inlet end, the length of the sleeve 
should be at least 5 times its diameter. 


InLET MANIFOLD AND DiscHARGE MANIFOLD, CONNECTED BY 
Grip oF TuBEs or Ducts 


This part of the problem may be illustrated by another case 
from the author’s practice, that of a large air heater for com- 
pressed air, having 96 tubes of 2'/; in. ID, the manifolds being 24 
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in. ID and 40 ft in active length. 


formity of distribution among the tubes would be obtained by 
having the discharge end of the outlet manifold at the same 
side of the heater as the entrance end of the inlet manifold, as 


Entrance 


“Inlet Manifold 


shown by solid lines in Fig. 10, or by having them at opposite 
sides as shown by the broken lines. 

In the discharge manifold, friction and deceleration act in the 
same sense, and are added together, instead of opposing each 
other asin the inlet manifold. On the basis that provision would 


be made to insure that the distribution would be uniform, the 
deceleration regain and the friction in the inlet manifold were 
calculated and charted as in Fig. 11, and the same was done for 
the discharge manifold. 

For the inlet manifold, the pressure at distance s from the dead 
endis 


where pe and Vg are, respectively, pressure and longitudinal 
velocity at the inlet end, D is the diameter of the manifold, »; is 
the specific volume of the fluid in the manifold, and L is the 
active length of the manifold (Appendix). 


For the discharge manifold 
4 ve s\"]_ 

the symbols being the same as in Equation [6] with the two ex- 
ceptions that, in a heater, the specific volume v2 differs from 1, 
and the subscripts 0 refer to the outlet end of the discharge 
manifold. 

By comparing Equations [6] and [7], it will be found that if 
the entrance end of the inlet manifold is on the same side of the 
tube bank as the outlet end of the discharge manifold, then, if 
there were no friction, the pressure rise from entrance or outlet 
end to dead end would be the same in both manifolds (if v; were 
the same as »;). Even with friction and with different specific 
volumes, the tendency is for the pressure variation in one mani- 
fold to counteract that in the other, and (even without special 
corrective means) to produce a much more nearly uniform flow 
distribution among the tubes connecting the manifolds than 
would be obtained if the entrance end of the inlet manifold were 
at the opposite end from the outlet end of the discharge mani- 
fold. An exception to this is the case of manifolds with very 
large L/D ratio, in which friction loss far outweighs deceleration 
regain. In such a case, the inlet and outlet should be at op- 
posite sides, as shown by the broken lines in Fig. 10. 

From Fig. 11 the over-all pressure change (uppermost curve) 
at the inlet-outlet end is greater by 11.6 in. of water than that 


JOURNAL OF APPLIED MECHANICS . 


The heater is shown sche- 
matically in Fig. 10. The question arose, whether better uni- 
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at the dead end. As the average pressure drop through the 
tubes was 98 in. of water, the tubes near the inlet end would have, 
roughly, 1/(98 + 11.6)/98 = 1.058 times, or almost 6 per cent 
greater air flow than those near the dead end. Very uniform 
distribution of the air among the tubes was especially important 
in this heater, as the average designed operating temperature of 
the tubes approached the safe limit for the tube metal used. To 
correct for the nonuniformity which would have resulted from 
the manifold effect, nozzles or sleeves were inserted in the tubes 
near the inlet end of the manifolds. As it would be impracticable 
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to make a different size of nozzle for each tube, the nozzles were 
made in four sets, the number in each set being the same. The 
nozzles of smallest bore were placed in the tubes nearest the in- 
let end; those of the next larger bore in the next set of tubes away 
from the inlet end, etc. The diameters were calculated as in 
Equation [5], with a correction for temperature change. In this 
way, very uniform distribution among the tubes could be ip- 
sured. 


The following nomenclature is used throughout this paper: 


Appendix 


A = cross-sectional area of manifold at any point, sq ft 
Ae = cross-sectional area’of manifold at inlet end, sq ft 
A, = cross-sectional area of tube, sq ft 

b = width of manifold, ft 

c = velocity of flow through holes in manifold, fps 

C = constant 

D = diameter, ft 

f = coefficient of friction, sec*/ft 

g = gravity accdleration, 32.2 fps per sec 

h = height of manifold at any point, ft 

k = coefficient of discharge at openings in manifold 


2b 
L = active length of manifold, ft 
L,; = length of tube, ft 
p = pressure, psf 
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p) = pressure in inlet end of manifold, psf 


¢ = distance from dead end of manifold, ft c. 
y = specific volume of fluid, cu ft per lb 
y = longitudinal velocity in manifold, fps 


Vo 


longitudinal velocity at inlet end of manifold, fps = 
V, = velocity of discharge from manifold, fps _ <q 
w 


width of discharge slot in manifold, ft 


FUNDAMENTAL EQUATIONS 


Pressure rise in direction of flow in manifold is 


deceleration friction 


when s is measured from the dead end, Fig. 1. The sign of the 
first or deceleration term is negative because increase of pressure 
corresponds to decrease of velocity; the sign of the second or 
friction term is positive because, although friction always causes 
a decrease of pressure in the direction of flow, ds also is negative 
in the direction of flow, since s is measured from the dead end of 
the manifold 


ds 2gv ds +(£)(").. 


Case A-1: Uniform Cross Section of Manifold, Uniform Width 
of Slot, or Uniform Distribution of Holes Along Length. Let the 
constant width of slot be w. Since the volume discharged 
through a length of slot ds is equal to the decrease in quantity 


flowing in the manifold 7 
dV = (10) 


and if the pressure outside the manifold is zero and the pressure 


inside at s is p,, then © 
(11] 
2 gv 2 


Substituting Equations [10] and [11] in [8] furnishes 


kw/ \ds?] t\p (dV /ds) 


This is a second-order differential equation for which no solution 
has been found. Therefore a point-by-point numerical method 
was used (corresponding to the case of the separate spaced holes 
instead of a continuous slot). 

Referring to Fig. 12, the calculation is started from the dead 


| -Hole (4) | Hole vale 
—> _j Vs. | Vi, + 
Res 
fie. 12 Metnop oF CALCULATING DISCHARGE FOR 
Case A-1 


end. For the example, let the area ratio be 2, let the length ratio 
L/D be 10, and let there be 10 holes. Then the area of each 
hole is 0.2.4. Let the velocity of discharge through hole (1) be 
unity. Then, for discharge coefficient = k, the longitudinal 
velocity V; in the manifold, between holes (1) and (2), is 


k0.2A/A = 0.2k 
The pressure at hole (1) is (¢:)?/2 gv = 1/2 gv. The length 
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= 0.1 L, the friction loss from hele (2) to hole (1)i ~~ ors, 


v 


The pressure regain due to the deceleration of longitudinal ve- _ 
locity (at this hole, from V, to zero)is 


2 gv 


Then the pressure at hole (2) = pressure at hole (1) minus 
deceleration regain plus friction loss, or 


1 (V; = 0.2k)? (Vi = 0.2 k)? 


2 gv 2 qv v 


Taking k = 0.62 and f = 0.00052, the pressure at hole (2) for this — 
example was found to be 0.9851 p:, and velocity of discharge at — 
hole (2) = 7/ 0.9851 = 0.9925 times velocity at hole (1). Then — 
longitudinal velocity V; = 1.9925 V;. The calculation was then — 
repeated for each succeeding hole, to the inlet end of the mani- — 
fold. The curves in Fig. 2 were obtained by plotting the results _ 
thus derived. 

Case A-2: Given, Uniform Cross-Sectional Area of Manifold, — 
to Find Required Variation of Slot Width to Produce Uniform — 
Discharge per Unit of Length. If po is the pressure and V» the — 
longitudinal velocity at the inlet end, then the pressure p, at 
any distance s from the dead end is 


(Vo? — V2) 


Since the requirement of uniform discharge means that V de- . 
creases linearly from value V» at the inlet end to zero at the dead 


Substituting this in Equation [13] and integrating, furnishes 


Ver  fVeL y 
The discharge velocity at s is equal to V/ 2g0p, 2gup,, and since the © 
discharge through a length of slot ds is VeAds/L, the — >: 


width of slot at sis 


from which numerical values could be calculated if pe were 
known. 
However, po is unknown; 
given area ratio 
= [total area of slot + cross-sectional area of manifold}, 


Z 3 w,ds = area ratio X A 


This requires integrating an expression containing the square 
root of a cubic, which apparently leads to a combination of — 
elliptical integrals, useless for numerical computation. 

For this reason, the method adopted was to assume, for each | 
numerical example, a trial value of po; compute on that basis the 
required slot width w, at 11 points corresponding to 10 equal divi- 
sions of the length; find by Simpson’s rule the corresponding 
average slot width, and corresponding area ratio. If the latter 


its value must be such that for any 
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was higher than the dustned figure for area ratio, the value of 
pe Was increased, or vice versa; the calculation was repeated, and 
a curve was plotted of area ratio versus po. The value of po 
corresponding to the desired area ratio being found in this man- 
ner, the slot widths at the various points along the manifold were 
easily calculated from Equations [15] and [16]. 

Case A-3: Required, the Shape of a Manifold of Variable Cross 
Section to Give Uniform Distribution of Discharge. The condi- 
tions are shown in Fig. 13. 

In fundamental Equation [8], dp is now to be zero for every 
value of s, or 


d(V*) 


ds V? 


VdV _ 
gu 


Since the discharge is to be uniform per unit length, the quan- 
tity flowing decreases linearly from (Vo. Ae) at the inlet end to 
zero at the dead end 
VoAo 8 

A L 
(a) Circular Cross Section of Manifold: In this case A = (4/4) D? 


where s and Pare variables. Differentiating 


(= ds 


VoAo 


dV = 


Solving by the usual methods = 


(S/D) 
D = —C(fq)'/* 


Constant C is determined from the fact that D must equal di- 
ameter Dp (at inlet end) when s = —L, and Equation [20] then 
reduces to Equation [2]. 


(b) Rectangular Cross Section, of Uniform Width and ~ 
Height: Area at inlet end Ap = bho, and area at any point A 


bh. Longitudinal velocity ee 


constant width of manifold 


VoAo 


V= 


where s and h are variables and b 


Contour 


with Friction. 


MetHop oF CALCULATING CoNTOUR OF 
MANIFOLD FOR CasE A-3 


Fre. 13. ILLusTRATING 


= 0.62 = 0.62 A, V/2g Ap, 


an For a tube of cross-sectional area A,, with 0.75 entrance coeff. 
cient and 0.00052 friction coefficient, the pressure drop required 


Aohs dh 1 discharge manifold. Instead of Equation [13], the followitt 
Dead 


pore by substitution of Equation [14], and integration, fu" 


by Tubes. 


In the discharge manifold, however, inertia and friction act i 
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The hydraulic diameter = ‘(2bh)/(b h). ‘Substituting this 
expression and Equation [21] in Equation [17] furnishes 


and finally 
oh fg 
ds 8 2b 


The solution of this differential equation by the usual method: 
results in Equation [4]. 
in that equation can be determined, since h 
end, Fig. 13) whens = —L. 

Case B: Equivalent Area Ratio for Tubes Instead of Holes. Fy: 
a hole of area A,, with discharge coefficient = 0.62, the quantity 
Q, discharged in unit time, with pressure drop Ap, is 


For any numerical case, the constant ( 
= ho (height at inle 


A, V/24.755 


to produce velocity c, is 


Ap, = +. 9.00053 - —— 
0.75 2qv v 


Apw 
02761 + 0.00052 L,/D, 


For the same quantity discharged and the same pressure dro; 
through the tube as through the hole, or Q, = Q, and Ap, = 


Ap, ° v 
0. 02761 + 0.00052 L,/D, 


X 24.755Ap,0 


{ 
+ 0.01287 L,/D, 


The area ratio for n holes is ——, hence the equivalent ars 


ratio for n tubes is 


A Yo.6834 + 0.01287 (Z,/D,) 


Inlet Manifold and Discharge Manifold Connectei 
For the inlet manifold, since the discharge distrib 
tion is to be exactly uniform along the length (every tube is “ 
have the same flow as every other), Equations [13] to [15] apply. 


Case C: 


the same sense, both of them causing decrease of pressure in the 
direction of flow, or from the dead end to the outlet end of the 


nishes Equation [7]. 
DEVIATIONS IN Practice From AsSUMED ConDITIONS 


Variable Coefficient of Discharge. In the calculations it * 
been assumed that the coefficient of discharge of the holes ot sl 
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is constant. - Actually, it is known that the coefficient varies to 
some extent with the Reynolds number. The experimental re- 
sults of W. M. Lansford? on the discharge of water from manifold 
openings indicated a variation of the coefficient of discharge 
from about 0.50 to 0.61 as the head of water increased from 6 in. 
to 6 ft. However, such extreme variation is thought to be un- 
ysual, in view of the fact that, for example, Hodgson’s well- 
known curves for flat-plate orifices show the coefficient of dis- 
charge to be practically constant except at very low Reynolds 
numbers; although it is quite possible that the disturbed en- 
trance conditions at the manifold orifices may cause greater varia- 
tion. 

Velocity-Head Factor. The pressure corresponding to the 
velocity head would be V?/(2gv) only if velocity V were constant 
across the cross section of the pipe or manifold. But as pointed 
out by R. W. Powell, because of the variation of velocity across 
the diameter or width of a duct, if V, is the average velocity 
lor (quantity, cu ft/sec) + (area, sq ft)], the actual velocity head 
isusually 1.04 (V,)#/(2 gv). 

Efficiency of Conversion of Kinetic Energy to Pressure Energy. 
It has been assumed that no loss occurs in the conversion of 
energy during deceleration. But, it is known that in a 
Venturi tube, where such conversion also occurs, there is always 
some loss, which is seldom less than 10 per cent; and therefore 
itmay be thought that some such loss must occur in deceleration 
ina manifold. However, this loss in the Venturi includes fric- 
tion, which has been separately accounted for in the foregoing 
calculations; also, the increase in nonuniformity of velocity dis- 
tribution across the cross section of the tube, which occurs in the 
Venturi and is connected with the loss of energy, is unlikely to 
occur in the manifold, where the deceleration occurs without 
requiring the instability-producing diverging section. 

In this connection it is interesting to apply to this problem 
the equations of A. Vazsonyi,‘ who studied the pressure loss in 
duet branches. In a manifold, each discharge hole can be con- 
sidered as a branch pipe having very small relative size, leading 
off at 90 deg, the other branch being the succeeding part of the 
manifold which continues onward without change of direction. 
Vazsonyi’s equation for the loss of pressure in the straight sec- 
tion, from a point preceding to a point beyond the branch, is 
(using his notation) 


2h = + (2d2 — Ax) Vi? — cos a’ 


In this case, cos a’ = 0, and from Vazsonyi’s charts, the values of 
s the empirical factors are 4; = 0.35 and A, = 0.90. Since the 
branch is assumed to be small in area relative to the manifold, 
V, may be written (Ve — AV), and dropping the (AV)? terms, the 
equation for pressure loss becomes 


‘“Pressure Losses in Elbows and Duct Branches,” by Andrew 


| Vazsonyi, Trans. ASME, vol. 66, 1944, pp. 177-183. a 
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= (—2.35 Ve + 0.725 AV) AV i 


Since AV is much smaller than Vo, the first term in the paren- 
theses is much larger in absolute magnitude than the second term, 
and the loss being negative is actually a gain of pressure, as 
would be expected. 

Now, if the ordinary equation for equivalence of velocity head 
and pressure is used, the loss should be 


h = + Vi? = + (Ve — AV)? 


or 
h = (—2Ve + AV) AV 


and, again, this is actually a gain of pressure. However, the » . 
interesting point is that the gain in pressure according to Vaz- 
sonyi’s equation is actually about '/, greater than that _— 
cated by the equation based upon Bernouilli’s theorem. fl 
other words, the deceleration regain, as calculated from the 
latter, is conservative. Hence it seems reasonable to base — 
the manifold calculations on the simple Bernoulli equation, un- — 
less future, more exact measurements shall show this to be incor- _ 
rect. 

Malishevsky’s Experiments. Tests were made by N. Mali- 
shevsky‘ on perforated pipes such as are used for distributing water 
in filtration plants. The pipes tested were of round and of square 4 
cross sections, some with holes in the bottom of the pipe only, — 
and others with holes in two opposite sides of the pipe. The — 
ratio of effective length to diameter of manifold was about 40 — 
and the area ratio was 0.47, in the pipe with holes on opposite | 
sides, whereas in the pipe with holes in one side only, the ratios — 
were 30 and 0.33, respectively. Piezometer readings showed — 
the variation of head of water in the manifold at various points 
along the active length. 

The chief feature of interest is that Malishevsky found the 
apparent friction loss in the circular pipes to be only 1/¢ of the 
loss as separately calculated, in the pipe with holes on both sides, 
but 6 times the separately calculated friction in the pipe with _ 
holes in the bottom only. In the square-cross-section tubes 
these effects were exaggerated (over the round tube) in each case. — 
However, with the L/D ratio being only 40, the friction loss must — 
have been comparatively small relative to the regain by decelera- _ 
tion, and it seems probable that the discrepancy was due rather 
to variations in the discharge coefficient in the two cases on 
to actual variations in friction to the extent stated by Mali- 
shevsky. Additional tests would be very desirable, with actual 
weighing of the amount of water discharged from each hole, in a 
addition to the piezometer readings. 


5 “Pressure Heads in Perforated Pipes,’’ by N. Malishevsky, Jour- 


nal of the American Water Works Association, vol. 27, April, 1935, a 
pp. 413-418. 
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If a mass which is mounted flexibly is set into forced vi- 
brations by a harmonic force having an amplitude which 
does not vary with frequency, a damped dynamic vibra- 
tion absorber may be designed to reduce the vibrations to 
some preassigned amplitude, regardless of the range over 
which the frequency of the disturbing force may vary. 
The theory of this type of vibration absorber, together 
with valuable discussion, has been given in a paper by 
Ormondroyd and Den Hartog,? and is readily available in 
Den Hartog’s text on mechanical vibrations.* In this 
paper the author presents a similar analysis for the case in 
which the amplitude of the disturbing force varies as the 
square of its frequency. For lack of a better name, this 
will be referred to as the case of “inertial disturbance.” 
Such cases are of considerable practical importance. For 
example, disturbances due to unbalance in rotating 
machinery are of this type. In some cases, such as those 
in which the unbalance varies with temperature, it may 
be impractical or impossible to secure perfect or nearly 
perfect balance, and a vibration absorber, designed on the 
basis of the analysis to be presented, may offer a suitable 
remedy. A practical example of this nature is given. 
The analysis follows a pattern similar to that given by 
Den Hartog,* but enough of the details are different to war- 


rant an extended treatment. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


Dimension 
M=mainmass (FT? 
m = mass of absorber (FT? L-') 
K = spring constant for main mass 
st at (force per unit displacement) (FL~?) 
1 cies k = absorber spring constant (FL-*) 
“oe c = absorber damping constant (FT L-!) 
(ae t = time (T) 
—é j = V —1 = imaginary unit 
— e = base of natural logarithms 
pst 21, 2 = displacements of main mass and 
a absorber mass, respectively (L) 
ti, & = amplitudes of foregoing displace- 
ments (L) 


1 Department of Mechanics, Washington University. Jun. ASME. 

2“‘The Theory of the Dynamic Vibration Absorber,’ by J. Or- 
mondroyd and J. P. Den Hartog, JouRNAL oF APPLIED MECHANICS, 
Trans. ASME, vol. 50, 1928. Paper APM—50-7, p. A-9. 

3 ‘‘Mechanical Vibrations,’’ by J. P. Den Hartog, third edition, 
McGraw-Hill Book Company, Inc., New York, N. Y., 1947. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, New York, N. Y., November 28-December 3, 
1948, of Tae AMERICAN SocIETY OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted 
until April 11, 1949, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Norg: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 48—A-4. 7 2 


Theory of the Damped Dy 


Vertical bars surrounding a real or complex quantity indicate 
the modulus or absolute value of the quantity. 


Fig. 1 shows schematically the type of system considered. A 
body of mass M is mounted on a support having stiffness K, and 
is subjected to a disturbing force of circular frequency w and 
amplitude 


J. E. BROCK,! ST. LOUIS, 


namic Vibration 


er for Inertial Disturbances 


phase angles of x; and 2x2, respec- 


tively, with respect to disturb- 


ing force 


= £,e78 respectively (L) 
w = (circular) frequency of disturbing 
force 
R = constant in expression which follows (FT?) 
F = Rw* cos wt = disturbing force (F) 
= m/M = mass ratio 7 
= = undamped natural fre- 
m be. 
quency of absorber 
2, = = undamped natural fre- 
quency of main system Cr 
f = R/M = “static displacement,” a 
reference distance (L) 
Ce. = 2mQ, = (pseudo) critical damping 


= w,/2, = 


DIFFERENTIAL Equations or Motion 


constant 


| = c/c,’ = damping ratio 
= 


fo 


ratio of absorber 
= roots of equations involving g 
P, Q, P*, Q* = points on graph of Y versus g 


Here R is a constant of the system and hw 


M 
m x2 
7 
Fria. 1 


b tuning ratio 

g = w/Q, = driving frequency ratio 
h 

y 


response amplitude 
of main system 


Z= hs = response amplitude 


ratio 


dimensions FT?, i.e., a mas 
times a length. The damping 
in this main system is assumed 
to be negligible, i.e., a very 
small fraction of the quantity 


MK which is the ‘critical’ 
damping constant for the system 
The damper consists of a body 
of mass m, a connection having 
stiffness &, and a damping d 
vice having a damping constat! 
c in which the force exerted 5 
proportional to the relative ve 
locity of the masses M and m. 
It is obvious that Fig. | ® 
presents a wide variety of phy* 
cal situations which, in actu 
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physical appearance, differ greatly from this illustration. Cases \! 
in which torsional oscillations are involved are also represented; in Re? 
such cases of course angular displacements replace linear dis- (ke — meo®)® + (we)? 
placements, mass moments of inertia replace mass, and the 
physical dimensions of the various other quantities involved are — (K — Me%) — + (we)? — mus 
suitably modified. 
Denoting by 2; and z, the vertical displacements of masses B 
M and m, respectively, from their respective equilibrium posi- 
tions, the following differential equations are obtained 


y employing the dimensionless parameters listed in the — 
nomenclature, Equation may be written in the form 
¥ => 
Mi, + Kx + k(x, — X2) + e(a; x2) Rw? cos wt.. 
2 
Vi — 9’) 


(f? — g®)? + (2 gh)? 
1 — —u + (2 gh)? [g%(1 + — 1)? 


+ 21) + — a1) 
where dots denote differentiation with respect to time. 


Response Ratio FoR MAIN Mass a Here Y is the ratio of the amplitude of motion of the main 
mass M to a standard distance {; thus Y may be regarded as a 
. measure of the maximum displacement of the main mass. Term g 
rotating vectors or complex numbers of the form — is the ratio of the external driving frequency w to the 


2(t) = x(t) + jy(t) = 


For convenience, all varying quantities will be regarded as 


natural frequency of the main system (Q, = /K/M) which is 
a constant in any given system; thus g measures the external 
In practice of course only the real (or imaginary) parts of driving frequency. Term f is the ratio of the undamped 
these will be of interest. (Here j = ~/ — 1 denotes the imaginary natural frequency of the absorber (w, = +/k/m) to the natural fre- 
unit.) quency @, of the main system; thus f measures the degree to 

With this convention, Equations [1] and [2] become which the absorber frequency is ‘‘tuned” to the frequency of the 


i Mz, + Kr, +k(z eo) +e4 és) Retest main system. Term h is the ratio of the actual damping c to a 
1 1 £2 = eee 


, 


standard value c,’ = 2mQ@,, and thus measures the amount of 
mit, + 21) + damping in the system. Term yz is simply the ratio m/M. 


——— ANALYSIS OF SOLUTION 
Now assume that ae’ 


and c have in order to limit & = |z,| to a preassigned value which 
and substitute these expressions into Equations [3] and [4]. ™ust not be exceeded for any driving frequency w? (6) With 
Upon canceling the common factor e/ and using the abbrevia- these values of m, k, and c, what will be the maximum relative 
displacement |z; — z2{? (This will influence the practical de- 
sign of the spring and the damping mechanism.) 
It will be seen in the sequel that these questions may be 
answered as follows: Knowing R, M, and the maximum per- 
mitted.value of & = |z,| enables one to determine the maximum 


the follow ing expressions are obtained 


K : .. permitted value of 
+ k(ys — yi) + — yr) = 
From Equation [8] is obtained the relation 

iA Then the value u« may be found from Equation [24] and from this 
i 4 =i | k + jwe . m = uM is readily determined. Also, the proper value of f may 
an — + 3 be determined from Equation [22], and from this k = Kuyf? is 
» and Jwe 

1 has a readily calculated. Also, the proper value of h may be deter- 
; Substituting Equation [9] into Equation [7] gives a mined from Equation [34], and from this Maia 

mass 
mping k — + jwe = 2mh VM/K 

— mest) (K — + —mo*— i, readily calculated. Finally, from Equation [49], a value for 
antity 7 Zmax (the peak relative response amplitude ratio) may be deter- 
tical” This is of the form ei mined, and 
rstell. max = max 
body A + BD) + j(BC — AD) 
aving Rut C+ Cc? + D? is readily computed. 
ig de Writing Equation [14] in the form 
stant 
+ BD)? + (BC — AD)? 
ve Ret C2 + D? 

m. 

a shows that Y is independent of h if AD = BC, i. e., if 
act 

Using the positive sign leads to the trivial conclusion that g 


j 
| 
a 
=f 
a 


Using the negative sign leads to 


This equation has two roots 0 S g,? S g.*. For these values of g, 
- changing the damping A cannot reduce the response Y. <Ac- 
- cordingly, it is desired to adjust and f so as to keep Y at g: 

xe and g2 as small as possible, and then to depend upon adjusting A 
ees, * so as to keep Y suitably small for other values of g. 

‘ It will be demonstrated shortly that the optimum situation 
exists when the value of Y at g; is equal to the value of Y at go. 
This may be done by choosing f correctly, and the proper value of 
f is spoken of as the “optimum tuning ratio.” Since Y(g;) and 
Y(g2) are independent of h, any convenient value of A will give 


the desired values when substituted into Equation [14]. Using 
= o, Equation [14] becomes 
| 2 
ig2(1 + w) —1 
Thus the desired condition is 
> « 
2 2 
[19] 
g? (1 (1 +4) —1 


Now if g? = 1/(1 + yw) is substituted into the left side of Equa- 
tion [17], the result is negative, while g? = 0 and g? = 
positive results. Thus 


© give 


Thus the negative sign in Equation [19] must be used, and this 
leads to 


gi? + go? = 2(1 + w)gi? go®.............. [20] 


Using Equation [17] and elementary algebraic theorems on the 
sum and product of the roots of a quadratic equation, Equation 
[20] becomes 


2f? 6 T T 
(1 of) = +) ———..... 21] 
This is the optimum tuning ratio; it makes Y(g,) = Y(go). | } 
Substituting Equation [22] into Equation [17] gives 
\ 
39? = . . [23] + \ 
\ 
substituting Equation (23] into Equation [18] gives \ \ 
NAN 
(u) (1 +») 
Curves or Y Versus g \ “SRS 
\ 
Before proceeding with the problem of finding the optimum x ¢ _ 
value of h, it remains to demonstrate the desirability of the \ / 
condition Y(g:) = Y(g2) which led to the foregoing results. \/ 
Equation [14] shows that Y = 0 for g = 0 and approaches unity 0.9 1.0 1 1.2 3 
as g becomes infinite, independent of the other parameters in ) 


the problem. In Equation [18] is shown the form of Equation 


[14] if h = ©, and this result depends only upon yu. The corre- 
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If h = 0, Equation [14] becomes 


Ad 
| 
= 2 [95 


and Y becomes infinite if 


g— (Ll + (26 


For the absorber with optimum tuning (f? = 
vertical asymptotes at 


V g:* = Vi + Vu ad.) (27 


1/1 + w), this gives 


= Vi— 


For the so-called absorber with constant tuning (f = 1), the ver. 
tical asymptotes are at 


$ 


In either case, it can always be shown that gi* S gi; go* = gy for 
all values of xu. 

Positive finite values of h give curves of Y versus g which |i 
between those of the limiting cases h = 0 and h = o. Tih 
points through which all curves pass will be denoted with P (wit! 
abscissa g,;) and Q (with abscissa ge). 

There is now sufficient information available to indicate th: 
shape of the Y — g curves. In Fig. 2 curves are shown for a 
absorber with constant tuning (f = 1), in which » = 0.05. Curves 
are shown for h = 0,h = 0.1, Ah = 0.32, andh = o. (Thes 
values were selected to provide comparison with the curves giver 
by Den Hartog.*) It is seen that if a value of h were selected 
which would give a curve passing horizontally through point P, 
the maximum point would be represented by point P, and any dil- 
ferent value of h would give a response (for some value of 9) 
greater than the height of P. However, it is seen that it is de- 
sirable to reduce the height of point P until it is equal to that of 
point Q. This is what is accomplished by optimum tuning [/* = 
1/(1 + 


Fie.2 Y-g Curves ror u» = 0.05 ann f = 1.0 (Constant TUNING 
AnD Various VaLugs or h, SHowinG Response Ratio ror 
Mass AS A OF FREQUENCY Ratio 
_ (No curve is shown for optimum damping in this case.) 
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(Solid curve is for optimum damping in this case, h = 0.2582.) 


Fig. 3 shows Y-g curves for an absorber with optimum 
tuning in which » = 0.25. It is seen that if it were possible to 
choose h so that the corresponding curve were to pass hori- 
zontally through both P and Q, the optimization would be com- 
plete. However, in choosing a single value for h, both condi- 
tions cannot be satisfied. Accordingly, two values of A will be 
determined; one to make the curve horizontal at P, and the other 
to make it horizontal at Q. Then an average of the two values 
will be taken. 


OptimuM VALUE OF h 
The straightforward way of accomplishing this would be to 


set 
oY 
og Og / g=9: 
and then solve the resulting equations for h. This, however, 


involves an undue amount of labor and the following more con- 
venient procedure will be used. 
Solving Equation [14] for h? gives 


4g? +m) — 1)? —g! 


Substituting the co-ordinates (Y and g) of any point P* lying 
between the h = 0 and h = curves will give the value of h? re- 
quired to cause the curve to pass through P*, and also through P 
since all curves pass through P. If P* has the same height as 
P and then is permitted to approach P horizontally, the result- 
ing limiting value of h? will be the desired value to cause the curve 


tol > 
’ 
ma war 
h? = 


¥? + — 
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Let the co-ordinates of P* be 


Substituting these in Equation [30] gives a complicated expres- 
sion for h? in terms of » and 6. If 6 were set equal to zero in this 
expression, the indeterminate form 0/0 would result (since all 
curves pass through the point P regardless of the value of h). It 
is the limiting value of the expression that is desired as 6 ap- 
proaches zero. This may be obtained by using Lhopital’s rule 
and differentiating the numerator and the denominator of the ex- 
pression separately with respect to 6. 

Another approach consists of finding the coefficient of 6 (to 
the first power) in the numerator and the similar coefficient in the 


denominator; the desired limit is the quotient of these. Carry- 
ing either procedure through gives the result 
8 | 1 (2 + pw) 


in order for the curve to pass horizontally through the point P. 
Similarly 
Bu (2+ VW2u/(1 + w)) 


h? = [33] 
8 (1 + uw) (2 + pw) 


causes the curve to pass horizontally through the point Q. Clearl\ 
a useful average is given by 


Su 


h? = 


(1 + (2 


For small values of y» all three of the last equations give re- 
sults which are very close together. For larger values of yu, there 
is reason to question the fact that a straight average gives the 
“best” result, but a more precise determination of the best 
result involves prohibitively complex manipulations. 

Thus for all practical purposes it may be concluded that, for 
whatever value of u selected, optimum tuning as given by Equa- 
tion [22], and optimum damping as given by Equation [34] will 
provide the best limitation of response over the entire range of 
operating frequencies. The maximum value of the response 
ratio Y will be slightly in excess of the value given in Equation 
[24]. 

The preceding paragraph is predicated upon the supposition 
that the damping built into the absorber cannot be altered during 
operation. If it is possible to alter the damping during opera- 
tion, the optimum procedure would be to use infinite damping 
until g = g:, to use zero damping from g = g; tog = gz, and to use 
infinite damping beyond g = gz. Because of the steepness of the 
h = Oand h = & curves at their points of intersection P and Q, 
the change-over must be made at precisely the correct frequency 
or severe vibrations are likely to result. It would probably be 
best to introduce and remove the damping gradually over a 
range of frequencies in order to prevent runaway vibrations. 

In the foregoing it is also predicated that operation will take 
place over the entire range of frequencies and that as quiet 
operation is required as is possible over the entire range. In 
many practical cases, where a machine will run normally at a 
fixed frequency but must be brought up and down from speed 
occasionally, it may be preferred that the machine run as quietly 
as possible at its normal operating speed, even though that may 
entail a rough passage up to speed or down from speed. If such 
is the case, the stated conclusions must be modified accordingly. 


RESPONSE OF ABSORBER 
It now becomes pertinent to consider the response of the ab- 
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sorber relative to the main system. This information is neces- 
sary in order to design the absorber spring and damper mecha- 
nisms. From Equation [5] 


=| tye) +8) lotta) |= yi|. . [35] 


and from Equation [9] this becomes 


k + jwe 
ai] = -| 1 
k — mw? + jwe 

wilt = ee 36 
Vk — mw*) + . . [36] 

bey - , ge, 
= 

V (f2 — 9%)? + (2gh)? 


‘Dividing by & gives 


— [37] 
— + (29h)? 
and using Equation [14] gives 
— (1— 9) — af? + (gh)? (1 + — 
[38] 


To find the maximum value of Z in any particular case, the 
corresponding values of f and h should be substituted into Equa- 
tion [38], the result differentiated with respect to g, and the de- 
rivative set equal to zero. One of the roots of the resulting equa- 
tion would then give the maximum value of Z when substituted 
back into Equation [38]. However, this procedure is prohibi- 
tively complicated. In order to obtain a good approximation, 
recall that in this case the maximum value of Y exceeds 
V 2/u (1 + pw) by only a small amount. Putting this value in 
Equation [37] and using the values for f and h, given by Equation 
{22] and Equation [34], leads to 


39 
(2 + w) [g?(1 + 4) — 1)? + (1 + 
Ww rite this temporarily in the form 
22 +n) (1+) Sort 
and perform the differentiation which gives 


_dZ/dg will be zero if g = 0, if ZU? is infinite which is the case if 


It is the last condition which is of interest. Substituting the 
value of U, performing the differentiation, and solving the re- 


sulting equation (which is linear in g?) gives ee 


Substituting this value into Equation [39] gives 
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+ (8 + 
as an estimate for the maximum response ratio for the relative 
motion of the absorber in the case of optimum tuning and opti- 
mum damping. 

Another approach to the same quantity may be used. The 
work input per cycle is Rw, sing. The work lost in the damp- 
ing mechanism per cycle is rewt* where £* is used as an abbrevia- 
tion for —2,|. Thus 


sin 
c 2uh 


It is to be expected that Z will be a maximum at approxi- 
mately the same frequencies which cause resonance in the damper 
or in the absorber, so that ¢ is approximately 90 deg. This ap- 
proximation is satisfactory for two reasons: (1) sin ¢ is approxi- 
mately equal to unity for a fairly wide range of @ about 90 deg; 
(2) any error will be such as to give an upper estimate for Z. 
Furthermore, the value of Y is given approximately by Equation 
[24] over a wide range which includes the frequency at which Z 
will be a maximum. Also in this case, h? is given by Equation 


[34]. Thus 


ae, 
Zt (2 + 17 


Selecting the value of g to be used in Equation [47] is not « 
clear-cut process. Term Z will probably be ams 1ximum near 


but again, in order to get an upper estimate, take g = 1. Then 


While this result appears to be considerably different from Equa- 
tion [44], a comparison in series form shows that they : 
the same 


are about 


1.154 » «6198 
Zmax = —— — e+...) 
1.074 \ 


-——— yi [48a 


Zmax 


For small values of « Equation [44] gives a result which is about 8 
per cent higher than the result of Equation [48]. Since in the 
estimates involved in each formula, attempts were made to get 
an upper estimate, probably Equation [48] gives the better ap- 
proximation. The difference is certainly within engineering 
limits, and for practical values of » a convenient formula is 


Summary oF Important 
The most effective absorber design is the one characterized by 
in which 


With this value of the tuning ratio, the maximum am ratio 
of the main mass is given by 
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and the value of h to be used is given by 
3u 
The maximum relative response ratio is given by 


hope = 


These results may be used with the following equations 
absorber weight = X weight of main mass... .. (50) 


k = Kpf?.. 
= =2mhWM/K......... [52] 


to obtain the necessary information for the design of the absor- 
ber. It should be noted that there is a certain degree of ap- 
proximation involved in Equations [24], [34], and [49]. 


ILLUSTRATIVE EXAMPLE 


The uses of the results of the foregoing analysis may be illus- 
trated by means of an example. Suppose that a machine tool 
which weighs 3400 lb and is supported by four legs is installed in a 
shop. The machine is to operate at all speeds up to 400 rpm, 
and the castings or other work it machines may be unbalanced 
with respect to the center line. After installation, it is observed 
that to run the machine, even with very small unbalances, at 
speeds slightly exceeding 100 rpm, results in severe vibrations 
which make themselves evident in the form of annoying sym- 
pathetic vibrations throughout the shop. It is clear that to at- 
tempt to operate at such speeds with greater unbalances would 
create an intolerable situation in the shop and would probably 
damage the undercarriage of the machine. 

Here, obviously, there is a resonant condition at a speed 
somewhat greater than 100 rpm, in which the main mass of the 
machine vibrates back and forth on its legs. When operating at 
the resonant speed, the forces transmitted to the foundation 
(i. e., the forces transmitted through the legs of the machine) are 
very large and are limited only by the fact that there is some 
damping in the system. To decrease the stiffness of the mount- 
ing would mean that the resonant condition would be encoun- 
tered at a lower speed, and to increase the resonant speed suf- 
ficiently above 400 rpm would require increasing the stiffness of 
the mounting by a factor of greater than 16. 

Use of a vibration absorber seems to afford a simple solution 
to such a problem. Suppose that the greatest unbalance con- 
templated is equivalent to 20 lb at 5®/s in. off center, and suppose 
that it be required to limit the varying component of the trans- 
mitted force to, say, 150 Ib. 

Careful observations show that with a small unbalance the 
machine has the greatest amplitude of vibration when operat- 
ing at 111 rpm. This may be taken to be the resonant speed. 
The following quantities may be calculated: 


R = (20) (5.625) /(386) = 0.291 Ib-sec? 
= (111) (27/60) 
= MQ, = (3400/386) (11.6)? = 1095 Ib per in. 

= fimax 150/K = 


= 11.6 radians per sec 
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(0.137) (3400) 


.137/& = 
0.137/& (0.291) (386) 


(0.137) (M/R) = 


+4) = 


(Ymax)? (4. 15)? 


= 0.105, —1.105 


The negative root is of no interest. Thus u = 0.105, and the ab- 
sorber weight is (0.105) (3400) = 357 lb. (Any greater weight 
would also be satisfactory and would reduce the variable com- 
ponent of the transmitted force to less than 150 Ib.) Using an 
absorber weighing 357 |b (which implies using u = 0.105), Equa- 
tion [22] gives 


= Kyuf? = (1095) (0.105) (0.905) = 104.1 lb per in. 
From Equation [34] 


(3) (0.105 
(3) _ 0337; 


h = 0.183 
(4) (1. 105) (2.105) 


= 

c= = 2mhQ, = (2) (357) (0.183) (11.6) /(386) = 
From Equation [49] 


3.92 lb-sec per in 


— 2;| max max = (R MS 
= (10.5) (386) (0.291)/(3400) = 0.347 in. 


Thus the absorber must weigh 357 lb (or more) and be con- 
nected to the machine by springs having a combined stiffness of 
104.1 lb per in. and by a damping device having a constant of 
3.92 lb-sec per in. The relative motion between the absorber 
mass and the machine itself is less than */, in. Conveniently, 
the absorber mass may be suspended beneath the machine by 
cantilever springs. 

Cases 

Two other cases are of certain interest. One is the so-called 
case of constant tuning, in which the undamped natural fre- 
quency of the absorber is the same as the natural frequency of 


the main system. There seems to be little to recommend this 
choice. By analysis similar to the foregoing the following re- 


sults are obtained 
= V u/(2 + z)) 


0 f 
+ 0.374 Vu 


The degree of approximation in Equation [49a], which is an 
upper estimate, is greater than that in any other equation in this 


‘paper. It is possible to obtain a more accurate result, but the 


labor involved is not justified. 

The other case is that of the “Lanchester damper” which is 
sometimes used as a vibration absorber. In this device the only 
connection between the main system and the absorber mass is a 


150/1095 = 0.137 in. ae Daisies device. Originally, the damping was of the dry-fric- 
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essentially viscous in character. If there is no spring in the 


tion type, but because of the difficulty of maintaining constant ‘O pon 
frictional resistance, owing to wear and other causes, lubrication a 

1 is frequently resorted to, so that in effect the damping becomes _ 


damper system (see Fig. 1), the spring constant k is zero and it 
follows that w, = 0 and consequently f = 0. 
Corresponding to the previous results, this case leads to 


2 

H 
1 dp stres 
(2+ reali 
of ty 
V2 J ones 
: max \ 12 48 The 
The last result is an empirical fit of exact data obtained by dint of 2 ey 28 Pe 2 '4 16 18 rs 

considerable labor. M/m=1/1 

Fic. 5 Peak RevativE Response Ratio, Zmax OF ABSORBER 
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Fic. 4 t hical f Mass Ratio sible 
7 2 in graphical form the results given by Equa- (Curves are shown for cases of: 1, optimum tuning; 2, constant tuning; and is no 
tions [24] (curve 1), [24a] (curve 2), and [24b] (curve 3). For 3, Lanchester-type damper. In each case, optimum damping is used.) we 
convenience in plotting, the abscissa is taken as the ratio M/m = “ 
1/u. It is seen that for the cases of optimum and of constant 0.52 . . ia 
tuning, the peak response ratio does not depend critically upon Tes SO a 
the mass ratio », whereas in the case of the Lanchester-type 0.48 oe 
damper, the response ratio increases linearly with increase of 1/n. i like 
It is also seen that optimum tuning gives the smallest response oe suffi 
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(Curves are shown for cases of: 1, optimum tuning; 2, constant tuning; and ps 
Peak Response Ratio, Ymax, OF System As A FuNc- 3, Lanchester-type damper.) 
TION OF (REcrIPROCAL) Mass Ratio due 
(Curves are shown for cases of: 1, optimum tuning; 2, constant tuning; and se > di asigni ‘ ‘r springs in the spher 
because of the difficulty of designing the absorber springs 1 
other cases.‘ 
= > Fig. 5 presents the results of Equation [49] (curve 1), Equation Fig. 6 presents the r sults of Equation [34] (curve 1), mag —_ 
(49a] (curve 2), and Equation [49b] (curve 3). The nature of [34a] (curve 2), and Equation [345] (curve 3). It - ™_ 'B 
the variation is the same in each case and optimum tuning gives '07 the Lanchester-type damper, the damping ratio is approxr aa 
the smallest peak relative motion. However, as is pointed out mately equal to 0.5 for all pr eco sg of wu. i rf 
by Den Hartog, the Lanchester-type damper may be called for 4 Reference (3), p. 130. eles a. ‘Tt 
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Discussion 
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The Hydrosphere—a New 


Hydrodynamic Bearing’ 

H. Birox.?. The authors’ hypothesis that deflection of the 
streamlines can bring about pressure formation, where this can- 
not be expected otherwise, needs further study. It should first be 
realized that this hypothesis is not applicable to “plane” bearings 
of types as represented by Fig. 3 of the paper, at least not if the 
pressure is assumed to be constant all along their boundaries. 
The theory of partial differential equations requires that such an 
equation as Equation [4], under the boundary conditions im- 
posed, yields only a unique solution; so, as the authors already 
found the trivial solution of the uniform pressure distribution, no 
other solution can exist.* 


Therefore the only streamlines pos- 
sible are parallel to the sliding motion (7-direction), and so there 
isno deflection of streamlines at all (the s-n system of co-ordinates 
simply reduces to the Cartesian system). 

Further, it should be realized that although the deflection of 
streamlines (by some means not yet indicated in Equation [4] and/ 
orin the boundary conditions considered hitherto) may be a neces- 
sary condition for pressure formation in “quasi-parallel’”’ bearings 
like the bearing in Fig. 3, and, like the hydrosphere, it is not a 
sufficient condition. For instance, consider the particular case of 
the bearing in Fig. 3, for which the oil is supplied at a constant 
pressure all along one of the sides parallel to the direction of slid- 
ing, but on that side only; further, imagine the bearing to extend 
infinitely in the same direction. Then, owing to the artificially 
created pressure drop across the bearing, the streamlines will be 
deflected in the authors’ sense. Yet the pressure distribution 
will not be affected at all by such deflection and, in fact, is identi- 
cal to the pressure distribution that would prevail if there were 
only the pressure drop across the bearing and no sliding motion. 
This conclusion may be checked at a glance by inspecting the 
Navier-Stokes equations (in Cartesian co-ordinates) for the case 
considered; it may be noted that in these equations the inertia 
terms need not be omitted. The same conclusion holds equally 
well for other shapes of the oil film in a “plane” bearing like that 
in Fig. 3, provided the surfaces remain parallel in the direction of 
sliding motion. All this goes to show that care should be exer- 
cised in applying the authors’ hypothesis. 

It is granted, however, that in the hydrosphere there are addi- 
| tional effects, not yet considered in the foregoing, which might 
account for the appreciable pressure formation observed in that 
type of bearing. 

‘For the case in which the journal is solely displaced in the axial 
direction, the authors already showed that no pressure formation 
due to viscous shearing action only is to be expected in the hydro- 
sphere. Therefore an attempt to get some quantitative ides 
about the beneficial effect of centrifugal action may be worth 
while, 

wae C. Shaw and C. D. Strang, Jr., published in the June, 
Issue of the JouRNAL or Apptiep Mecuanics, Trans. ASME, 

vol. 70, pp. 137-145 

Royal Dutch Shell (B.P.M.), Delft, Holland. 
distribution is characterised by an absolute maximum, for which 
and Op/dz should while at the same time both 0%p/- 

P/ 


and 0*p/d2? should be negative. However, Equation [4] excludes 
‘ny such possibility, 


To begin with, consider the case that the bearing of the hydro- 
sphere is rotating at the same angular speed w as the journal and 
that, simultaneously, the oil film is sealed completely at the 
equator. Then the oil in the film will rotate as a solid cup; with 
due regard to the thinness of the film and assuming the oil to be 
supplied at atmospheric pressure at the lowest point of the bear- 
ing, it can be verified readily that the thrust load exerted per unit 
of projected journal area amounts to 2/15(pw*?R?) (for the symbols 
see the authors’ nomenclature). This is not directly applicable 
to the hydrosphere but it provides a useful steppingstone from 
which to proceed to the next case, which is to be considered as 
one of the limiting cases for the hydrosphere. 

Imagine the bearing tobe stationary while the imaginary per- 
fect sealing at the equator is still maintained. Then, viscous | 
forces come into play, and they will keep down the flow velocity r 
of the oil close to the bearing surface. This phenomenon will P 
cause the pressure formation to be smaller than in the former case 
as, on an average, the centrifugal forces will be smaller. The : 
resulting load-carrying capacity will amount to only about one | 
third of the given value, 2/15(pw?R?). It may now readily be 
calculated for p = 7.5 lb sec?/in~!, w = 147 radians/per 
sec, and R = 0.375 in (the conditions of Fig. 12) that a unit load ; 
of only 0.011 psi could be supported in the limiting case with 
perfect sealing at the equator whereas, actually, 550 psi (that is, 7 
50,000 times as much) could safely be carried in the experiments _ 
where leakage at the equator did occur. It is true that in the -_ 
limiting case there is no deflection of the streamlines in the au- : 
thors’ sense, so that it does not necessarily present an upper limit 
to the load-carrying capacity of the hydrosphere. It may well 
be that the deflection of the streamlines, as actually occurring, : 

would result in some “trigger action” of centrifugal forces un- 

leashing ‘Reynolds’ wedge effect. Yet it is felt that additional 

forces and effects (for instance Coriolis forces) have to be taken - 

into account for explaining the full amplifying factor of 50,000. 

It is suggested that a valuable contribution may be expected 

from Fogg’s effect of thermal expansion of the oil as caused by the 

frictional heat due to viscous shearing action.‘ Although it 7 

could be argued that, in the hydrosphere tests, the sliding speeds - 

were much lower than in Fogg’s plane parallel-surface thrust | 

bearing so that Fogg’s effect would then be expected to be much | 

less significant, it should be noted, on the other hand, that in 

most hydrosphere tests the coefficients of friction were rather 

high as compared to other hydrodynamic bearings, Figs. 12-16 all 

the paper. 
Finally, there is yet the possibility that the ordinary Reynolds’ 7 

wedge effect may have been significant in the authors’ frictional 

experiments, as some sidewise displacement of the journal will 

have occurred due to the reaction force exerted on the torque 

arm of the friction-measuring device (see Fig. 10), and so, in - 

one half of the bearing, the surfaces actually will have converged 

in the direction of sliding. Even if such sidewise displacements _ 

were very small, the possibility would remain that the perform- | 

ance of the hydrosphere is highly sensitive toward them. If this 

were true, certain particulars of the friction-measuring device, 

such as length of the torque arm and the angular position of this 7 

arm relative to the oil grooves might affect the performance of — : 

the hydrosphere and so the coefficient of friction observed. — = 

Could the authors state whether such particulars may 


4 Refer to authors’ Bibliography (6). 
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played a part in the discrepancies between the friction curves for 
the 0.375-in. hydrosphere in Fig. 13, and curve 4 in Fig. 16? The 
latter curve lies distinctly lower than any of the curves in Fig. 
13, notwithstanding that all these tests were carried out at the 
same speed and with the same oil at the same operating viscosity. 

As the results and conclusions obtained by the method of at- 
tack used in the foregoing considerations are still rather meager, 
it may be useful to proceed now to another method of attack, 
namely, to the method of dimensional analysis, which was al- 
ready suggested by the authors’ correlating Equation [21]. 

Although it is undoubtedly true that additional experimental 
work is necessary before dimensional analysis can yield the in- 
formation desired, it can already be shown at the present stage 
that Equation [21] is not applicable to the tests in the 0.750-in. 
hydrosphere, so that the dimensional analysis required cannot be 
based upon that equation. This can be seen in the following way: 

All curves for the coefficient of friction f available for the 0.750- 
in. hydrosphere are represented in Figs. 12 and 14 of the paper. 
It appears from a comparison of the two curves for 1400 rpm that 
the parts to be considered here’ practically coincide, notwith- 
standing that the viscosities differed by a factor of about 20. This 
imposes a first condition on the correlating equation in order that 
it may be adequate for the purpose in hand; namely, this equa- 
tion should be such that it can be put into a form in which the 
coefficient of friction f, in so far as it depends upon the variables 
u (viscosity) and P (unit load), appears as a unique function of 
the combination »/P. -The same being true for all of the four 
curves considered (by replotting them as f against »/P, practi- 
cally one single curve is obtained), a second condition is imposed on 
the correlating equation, namely, that f is independent of the 
speed N. 

Now, it may be checked readily that Equation [21] of the paper 

- eannot be put into a form which simultaneously complies with 
both of the two conditions given. This proves that Equation [21] 
is not applicable to the 0.750-in. hydrosphere and therefore it 
implies that before we can proceed with dimensional analysis, 
this equation should be replaced by a generalized correlating 
equation which does comply with the two conditions. 

Besides the effects already described by Equation [21], that is, 

the effects of viscous shearing action, of inertia, and of unit load, 
at least one additional effect should then be introduced. It is 
suggested to check the applicability of the additional effect of the 
pressure-generating capacity of Fogg’s thermal expansion of the 
lubricant.§ 
& In general, two further dimensionless parameters, characteristic 
for Fogg’s effect, will be necessary in generalizing, Equation [21]; 
namely, euN/h and a/e in which, for the lubricant considered, e 
denotes its thermal expansivity, h its specific heat per unit of 
volume, and a its temperature coefficient of viscosity, (1/n)(du/- 
dt). Hence the generalized correlating equation may be written 
as follows 


N pND? 
“| [22] 


P’ 


with the two conditions mentioned, namely 


Furthermore, 
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In fact, this equation may be put into a form which complies 


by plotting the individual test points of Figs. 12 


5 In order not to complicate matters too much, all tests in which 
direct contact between the rubbing surfaces apparently played a part 
will be disregarded; this means that the parts of the curves in Figs. 
12-16, situated near and to the left of the point of minimum coef- 
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and 14, on logarithmic paper, it is easily seen that all friction! 
data for the hydrodynamic region, as far as covered hitherto by 
the tests on the 0.750-in. hydrosphere, can, to a satisfactory ap- 
proximation, be represented by the following power function* 
which is a particular case of Equation [23] 


2} 
un 


It should be realized that although Equation [24] leads to g 
satisfactory correlation of all test results obtained in the region 
hitherto covered for the 0.750-in. hydrosphere, this fact does not 
yet furnish a definite proof that thermal expansion of the oils did 
play a significant part (to that end additional experiments shoul 
be carried out, preferably with lubricating liquids showing therma/ 
expansivities, specific heats, and densities differing from those o; 
the mineral oils tested); it seems difficult, though, to imagine 
another effect that could take the part presumably played by 
thermal expansion. 

Finally, it should be noted that in deducing Equation | 24) frow 
the generalized correlating Equation [22], none of the parameter 
in Equation [22] can be neglected. This means that if thermal 
expansion did play a significant part in the 0.750-in. 
it did so in combination not only with viscous shearing 


hy dre 
sphere, 
action but also with the action of inertia forces. 

If now the data for the 0.375-in. hydrosphere are considered, « 
appears that data sufficing for dimensional analysis are on) 
available for the design with four oil grooves and that these a» 
rather meager at that; namely, in view of the discrepancy (alread) 
mentioned in the foregoing) between the data in Figs. 13 and lf 
only the data in Fig. 15 remain for further consideration. 

A most remarkable feature of the curves in Fig. 15 is that, 2 
the part of the uN /P-region to be considered, the coefficient 
friction f is sensibly independent of uN /P but (for the single vale 
of the speed N investigated) still depends upon viscosity + 
Therefore, whereas for the 0.750-in. hydrosphere f did not depen: 
upon N, here the correlating equation is subjected to the cond 
tion that f is independent of P. + This involves that neither Equs- 
tion [23] nor [24] is applicable to the 0.375-in. hydrosphere, 2 
so far as the tests of Fig. 15 are concerned (this need not & 
amazing, as the ranges of the operating variables were differen! 
for the two hydrospheres); on the other hand, these tests ms} 
still be correlated at will by either Equation [21] of the paper & 
Equation [22] of this discussion, and even in simplified forms ® 
the parameter .N/P should be omitted. The data available & 
not yet allow us to decide which of the two forms would be su 
ciently general for the range of operating variables hitherto & 

plored for the 0.375-in. hydrosphere; at this stage, f can bee 
pressed at will either in terms of pN D?/y, or of ewN /h, or of be 

In view of the purpose for which the foregoing analyses ¥© 
undertaken, they cannot yet be considered as entirely succes® 
it is hoped, however, that they may contribute somewhat t ! 
authors’ further attempts to unveil the mysteries still env 
the hydrosphere’s functioning. 

The authors have presented an in 


J. T. Burwetu.? 


® It so happens that in the range (from about 15 to 5 
hitherto covered, the parameter a/e apparently did not exert 
noticeable influence. The following values have been tak 
a. for all mineral oils so far tested: p = 7.5 » 
sec? /in. ~ = 115 lb in.~? (deg F)-!,e = 4 X 1074 (deg! 
icine ries numerical factor 4.4 in Equation [24], it 
assumed that the legend of the abscissas of Figs. 12-16 5! 
read (u N/P) X 10-*), but (u N/(P) X 105), and further t 
authors expressed the speed N in revolution per second throu® 
notwithstanding their notation suggests revolutions per mnut® 
7 Department of Mechanical Engineering, in 


tute of Technology, Cambridge, Mass. 
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i! and new viewpoint from which to consider the pressure condi- 
. tions in oil-film bearings, namely, a relation showing how the 
> pressure varies along a streamline (Equation [14] of the paper). 
! Mathematically, this equation is insufficient to determine the 


three dependent variables p, a, and dn. Additional relations are 
required in order to specify the pressure at all points in the film 
for given boundary conditions. The companion relation to 
Equation [14], based upon considerations of flow in the oil film 
isimplicit in the definition of a stream tube. This is that the net 
oe flow in the n-direction shall be zero. Referring to Fig. 7 of the 
paper,® and employing arguments similar to those used in deriv- 
mn ing Equations [8] to [13] this relation, in the absence of inertial 
or other body forces, is 


h? Op U 
12u on a 
The third relation necessary to determine p, a, and dn is a purely 
geometrical one relating a to dn. As may be seen from the Fig. 
L herewith 
ree. 


d(dn’ 
— dn = ds 
on ds 


1G. 


By means of Equations [14] of the paper, and Equations [25] 
and (26] herewith, the pressure and direction of oil flow at every 
point in the film is, in theory at least, specified. For instance, dn 
pe MH can be eliminated between Equations [14] and Equation [26] 
togive the following 


sub 4) ph’ op 0a U ) 

In actual practice, however, it is doubtful whether the Equations 

(25) and [27] in p and & would be any easier to solve for bearings 

with transverse curvature than would Equations [1] or [4] of the 

original paper. 

There is an impression given in the paper, which the authors 
probably did not intend, to the effect that, if by any means the 
streamlines bend in such a manner that sin a decreases, be it ever 
so slightly, then this will cause a positive pressure to be developed 
in the oil film. This is reasoned from Equation [14]. It might be 
more correct to say that Equation [14] shows that a bending of 
the streamlines such that sin a decreases is associated with the 


development of pressure in the film. Physically it would be just 


The notation on the lowest diagram in Fig. 7 suggests that p does 


; - vary in the n-direction. This is not correct and although it will 
2% B® ot affect Equation [8], it would affect Equation [25] of this discus- 


= 
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as correct to infer that the pressure gradient developed causes 
the streamlines to bend as the reverse, since both quantities are 
equally dependent in the equation. If some additional factor is 
involved to produce such a bending of the streamlines, for in- 
stance, centrifugal inertia force, then this factor must be included 
in the equation, especially in Equation [25] herewith. Whether 
such bending will actually take place will then depend upon the 
balance between this extraneous force and O0p/dn as determined 
from Equation [25]. 

On the experimental side, the authors have certainly devised a 
most ingenious bearing and one that should find a wide variety of 
thrust-bearing applications where combined thrust and radial 
loading must be carried. 


A. Cameron.’ There are one or two points which puzzle the 
writer in the authors’ theoretical analysis of their results. The 
basie equation (their Equation [1]) which, as they point out, 
holds for any shaped gap, can be written er 


(w 2) =o 

or ox oz Oz 
when both 0U/dz and dh/dz are zero. If p = 0 is a solution that 
satisfies the boundary conditions, then this is the unique solution, 
as an elliptic partial differential equation has only one solution 
which satisfies all the boundary conditions. Could the authors 
indicate the steps which lead to the alternative solution described 
after Equation [4]? 

The writer thought it would be interesting to calculate the 
pressures produced by the centrifugal forces in the oil film and, 
as is shown later, it is hard to see how these can play even a sec- 
ondary role in accounting for any of the speed effects shown in 
Fig. 14 of the paper. It seems not unreasonable to suppose that 
the higher speeds will give rise to a higher temperature and thus 
a lower oil viscosity and this explains qualitatively the positions 
of the speed curves. It is clear that temperature effects in the 
oil film may be masked if a thermocouple is placed in the bear- 
ing metal, even though it is only a short distance away. 

Is it not a reasonable explanation of the action of this bearing 
that it acts on a “thermal wedge?” The fact that the bearing 
will not operate without grooves supports this theory. It would 
be interesting to run a bearing (steel-cast iron) with mercury. 
The high thermal conductivity of the mercury would mean that 
the thermal wedge would not be formed. 

In the following mathematical treatment, the only serious as- 
sumption is that the pressure is constant throughout the thickness 
of the film. The consequences of this assumption for this bearing 
will be discussed. In so far as possible the authors’ nomenclature 
is used. 

Consider a sphere, Fig. 2, rotating about an axis OL with 
angular velocity w radians per sec. The radius of the sphere = 
R. Let there be a point A, on the surface of the sphere, of radius 

® Department of Engineering, The University of Cambridge, 
Cambridge, England. 


ull 

2 

in 

| lf) wre, 

> 

| 

; | 


of gyration G, and a tangential distance r from the axis OL. Let 
the angle AOL = ¢. The seating is hemispherical, also of radius 
R. The distance, along OL, between the surface of the sphere 
and the seating is h,, where hi << R. The radial distance h be- 
tween the two surfaces, at any point, is given by h = h, cos ¢. 

Let the gap be filled with a fluid of density p and the viscosity 
n. Wewill assume the pressure is constant through the thickness 
of the film. In normal hydrodynamic theory this is quite accepta- 
ble. Here, it involves assuming the centrifugal force of all par- 
ticles of oil through the film, at any point A, is constant. Actu- 
ally the force varies from zero on the stationary surface to a maxi- 
mum on the moving sphere. We will take the force equal to one 
half the maximum value at any point. 

Consider a small element in the fluid near A, of sides (Fd¢. 
rd@, dy), y being taken in the radial direction R, y = 0, and y = 
h on the surface of the seating and the sphere, respectively. 


By Volume = (rd@Rd¢dy) 


p(rdéRd¢dy) 
ti to rotation there will be an outward centrifugal force equal 
to mGw*. The component in the tangential direction ris 


mG = cos = mR = 00s ¢ sin 


The forces due to the pressure gradient (dp) /(Rd@) and the shear- 
ing-force gradient (0s/dy) on the surface of the element must all 
be in equilibrium with the centrifugal force. Hence 


2 d 

R cos ¢ sin = Rdgdyrdo + dyRd¢ 
w? 

p ain ¢ = 


From Newton’s law of viscosity 


dy? 


At any fixed value of ¢, (02u)/(Qy?) is constant and equals, say, 
K. Then (02u)/(0y?) = K, and u = (K/2)(y? — hy), using as 
boundary conditions u = 0 when y = 0 and Ah, as neither the 
sphere nor the seating has any component of velocity in the radial 
direction. 
Whence the total tangential flow, integrated round the axis of 


rotation 


Karh’ 


Nowr = Rtan¢gandh = h, cos¢@ 


at some angle go, (dp)/(d¢) = 0, and if we assume the fluid is in- 
_ compressible and of constant density 
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> 
sin? cos® do . 


2dp sin? do cos® do 
dp + sin ¢ cos ¢ do 


There is a singularity at ¢ = 0, but this does not cause any 
difficulty, as the lubricant inlet subtends a small finite angle over 
this point. 

The pressure p is obtained by integration. 
B, which is constant for any bearing 


Let sin? cos? = 


+ 


The two constants, B and C, are evaluated from the conditions 
giving the extent of the pressure curve. Now p = 0 when ¢ = 
¢i, Where ¢; is the '/: angle subtended to the center by the lubri- 
cant inlet. The pressure will end at the lip of the seating, ie, 
when ¢ = cos~! h,/R, and as hi << R, h/R 0 and 
x/2. If values are put into these equations the integration con- 
stants are seen to be 


2 B 
— = —B In tan 


cos 26 
2 cos 4 


1 
B = , and C= 


= 


hy 
R 
Hence = 


and since hj << R we can write, with very little inaccuracy, 
pw*R? 
This relation is accurate to within a degree or so of 1/2. The 
total load W is given by the relation (Fig. 3) 


cos? 


Load/unit projected i 


— |p — R? 
6 E R? sin pm sin cos? 


Let us put typical values into these relations. Put N = 14001® 
(see “Results and Discussion” by author) = 1.5 X 10? radiam 
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One cubic inch of kerosene weighs about !/3% lb. R = 
0.018 psi. The experimental value is about 


per sec. 
3/,in., whence P = 
550 psi. 

AutHors’ CLOSURE 


Both Doctors Blok and Cameron have questioned the possi- 
nV bility of the bearing in Fig. 3 producing a pressure distribution as 
oa shown in Fig. 4 of the paper. Although it was not stated in the 

paper just how the pressure distribution, shown in Fig. 4, might 
> be realized, it was inferred that the bearing shown was an idealized 
view of one sector of an annular-type thrust bearing. The lubri- 
cant in such a bearing is subject to the action of centrifugal 
force and hence it does not appear to be true that the only 
streamlines possible are parallel to the direction of motion of the 
moving surface. 
ns As shown by the approximate calculation of Doctor Blok and 
= the more elaborate analysis of Doctor Cameron, the centrifugal 
vri- force which acts upon an oil particle is small compared with the 
e., corresponding pressure and viscous forces. For this reason inertia 
- terms were omitted in all of the derivations presented, as men- 
on- tioned in the paper. However, the absence of inertia terms in the 
equations should not be taken as evidence that inertia plays no 
role in the development of large positive pressures in a thrust 
bearing, for as previously mentioned in the paper and in Doctor 
Blok’s comment, inertia may play an important secondary or 
“trigger” role. 

In this respect, inertia effects in lubrication may be likened to 
the effects of viscosity in another problem in fluid mechanics, 
namely, the drag on an airfoil. It could be reasoned that viscous 
forces are completely negligible since air foils operate at high 
values of Reynolds number, which means that viscous forces are 
small compared with inertia forces. However, viscosity plays an 
important secondary role in the relatively thin layer of fluid 
immediately adjacent to the airfoil, that is, within the boundary 
layer. Here, viscosity alters the point of separation of the fluid 

The from the airfoil which results in large changes in pressure drag. 
Thus in airfoil theory, viscosity introduces a negligible viscous 
drag but provides the mechanism for triggering large changes in 
pressure drag. 

Hydrodynamic lubrication problems involve low values of 
Reynolds number which means that inertia forces will be negligi- 
ble relative to viscous forces. However, this fact does not pre- 
clude the possibility of these small inertia forces triggering large 
pressure forces. A mechanism whereby this action may be ac- 
complished is evident in the case of the hydrosphere. An im- 
portant pressure gradient due to centrifugal force has been over- 
looked in the calculations of Doctors Blok and Cameron. In 
Fig. 4 herewith an enlarged section of a portion of the oil film in 
a hydrosphere is shown, the upper surface being in motion while 
the lower cross-hatched surface remains at rest. Inasmuch as it is 
an experimentally observed fact that slip never occurs at an oil- 
metal interface, the oil at point A in Fig. 2 of the discussion will 
have the velocity of the moving surface, while the oil at point B 
will have zero velocity. The resulting centrifugal force exerted 
on any oil particle will be a maximum at the moving surface and 
will go to zero at the stationary surface. Since there is no flow 
from the hy drosphere due to the effective seal present at point C, 
we might expect the centrifugal field in the vic inity of the moving 
surface to produce a pressure gradient somewhat as shown by 
curve lin Fig. 4. Similarly, the pressure at all points along the 
stationary surface might be expected to be zero. 

Despite the smallness of the pressure at points adjacent to the 
Moving surface, large pressure gradients would exist across the oil 

due to the extreme thinness of the film. For example, the 
Pressure gradient, corresponding to a centrifugal induced pressure 
of but 0.018 psi as computed by Doctor Cameron, would be 180 


)0 
adians 
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psi per in. if the film thickness were 0.0001 in. Since flow in any 
system is induced not by pressure itself but rather by a pressure 
gradient, there is present in the hydrosphere substantial means for 
establishing a circulatory flow. The difference in pressure which 
thus would tend to develop across the oil film may be satisfied by 
the establishment of a flov. pattern as shown by the curves at 2 in 
Fig. 5 of this closure, the rate of this circulatory flow adjusting 
itself until the pressure becomes uniform across the film, and the 


pressure distribution at both the moving and stationary surfaces 


= 
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beconte the same as shown by curves 3. The circulatory flow, 
when combined with the shear-induced circumferential flow, will 
provide a resultant motion of the oil which is deflected up the 
surface of the hydrosphere. Thus a converging Reynolds wedge 
is found to exist in the direction of the mean streamline which is 
capable of producing a substantial hydrodynamic pressure gradi- 
ent in the direction of the mean stream line as is evident from 


= Equation [14] of the paper. 
: In deriving Equation [14] inertia terms were omitted, inas- 
- much as they are negligibly small compared with viscous and 


pressure terms. Professor Burwell has remarked that if inertia 
effects are important at all they should be retained throughout the 
derivation. While this procedure is to be desired from the 
mathematical point of view, it does not prove practical in certain 
engineering applications where otherwise negligible variables in- 
duce important secondary effects. A classical example of this pro- 
cedure is to be found in high-speed airfoil theory, where viscous 
effects are ignored in making a force balance, but their second- 
ary effects play an important role. 

The afore-mentioned circulatory flow could involve the genera- 
tion of heat within the oil film at a significant rate, even when the 
surface speed of the bearing is quite low. The heat thus de- 
veloped could possibly augment the pressure developed by 
Reynolds wedge action, by virtue of the ‘‘thermal-wedge”’ 

mechanism. It should not be overlooked, however, that the 
entire mechanism here presented is dependent upon the trig- 
- gering action of the small centrifugal induced pressure. 

+ Doctors Blok and Cameron have suggested that the hydrody- 
namic operation of the hydrosphere might be explained on the 
basis of a thermal-wedge action alone. It is difficult to visualize 

how a 3/,in-diam hydrosphere, operating at a mean surface 

_ speed of 2.3 fps with kerosene as the lubricant, could generate 

_ sufficient heat within the oil film to develop the required tempera- 

ture gradient along the short length of a single sector of this bear- 

_ ing to provide a mean hydrodynamic pressure of 550 psi. We fail 

~ to see how the need for radial oil grooves in any way substantiates 

- this thermal-wedge theory, as suggested by Doctor Cameron. 

It is explained in the paper that the hydrosphere or any plane- 

a - thrust bearing cannot operate without radial grooves, 

since oil can only be caused to enter the bearing against the 

existing adverse pressure gradient by means of the circumferential 
_ shear force at the moving surface. 

Doctor Blok has suggested that a reaction from the torque- 

measuring arm might have caused the bearing to run eccentric in 

the manner of a conventional journal bearing. We fail to see how 

this might be possible, for if the axially applied thrust load is to 

. be supported by the vertical component of the hydrodynamic 

pressure force on the supposedly eccentric journal, then the radial 
component of force supplied by the torque arm must be of the 
same order of magnitude as the applied axial thrust load. Obvi- 
ously, this could not be the case, inasmuch as the torque-arm 
force was always less than !/2 Ib whereas the axial force was fre- 
quently as high as 400 Ib. 
Professor Burwell has presented an interesting extension of the 
ca theory of lubrication in the s-n co-ordinate system. The relation- 
a of ships presented would be of value in any attempt to apply the re- 


a <1 “<a sults quantitatively. However, the analysis given in the paper 


7 was limited to a qualitative discussion, and we concur with 
_-——- Professor Burwell that it is likely little advantage is to be derived 
from a quantitative application of the theory presented. 
Regarding Doctor Blok’s attempt to show that Equation [21] 
oe of the paper is inadequate to explain all of the experimental data, 
we should like to say merely that sufficient data are not yet availa- 
ie ble to attempt any such ambitious analysis by means of dimen- 
sional reasoning. However, this phase of the discussion has un- 
covered an error in the caption of Fig. 14. In these tests, the 
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lubricant was kerosene, having a viscosity of 0.21 X 10-6 reyn 
rather than Univis 47, as incorrectly stated. The origin of the 
differences in the friction curves in Figs. 13 and 16, mentioned 
by Doctor Blok, is not known other than the fact that the data 
for each curve were obtained upon a different #/s-in-diam bear- 


A Method of Making High-Speed 
Compression Tests on Small — 
Copper Cylinders’ 


D. S. Crark.? In referring to the impact research at the 
California Institute of Technology which has been under the 
writer’s supervision for the past 10 or 12 years, the author states 
that no increase of ultimate strength, specific energy, and elonga- 
tion was noted when the impact velocity was within the dynamic 
range. Presumably the author refers to the range of 25 to 200 fps. 
Since the author is talking about strain rate and, to be specific, 
average strain rate, it should be pointed out that in the tests 
made at the California Institute of Technology, in the range of 
velocities involved and with the length of specimens involved, 
the rate of strain in the specimen varies from very low values to 
extremely high values, in fact, essentially infinite. Varying the 
velocity from 25 to 200 fps does not change the range of strain 
rates involved in these tests. At velocities above approximately 
25 fps, one should not observe any particular effect of average 
strain rate. One must not lose sight of the fact that in long 
specimens, average strain rates are inconsequential, and that 
strain rates actually present vary over an extremely wide range. 
Therefore the author’s conclusion that the influence of strain 
rate observed by them was not observed by the investigators ai 
the California Institute of Technology because of experimental 
error is not correct. 

The author’s attention is directed to the variability of static 
stress-strain diagrams in compression with the dimensions of the 

If the time during which a specimen is strained is long cour 
pared to the time for the strain wave to traverse the specimen, the 
effects of the propagation of the strain wave will be small. The 
strain throughout the specimen will be uniformly distributed and 
it is possible to use the strain, averaged over the specimen length, 
as the equivalent of the strain at point. The time rate 0 
change of this strain (strain averaged over the specimen length 
will vary directly with the velocity with which one end of the 
specimen moves with respect to the other; 


specimen. 


where » is the instantaneous relative velocity of the moving 
the specimen. 

It is this strain rate which has been used as the independ 
parameter in the several investigations cited in the text, includimé 
those conducted by the author. Varying the impact ve! 
from 25 to 200 fps changes this parameter by a factor of 8 w! 
referring to the foregoing experiments, means an observed incre 
in stress of about 4 or 5 per cent. 


1 By E. T. Habib, published in the September, 1948, issue 
the Journat or Apptiep Mecuanics, Trans. ASME, vol. 7, ? 
248-255. 

2 Associate Professor of Mechanical Engineering, California Ins 
tute of Technology, Pasadena, Calif. Mem. ASME. 
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Torsion and Shear Effects of Mem- 
bers Upon General Instability of 
Semimonocoque Structures 
Under Compression’ 


N. J. Horr,? B. A. Botey,* ann M. W. MANpbEL.‘ In tests 
carried out at the Polytechnic Institute of Brooklyn Aeronautical 
Laboratories (PIBAL), cylinder No. 15 failed in general insta- 
bility while subjected to uniform axial compression as previously 
described by two of the writers. The writers have calculated 
the buckling load of this cylinder by means of the author’s theory 
and believe that the following observations are of interest: 

The parameters have the values \ = 1, 7 = 97, » = 0.00297, 
and y = 0.234. As the author’s graphs contain curves for 0 < 
u< 150, the seale did not permit the use of the graphs in the case 
of the PIBAL cylinder. Consequently the buckling load was 
calculated from Equation [28] of the paper. The minimum was 
obtained for m = 1 and n = 4 and was found to be 10.5 P, = 
8250 Ib per stringer. The actual buckling load observed in the 
experiment was 2780 lb per stringer. In the calculations G, = 
2,000,000 psi was used, since this value was actually measured in 
the test. 

In order to check whether similar disagreement between theory 
and experiment would be obtained in the case of actual semi- 
monocoque fuselages of airplanes, the calculations were also 
carried out for the Republic Rainbow. The parameters were 
h = 0.605, » = 7440, » = 2.34, » = 0.00347. Again, the range 
of the graphs was unsuitable, and Equation [28] had to be used. 
The value of G, was taken as (2/3) G, which was the minimum 
consistent with the results of the writers’ work.’ With this value 
the contribution to the buckling load of the strain energy of shear 
in the sheet was about 50 per cent, and the remaining 50 per cent 
was about equally divided between the strain energies of bending 
stored in the stringers and in the rings. 

The share of the torsion of stringers and rings was less than 
0.1 per cent of the total. This is significant in view of the im- 
portance attributed by the author to the torsional strain energy, 
as indicated in the summary and the conclusion of the paper. 
The torsion was much more important with the PIBAL No. 15 
cylinder whose stringers and rings had rectangular solid sections, 
very different from the thin-walled open sections customary in 
airplane construction. The division of the total strain energy 
was 9.3 per cent stringer bending, 5.8 per cent ring bending, 32.5 
per cent torsion of the stringers and rings, and 52.4 per cent shear 
in the sheet covering. 

The minimum buckling load of the Rainbow was 294 Py = 
35,300 Ib per stringer when calculated by the author’s theory. 
The circumferential wave length extended over five stringers 

(50 deg), while in the axial direction the wave length was found 
to be about equal to the ring spacing. Unfortunately, no ex- 
perimental data are available for comparison. However, the 
theory of general instability in bending should give satisfactory 
approximate results because the variation of the compressive 
stress is slight over the short wave length. Calculations carried 
out with the aid of the PIBAL theory yielded 7200 lb for the 
most highly compressed stringer. In the case of PIBAL cylinder 


‘By T. K. Wang, published in the September, 1947, issue of the 
JouRNAL or ApptieD Mecuanics, Trans. ASME, vol. 69, p. A-177. 
Professor of Aeronautical Engineering, Polytechnic Institute 
of Brooklyn. Mem. ASME. 
* Instructor, Polytechnic Institute of Brooklyn. 
\ Research Assistant, Polytechnic Institute of Brooklyn. 
The Shearing Rigidity of Curved Panels under Compression,” 
by N. J. Hoff and B. A. Boley, National Advisory Committee for 
eronautics Technical Note No. 1090, Aug., 1946, 


DISCUSSION ioe we 99 


No. 15 the wave length was almost one half the circumference, 
and the theoretical buckling load in the most highly compressed 
stringer of the bent cylinder was 186 per cent of the experimental 
buckling load in compression. Such a deviation could be ex- 
pected because of the large variation of the stress over the wave 
length. 

Consequently, the buckling load of a compressed semimonoco- 
que cylinder is likely to be much smaller than the value calculated 
by the author’s theory. It is of interest to note that the PIBAL 
theory of bending also yielded too-high buckling loads when the 
shear strain energy stored in the sheet covering was calculated 
from an expression equivalent to that given by the author in 
Equation [20]. This equation is the obvious one to use and its 
elaborate derivation by the author was rather unnecessary. Its 
use was discontinued at PIBAL on the basis of the following con- 
siderations: 

At the time when general instability occurs, the panels of sheet 
are in a buckled state in which a tangential displacement of one 
bordering ring segment relative to the other causes changes in 
the wave form of the buckled panel. These changes, and the 
radial and axial displacements involved, as well as the resistance 
of the buckled sheet to shearing deformations, cannot be calcu- 
lated without recourse to a rather difficult nonlinear large-deflec- 
tion theory. The strain energy stored during the deformations 
can certainly not be measured by the integral of the square of 
Ow, 

In the writers’ opinion, this reasoning proves the inadequacy of 
Equation [20] to define the shear-strain-energy quantity stored 
in the sheet covering. Its replacement by a more suitable ex- 
pression, however, poses a difficult problem. The procedure 
of using the average shear strain determined from the displace- 
ments of the four corner points of each panel was adopted at 
PIBAL as the simplest solution until a large-deflection theory 
can be developed. It was checked against experiments and 
was found to lead to good agreement in the case of the bending 
of semimonocoques. The writers feel that the author is rather 
hasty when he rejects the method adopted at PIBAL as “of 
doubtful accuracy” and at the same time declares his method 
‘more suitable,’ although the latter ignores the buckled state 
of the sheet covering and yields buckling loads amounting to 3 
to 5 times the experimental values. 

The author states in the introduction that the problem of the 
general instability of semimonocoques subjected to axial com- 
pression had to be recalculated because, in the earlier solutions 
of the problem, the torsional strain energy stored in the stringers 
and rings and the shear strain energy stored in the sheet covering 
were disregarded. It is rather inconsistent, therefore, that he 
considers his own work on the general instability in bending® as 
the final solution of that problem in spite of the fact that there he 
did not include the shear strain energy in the calculations. Natu- 
rally, his results did not agree with experimental evidence 
until he introduced an empirical correction factor, based upon 
panel size for the wave length. When the correction is applied 
the wave length becomes one half to one quarter of the theoretical 
value. 

Moreover, he was mistaken in regard to the earlier work on the 
general instability of compressed semimonocoques. In an ex- 
cellent paper,’ published in 1935, J. L. Taylor considered both 
the torsion of the stringers and rings and the shear in the evlinder 
subjected to compression. 


‘General Instability of Semimonocoque Structures Under Bend- 
ing,”’ by T. K. Wang, Journal of the Aeronautical Sciences, vol. 13, 
January, 1946, pp. 29-37. 

7 “Stability of a Monocoque in Compression,’”’ by J. L. Taylor, 
Aeronautical Research Committee Technical Reports, Great Britain, 
No. 1679, vol. 48, 1935-1936, part 2, pp. 578-586. 
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In the general formulas developed at PIBAL the torsionai 
rigidities of stringers and rings did not appear because these 
quantities are very small in the thin-walled open-section stiffening 
elements of actual airplanes. Their importance can be judged 
from the example of the Rainbow, in which the contribution of the 
torsion to the buckling load was found to be less than 0.1 per 
cent. Moreover these sections have a relatively large resistance 
to nonuniform torsion accompanied by warping, which was 
neglected in the author’s calculations. When the Rainbow fu- 
selage buckles according to his deflection pattern, the strain 
energy due to nonuniform warping is twice as large as that due 
to the simple torsion of the Saint Venant theory. It may be 
mentioned that, in the general instability work carried out 
more recently at PIBAL, the torsional strain energy was always 
calculated when the cylinders examined had solid rectangular 
sections.® 

The writers are at a loss to interpret the following statement 
made by the author in his summary: “It (namely, the formula) 

appears sufficiently general to cover longitudinal variations as 
well as radial variations of the structure concerned.” Obviously, 
all the summations lose their validity when the uniformity of the 
structure is disrupted. As a matter of fact the only original 
idea in the paper is the use of double Fourier series and their 
summation in order to obtain the answer in closed form. The 
writers give full credit to the author for introducing the double 
series, and they admire his skill in carrying out the summations 
even though he is unwilling to give them credit for many other 
features of the solution. 

On the basis of the foregoing discussion the writers wish to 
voice their disapproval of the following sentence in the author’s 
conclusion: ‘Thus it is hoped that this paper will be the final 
answer to the problem of general instability under pure com- 
pression.”’ 

M. Z%. Krzywosuocki.? An exact solution of the problem 
treated in this paper may be obtained by solving the differential 
equation of Euler. The Rayleigh-Ritz method (this is the cor- 
rect name of the method used in the paper) is an approximate 
method which may give errors of various orders. For simplicity, 
let us quote!’ I. S. Sokolnikoff: ‘“The Ritz method provides an 
upper bound J,, to the value of the integral J (energy integral). 
The matter of establishing the convergence of J, to J presents 
some difficulty. This convergence, however, does not guarantee 
the approach of y, (approximation function) to y (stress func- 
tion) or, even less, the approach of the derivatives of y, to those 
of ¥. Moreover, the Ritz method itself furnishes no information 
as to the degree of approximation at any stage of the process.” 
(See also works of Courant, Hilbert, etc.) 

It is obvious that by the application of the Rayleigh-Ritz 
method an approximation solution may be achieved “by selecting 
from the set of all admissible functions a certain subset.’?!! 
Consequently, in each particular case one should show that 
the chosen approximation function is the best obtainable (see 
Courant’s works on this subject). Many authors do not fol- 
low this fundamental principle of application of approximate 
methods to solution of practical problems. 

In many textbooks on the subject of theory of elasticity, 
theory of plates and shells, etc., the Ritz method is presented in 


8 See, for example, ‘Calculation of the Buckling Load of Cylinders 
With Symmetric Cutout Subjected to Pure Bending,”’ by N. J. Hoff, 
B. A. Boley, and Bertram Klein, NACA Technical Note No. 1263, 
May, 1947. 

® Associate Professor, Department of Aeronautical Engineering, 
College of Engineering, University of Illinois, Urbana, IIl. 

10 ‘*Mathematical Theory of Elasticity,” by I. S. Sokolnikoff, 
McGraw-Hill Book Company, Inc., New York, N. Y., (1946, p. 309. 

11 [Tbid., p. 304. 
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a misleading way. Without a thorough discussion of the sub- 
ject of the chosen approximation function, the results cannot 
be considered final. It is evident that a discrepancy of 20 per 
cent, say, cannot be considered acceptable (see examples in 
Sokolnikoff'*), The possible agreement with the experiments 
will be a fortuitous one. If in a particular case there is agree- 
ment with the experimental results, it is doubtful whether the 
chosen approximation function may be applied in other cases in 
which a slightly different construction was used. 

We should stand not before a problem of a ‘random choice’ 
of the approximation functions but before a problem of a “‘syste- 
matic choice” of these functions. The value of the paper 
would be greatly increased if the author, following the example 
of Courant, Duncan, and others, would complete his work by a 
discussion of the accuracy and by an estimate of the | errors of 
the approximation solution. 


AUTHOR’s CLOSURE 


According to the comments made by Professor Hoff and his as- 
sociates, their conclusions were based entirely upon one. single 
test cylinder, No. 15, carried out at the Polytechnic Institute of 
Brooklyn, Aeronautical Laboratory. In the author’s opinion, 
they are somewhat too hasty to make a concrete conclusion when 
they check a complicated theory such as the general instability of 
compressed semimonocoque structures by using merely the result 
of one model test. 

It is known that for the purpose of solving the problem of gen- 
eral instability of semimonocoque structures under bending, the 
Guggenheim Aeronautical Laboratory at the California Institute 
of Technology had tested 74 models (1).!2_ Obviously, it was felt 
these 74 model tests were necessary, and the minimum number 
required, Therefore @ great number of tests on semimonocoque 
structures under compression must be carried out in order to evalu- 
ate the accuracy of the theories developed. This is because of 
the difficulties involved in leading the axial compression uni- 
formly at the ends of the cylinders. This statement can be veri- 
fied by the past experience on circular cylinders under axial com- 
pression (2). 

Moreover, it was the commentators’ mistake that they used 
the “theory of general instability of semimonocoque structures 
under bending” to check “the minimum buckling load of the 
Rainbow” in compression without solid evidence of relations be- 
tween the buckling of the structures under bending and that of 
the structure under compression. This is why their theory and 
experiment did not agree with each other as said by them in the 
comment, ‘“‘the theoretical buckling load in the most highly com- 
pressed stringers of the bent cylinder was 186 per cent of the ex- 
perimental buckling load in compression.” They also applied this 
unproved principle to the author’s theory. Naturally, the results 
thus obtained led them to make a misleading judgment as stated 
by them, ‘consequently the buckling load of a compressed sem 
monocoque cylinder is likely to be much smaller than the value 
calculated by the author’s theory.” 

The author is very much surprised by the discussers’ declari 
tion that their shear-strain-energy quantity (3) is of “the simplest 
solution” and that the author’s method “ignores the buckling 

state.” By a comparison, obviously, the fundamental ideas 
these two methods are the same except that the former uses tht 
average value of shear strains at four corners of each pane! as the 
shear strain of the whole panel and that the latter considers the 
shear strain by using the four corners of an infinitesimal elemet 
of a panel and then integrates it for the whole panel. The only 


12 Numbers in parentheses refer to the Bibliography at me 
of the closure. ; 
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difference is that the former result is inaccurate. For instance, in 
the practical design, a panel size of 200 to 500 sq in. is not too big. 
However, the shear strain of the panel varies from point to point. 
Therefore the average value at the four corners of each panel can- 
not represent the shear strain in the whole panel. 

Although both the discussers’ theory and the author’s were 
based on the assumption of small deformations, careful steps 
must be taken in order to obtain a reasonable result before the 
evidence of a large-deflection theory can be presented. Thus the 
author’s method is more accurate, because he integrates the shear 
strain for the whole panel by mathematical integration and also 
takes care of the buckling state by using the effective shear modu- 
lus. Furthermore, if we consider the numerical calculations, the 
discussers’ method is quite tedious, because they have to caleu- 
late the shear strain of every single panel. By using the author’s 
method, it is only necessary to calculate one single value 7 for the 
whole structure, 

Notice also there were many contradictions between their 
theory and statements, for instance: 

1 The senior author’s first paper (4) on the theory of semi- 
monocoque structures under bending with one model test stated 
that both theory and experiment have a good agreement. His 
second revised paper (5) and third revised paper (3) offered the 
same statement. The writer admires his painstaking attitude to 
improve his theory from time to time. In the meantime it proves 
that a meager test is not reliable. 

2 The discussers state in their comment, ‘In an excellent pa- 
per, published in 1935, J. L. Taylor considered both the torsion of 
the stringers and the shear in the cylinder subjected to compres- 
sion, but they did not use it for checking their work. Besides, 
in 1946, they developed a rather inaccurate four-corner strain-en- 
ergy method; they also used their bending theory to check the 
buckling load of the Rainbow in compression. 

In fact, the present problem of the general instability of semi- 
monocoque structures under compression was first suggested to 
the author by Dr. Th. von Kaérmdn in 1938 and was taken up by 
Dr. 8. Timoshenko in 1939, as the author’s thesis for PhD (6). 
At least three of us considered it worth while to make a research 
on this subject, but the discussers said . .., the author was 
mistaken in regard to the earlier work on the general instability 
of compressed semimonocoques. The author does not wish to 
voice his opinion on this. It would be better to let the readers 
pass judgment on this matter. 

Finally, the author cannot give his approval of the following 
statement: “It is rather inconsistent, therefore, that he consid- 
ers his own work on the general instability in bending as the final 
solution of that problem in spite of the fact that there he did not 
include the shear-strain energy in the calculating.” The author 
did not make any statement like that. Furthermore, the 
author mentioned in a few places in that paper (7) that the shear 
effect of skin is taken care of by using empirical factors. Never- 
theless, the author’s solution well checked the experimental 
results of 74 model tests carried out at Caltech as previously 
mentioned, and thus his method is, at least, good for design 
purposes. 

The author agrees entirely with the suggestion made by Prof. 
M. Z, Krzywoblocki. However, there are several reasons as fol- 
lows for not presenting the discussions, as suggested in his paper: 
(a) Usually the space in the journal in which the papers appear is 
limited; (b) the author considered that it was unnecessary to do 
80 because the function chosen has been used too many times by 
other authors; (c) after all, the theoretical analysis has to be 
checked by experiments anyway, regardless of the degree of ac- 
curacy of the chosen function achieved; (d) from the viewpoint 
of engineering, the presentation of the papers should not involve 
‘oo much mathematies if it ean be avoided. 
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Experimental Studies of Biaxially 


= 
Stressed Mild Steel inthe 
Plastic Range’ 

D. C. Drucker.? The author’s experimental data are of 
value in understanding the behavior of metals in the plastic 
range. Of special importance is the confirmation of the large 
deviation of the u versus v curve from the straight line, postulated 
by the simpler mathematical theories of plasticity. In this con- 
nection, a re-examination of Figs. 3, 5, 6, 7, of the paper, for stress 
ratios n of 3/,, 3/s, °/s, 13/s, respectively, is worth while. It 
shows quite conclusively that, in the range beyond an octa- 
hedral shearing strain of about 2 per cent, the difference u — p is 
constant within experimental scatter. 

This experimental result is a welcome confirmation of one of the 
bases of present theories. The usual assumption made is that 
the total strain or the strain increments can be broken up into 
elastic and plastic components, each of which can be treated 
separately. A further assumption adopted for work-hardening 
theories of the isotropic type is that the ratios of the plastic com- 
ponents of strain will remain constant if the stress ratios are 
fixed.’ In terms of ineremental theories, this means that the 
loading function, or criterion for further plastic deformation, is 
a homogeneous function of the components of stress (see P. 
Hodge and W. Prager‘). 

Therefore present theories predict that in the elastic range 
the w versus v curve will be a straight line, while, in the plastic 
range mu versus v (plastic) will be a single curve, and as a con- 
sequence the u versus v (total strain) will lie between the two 
extremes, Fig. 1. However, for mild steel, the elastic strains are 
of the order of 0.001 and therefore have little influence on v 
above a total strain of 2 per cent. Fig. 2 is a schematic repre- 
sentation of the variation of « — » with increasing strain. The 
horizontal portion of the curve agrees with the results obtained 
by the author in the higher strain range. The low percentage 


1 By S. J. Fraenkel, published in the September, 1948, issue of the 
JOURNAL OF APPLIED Mecuanics, Trans. ASME, vol. 70, pp. 193- 
200. 

2 Associate Professor of Engineering, Brown University, Provi- 
dence, R.I. Jun. ASME. 


3‘ Strain Hardening Under Combined Stresses,’’ By W. Prager, 
published in the Journal of Applied Physics, vol. 16, 1945, pp. 837- 
840. 

4 “Variational Principal for Plastic Materials With Strain Harden- 
ing,”” By P. Hodge and W. Prager, published in the Journal of 
Mathematics and Physics, vol. 27, April, 1948, pp. 1-10. 
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accuracy in the small strain region, as mentioned in the paper, 
accounts for the high scatter there. 

‘ A minor point of criticism is that the use of the term “strain 
energy” to describe the work done is misleading, as the major 
portion is irrecoverable. 
for the work required to produce a given maximum strain in the 
tube surface does not fit the data well. 


Also, the expression given in the paper 


A very close fit is ob- 


schengtic 
204 208 
octuhedral strain 
Fia. 2 


tained by replacing fod €, + fd €, by a constant times the 
sum of the preducts of the maximum values of stress and corre- 
sponding strain, assuming incompressibility, and using the u 
versus vy curve. The results are independent of the shape of the 
stress-strain curve. Crudely taking » = » gives 


which lies much closer to the experifnental results than the very 
high W,(1 + n?) given in the paper. 

The investigation by the author of the effect of the path of 
loading is another forward step. His conclusion, ‘the octahedral 
shearing stress associated with a certain set of orthogonal strains 
is independent of the order in which these strains were applied, 
provided the metal is not unloaded,” is extremely interesting. 
However, great caution should be exercised in its application. 
Unloading is likely to occur in practice. Furthermore, a gen- 
eral superposition is certainly not permissible; even though the 
octahedral stress may be nearly the same, the same stress com- 
ponents will not always be present. Also, the path of loading 
chosen is limited, compared with the possible variations. The 
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principal directions were kept constant and the stress path was 
in the tension-tension quadrant and was not so very different 
from the path for a stress ratio of unity (author’s Fig. 11). 

It is to be hoped that the author will continue his investiga- 
tion along these and similar lines to settle the many questions that 
are still unanswered. 


WituiaM Pracer.® In the opinion of the writer, many ex- 
perimental investigations of the mechanical behavior of mild 
steel suffer from the fact that they follow a pattern which, by 
now, has been firmly established. Thus numerous investigators 
have established the fact that the octahedral shearing stress cor- 
relates not too badly with the octahedral shearing strain, inde- 
pendently of the manner of stressing, provided that the principal 
axes of strain and the ratios between the principal strains are 
kept constant during the test. Similarly, several investigators 
have established the fact that the u versus v diagram is not a 
straight line. These two isolated facts, however, are far from con- 
stituting a complete description of the mechanical behavior of 
mild steel in the plastic range. Therefore the author is to be 
congratulated for his courageous departure from this set pattern, 
In particular, the study of the influence of the strain path merits 
the attention of future investigators. 

Without wishing to detract from the value of the paper, the 
writer would like to caution against undue generalization of the 
author’s results. (1) When he states, “the path of loading was 
found to be immaterial,’’ he means that, for a certain strain, the 
same octahedral shearing stress was obtained regardless of the 
strain path. The octahedral shearing stress is only a scalar meas- 
ure of the stress intensity, however, and, by no means describes 


completely the state of stress. It would seem desirable to 


| study the influence of the strain path on the complete state of 


stress and not only on the octahedral shearing stress. (2) The 
principal directions of strain were kept constant during the 
author’s tests. It seems legitimate to raise the question as to 
what degree the author’s results would have been affected bya 
rotation of the principal axes of strain. 

K. Hohenemser and W. Prager® studied the influence of the 
strain path on the state of stress in thin-walled tubes under 
combined tension and torsion. Obviously, these tests involve 
a rotation of the principal axes of strain. The results of Hohen- 
emser and Prager show that under certain conditions the strain 
path is indeed immaterial. These conditions are rather restric 
tive, however, and a full description of the mechanical behavior 
of thin-walled tubes of mild steel under combined tension and 
torsion would exceed the space available for this discussion. 
Therefore the reader is referred to the original paper. 


AUTHOR’sS CLOSURE 


The interest shown jn the paper and the comments by Dr. 
Prager and Drucker are appreciated. 

The author agrees with the thought that a good deal of ad- 
ditional work along this line is required, especially with respec! 
to a possible generalization of the effect of the path of loading 
for other loading patterns and for the case of rotating axes of 
stress and strain. 


’ Professor of Applied Mechanics, Brown University, Providence 
ae I. Mem. ASME. 
“Beitrag zur Mechanik des bildsamen Verhaltens von F lusstahl,’ 
et K. Hohenemser and W. Prager, Zeitschrift fiir Angewandte Mathe 
matik und Mechanik, vol. 12, 1933, pp. 1-14. An English transl 
tion of this paper is available as R.T.P. Translation No. 2468 Oe 
and Reprinting Committee, in care of California Institute of Tee 


nology, Pasadena 4, Calif.). 
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Contact Stresses in the Rolling 


sof 
; J. H. Hrreucocx.?. The writer wishes to congratulate the 
authors on a splendid piece of work, characterized by meticulous 
and thorough care, in preparation of instrumentation for this am- 
_ bitious project in measurement of contact stresses between ma- 
? terial and rolls. It is extremely interesting to find so extensive 
d application of modern electronics technique in this enterprise. 
y The most critical element in this equipment of course is the 
e weigh bar which will be subjected to contact stresses. With the 
» steps which the authors have taken to assure that the point of the 
» weigh bar will match the roll surface in contour and in flexibility, 
z their need be little misgiving that the presence of the weigh bar 
” will affect the rolling process sufficiently to invalidate the re- 
” sults. In this respect it is believed that the construction adopted 
° is admirable. There may be a possibility, however, that the 
7” minute clearance between the point of the weigh bar and the sur- 
of rounding roll will become obstructed so that the stresses applied 
be to the point of the weigh bar may not be transmitted fully to the 
= strain-indicating instrument. This possibility is more likely to 
sas be troublesome in hot-rolling than in cold-rolling, and only re- 
; peated trials will demonstrate whether this feature will be trouble- 
some or not. 
Of considerable interest also are the load cells, located between 
the bearings and screws for measurement of bearing loads. A\l- 
though no reference is made in the paper to provision of torsional 
restraint, it is believed the load cells are so constructed that any 
ad torsion, which may be applied to them by rotation of the screws, 
hes is transmitted through the load-cell housings to the bearings, 
wo leaving the load cells themselves completely free of torsional 
of stresses and subject only to direct compression between the screws 
he and the bearings. This is considered to be an essential feature of 
the such devices. 
|e It is natural to expect that a comprehensive research program, 
ys employing instrumentation as competently assembled as the 
equipment described, will produce results of inestimable value to 
the rolling-mill engineers. The writer is confident that the results 
ider of this investigation will fulfill all such expectations. 
olve ) =f 
hen- AuTuors’ CLOSURE 
"a The authors wish to thank Mr. Hitchcock for his kind com- 
— ments on their work. The problem undertaken is indeed an 
per ambitious one and it is hoped that some experimental data, ob- 
- tained by the use of the equipment so developed, will soon be- 
100. come available, 

The General Proof of the Principle 

of Maximum Plastic Resistance’ 
f ad- H. J. GREENBERG.? The writer wishes to call attention to the 
spect paper by R. Hill® of the Cavendish Laboratory, Cambridge, 
— England. Whereas the author of the paper under discussion as- 
— 

‘By C. W. MacGregor and R. B. Palme, published in the Sep- 
tence 1948, issue of the JourNAL or AppLiep Mecuanics, Trans. 
70, pp. 297-302. 

; or of Research, Morgan Construction Company, Wor- 
tant ‘ester, Mass. Mem. ASME. 
“nt ' By A. H. Philippidis, published in the September, 1948, issue of 


2 JouRNAL oF APPLIED Mecnanics, Trans. ASMF, vol. 70, pp. 
(Dut 241-242. 


* Assistant Professor of Applied Mathematics, Brown University, 
Tovidence, R. I. 


* A Variational Principle of Maximum Plastic Work in Classical 
city, by R. Hill, Quarterly Journal of Mechanics and Applied 
athematics, vol. 1, 1948, pp. 18-28. 


sumes the finite stress-strain law, Equations [1], Hill assumes the 

incremental or differential stress-strain law of the Saint Venant- 

Lévy-Mises theory, which is obtained from Equation [1] by re- 

placing each strain component by the corresponding increment. 

He proves in direct fashion that the plastic power or rate of work 

of the surface forces is an absolute maximum, the velocities being 

prescribed on the surface. The method of proof he employs ap- 

plies equally well, however, if one assumes the stress-strain law, 

Equations [1] (an assumption which is justified only if during 

the deformation the principal axes remain fixed and the ratios of 

the principal stresses remain constant), in which case we shall 

show readily that the work done by the surface forces is an 

absolute maximum. This is a stronger result than that of x 

the present author who shows only that the first variation of the 

work vanishes. It is unfortunate that Hill’s results, which were 

obtained several years ago, could receive only limited attention 

because of the fact that they were originally presented in a war- 

time British restricted report (1945). : 
Let o,*, Tye) De any set of stress components 

which satisfy the equations of equilibrium and the plasticity 

condition, Equation [2] of the paper, i.e., T,* = T, = const, 

where 7',* is T, evaluated for the starred stresses. By X,*, 

Y,*, Z.* we denote the surface forces corresponding to these 

stresses. The original nomenclature of the author will be used 

without further definition. To prove that the work done by the 

actual surface forces is an absolute maximum, we have to prove 

that 


f + woZ,)dS > fw + + wo Z,*)dS 


Using Green’s theorem for transformation from surface to volume 
integrals and the equilibrium equations, this reduces to showing 
that 


— + «fe, — + — (Fae 
Cig") + Tez *)|dV 2 0 


Taking into account the incompressibility condition ¢,, = 0, 
and writing for the sake of brevity 


o,* o,* Tm 


where o,,* = (¢,* + o,* + o,*)/3, this is the same as showing 


that 
+ Cas"? + Yye(Tys Ten") + Yea(Tes Tez" > 0 “a 


Substituting from Equation [1] of the paper for the strains, the 
integral becomes 


1 


This, however, can be rewritten 
ox? 
<8 


where 


Since T,? = T',*? by the plasticity condition, it follows that 4 


T? W 2 0 
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Since \ > 0, the last written integral and therefore all of the 
preceding integrals are greater than or equal to zero. This 
completes the proof. It is easily seen that equality holds and, 
thus, the maximum value is attained, if and only if the starred 
stresses differ from the actual stresses by at most a hydrostatic 
state of stress. 
From the foregoing, it follows that, in case the surface forces 
are prescribed over a part of S and if we restrict the starred 
stresses so as to agree with these prescribed forces, then 


S + + woZ,)dS’ > + mY,* + woZ,*)dS’ 
Ss’ 


where S’ is the part of the surface S over which the displacements 
are prescribed. Thus it may be said that the work done by the 
surface forces acting through the displacements over the part of 
the surface where displacements are prescribed is an absolute 
maximum. 

In his paper,’ Hill points out that, in general, the boundary 
conditions cannot be prescribed arbitrarily if the plasticity condi- 
tion, Equations [2], is to be everywhere fulfilled throughout the 


body. In this connection he proves the following uniqueness 
theorems: 1 “If arbitrary velocities are taken over the sur- 


face, then there is either no possible corresponding stress dis- 
tribution for which the whole mass is plastic, or, if one exists, 
it is unique (apart from a uniformly hydrostatic pressure).” 
2 “‘... if the stresses are prescribed over the surface, then either 
no completely plastic state of stress exists, or if one exists, it is 
unique.”’ For the present discussion which assumes the Equa- 
tions [1] of a deformation theory, the word “‘velocities’”’ should be 
replaced by “‘displacements.” 

Since preparing the foregoing discussion, it occurred to the 
writer that the principle of maximum plastic work, when properly 
regarded, is nothing but a special case of the minimum principle 
proposed by Haar and von Karman.‘ The argument parallels 
one given by Hill,* who demonstrates that the Castigliano prin- 
ciple of minimum complementary energy in elasticity, and the 
principle of maximum plastic work in plasticity are both special 
cases of another, more general, principle, which is, however, not 
the Haar-K4érman principle. The principle of Haar and von 
K4rmén states that, among all states of stress satisfying the 
equations of equilibrium, the yield condition and the boundary 
conditions on S — S’, where surface forces are prescribed, the 
actual state of stress is such as to minimize the elastic comple- 
mentary energy. Taking into account the incompressibility of 
the material, this principle states that 


4G) Jv 


< T,** dV — f (uoX,* + voY,* + woZ,*) dS’ 

4Go Jv s’ 
where G; is the elastic shear modulus. However, by hypothesis, 
T, = T,* = const at every point in the body and so the two 
volume integrals are equal and may be canceled from the in- 
equality given. This leaves precisely the statement of the prin- 
ciple of maximum plastic work. 

If the assumption that the body has everywhere yielded is 
dropped, the principle of maximum plastic work ceases to be 
valid, and one must state the principle as one of minimum elastic 
complementary energy, i.e., the Haar-Kérmdn principle. A 
proof of the Haar-Kaérmdn principle under general conditions 
has been given by the writer in a note to be published later.5 


4 “Zur Theorie der Spannungs-Zustinde in plastischen und sand- 
artigen Medien,” by A. Haar and Th. von Ka4rman, Nach. der Wiss. 
Zu Gottingen, 1909, pp. 204-218. 

5 Quarterly of Applied Mathematics. 
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AvutTuor’s CLosuRE 


The author wishes to express his appreciation to Professor 
Greenberg for his interesting discussion and for bringing to his 
attention R. Hill’s paper. The proof which Professor Greenberg 
gives in his discussion that the plastic work is not only an extre- 
mum but also a maximum is very interesting from a mathemati- 
cal point of view. However, the knowledge that the plastic 


work is an extremum is sufficient for solving most practical ' 


problems. 


The Interaction of Discontinuity 
Surfaces in Plastic Fields of Stress' 


R. Hixu.? Until complete solutions to specific problems are 
forthcoming, showing the actual development of intersecting 
discontinuities with increasing applied load, the authors’ paper 
must remain an interesting, but formal, mathematical exercise. 
The simplest single discontinuity may of course be easily real- 
ized in pure bending under plane-strain ‘conditions, but it seems 
to the writer that quite extraordinary boundary conditions would 
be needed to produce four intersecting discontinuities. It would be 
most surprising if, as the authors suggest, the system shown in 
their Fig. 3 actually were developed during the pressure build-up. 

The only way to test this (unless elementary considerations 
suffice to prove the configuration wrong) would be by a complete 
solution for the stresses in both elastic and plastic regions (say, 
by relaxation methods). This is the answer to all doubts about 
uniqueness, which really depends upon the proper formulation 
of the problem. There are many plastic problems in which sev- 
eral plausible slip-line fields can be built up in a formal manner, 
on the assumption that the plastic region extends over a certain 
area at a given stage in the flow. The probability that the as- 
sumption is ‘correct depends very much upon the problem under 
consideration. The writer has emphasized this point elsewhere.* 

The development of surfaces of discontinuity is not only limited 
by considerations of stress, but also by the condition that the 
velocity should be continuous across the surface. If the tan- 
gential velocity component were discontinuous, the surface would 
be a slip-line. Further examination of this additional limiting 
factor is needed. Can the authors suggest a consistent velocity 
field for Fig. 3? 

The introduction of the term “shock” is unnecessary, and 
even misleading. The analogy between these discontinuities 
and shock waves in compressible flow is very thin and hardly ex 
tends beyond the mere existence of a discontinuity. The dis 
continuities across hydrodynamical shocks are of course in ve 
locity and pressure; here only the stress component parallel to 
the surface is discontinuous. Furthermore, the existence of 4 
shock in a fluid is a matter of dynamics. The analogy to this in 
plasticity is to be found’ in true plastic shocks, of the type e 
amined by von Karman and others, where the analogy extends 
also to interaction problems. 


R. A. Srrus.' This paper, based on previous work of W. 
Prager, is a very interesting complement to the literature on this 


1 By Alice Winzer and G. F. Carrier, published in the September, 
1948, issue of the JourNAL or AppLiep Mecuanics, Trans. ASME, 
vol. 70, pp. 261-264. 

2 Cavendish Laboratory, Cambridge, England. 

3“Some Special Problems of Indentation and Compression 2 
Plasticity,” by R. Hill, Proceedings of the Seventh International 
Congress for Applied Mechanics, London, England, September, 1948. 

‘The Plastic Yielding of Notched Bars in Tension,” by R. Hill 
Journal of Mechanics and Applied Mathematics, in press. 

’ Research Mechanical Engineer, E. I. du Pont de Nemours & Co., 
Belle Works, W. Va. 
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subject. As an example, the case of a trapezoid, yielding under 
a uniform pressure acting on the upper side, is treated and com- 
pared to the continuous solution given by Prandtl. 

For the case in which the angle 6 is equal to 45 deg both solu- 
tions give the same value for the pressure oy(3) which is equal 
to —2. This case can be represented by a plastic mass com- 
pressed between perfectly lubricated parallel planes. Within the 
range of variation of 8, the uniform pressure oy 3) given by the 
discontinuous solution is always smaller than the pressure cal- 
culated on the base of a continuous solution. This fact seems, 
however, an insufficient reason for accepting the discontinuous 
solution as being valid, for it is based on a principle of minimum 
resistance, Whereas we know that a principle of maximum plas- 
tic resistance exists.® 

When 8 is equal to zero and when accepting a discontinuous 
solution, the field of stress III is bounded by two parallel planes 
which are perpendicular to the top surface. The extent of the 
plastified region is infinite. The value of oy :) is gee to —4. 
The continuous solution gives the value p = —(2 + 7) and the 
plastified region is finite. 

It seems that in this last case, the preference should be given to 
the Prandtl solution. Further, it seems that at the beginning 
uf the flow, we should obtain a distribution of the plastic zones 
similar to the spectrum of the trajectories of maximum shear stress 
during the previous elastic state of stress. On the other hand, 
as discussed by Van Iterson,’ the transition from the elastic to the 
plastic state should occur when the Hencky yield criterion is ful- 
filled, and the distribution of stress after yielding commences 
directed by the St. Venant-Mises yield condition. It seems 
therefore that plastic phenomena have an essentially transitory 
character. 


“A Principle of Maximum Plastic Resistance,”’ 
owsky, JouRNAL oF AppLIED Mrcuanics, Trans. 
1943, p. A-65. 

’Plasticity in Engineering,’’ by Th. Van Iterson, Blackie and 
Son, Ltd., Glasgow, Scotland, 1947, pp. 83-85. 


by M. A. Sad- 
ASME, vol. 65, 


These facts are sufficient to guard against adopting solutions 
which do not include such phenomena and the question which | 
is to be answered is: To which group of problems is a continuous 
solution applicable and to which group a discontinuous solution, 
since neither has a general character? : 
Since both solutions discussed in this paper are established 
for an ideal plastic material, experiments might prove that — 
neither of the theoretical solutions is sufficiently accurate. 


AutTuors’ CLOSURE 


The authors are in agreement with Dr. Hill’s remarks concern- 
ing the necessity of constructing the complete plastic-elastic state 
associated with a given problem before one can establish the 
existence, or lack thereof, of the discontinuity surfaces discussed — 
in this paper. However, until the stress and velocity conditions — 
in the transition region are accurately described, the authors do | 
not agree that the velocity across a shock must be continuous. — 
In fact, ony the normal component of the velocity must satisfy — 
this condition. The introduction of the term ‘‘shock’’ was dic- _ 
tated as much by its brevity as from the fact that it is mathe- — 
matically completely analogous to the hydrodynamical shock. — 
Dr. Strub’s remark that ‘Sadowsky’s principle of maximum 
plastic resistance would dictate the acceptance of the continuous ' 
solution” would appear to apply only if this principle can be 
shown to hold for states with discontinuous stress and velocity 
distributions. It has thus far been established only for continu- 
ous states. Furthermore, it must be noted that if two states of 
stress are to be compared under this variational principle, the : 
velocity conditions on the boundaries must coincide. Since the 
boundaries of the plastic regions of the Prandtl! problem and oo. 
do not coincide, the two solutions could not be compared on this _ 
basis. 
The authors wish to thank Drs. Hill and Strub for theircom- 
ments and to state that the questions discussed by them are being _ 
subjected to careful study. 


Book Reviews 


xperimental Stress Analysis 


EXPERIMENTAL StRESS ANALYSIS. Proceedings of the Society for 
Experimental Stress Analysis, vol. 5, no. 2. Published and dis- 
tributed by Addison-Wesley Press, Inc., Kendall Square, Cam- 
saute, Mass. Cloth, 8'/2 X 11 in., xviii and 153 pp., illustrated, 


REVIEWED By A. M. Want! 


HIS volume, published by the SESA, comprises sixteen 
papers which cover a rather wide range of subjects not 
oly in experimental stress analysis but also in related fields of 
mechanics such as Vibration and elasticity. Most of these 
papers were presented at the 1947 meetings of the Society and 
include such varied topics as: measurement of plastic flow 


‘trains; removal of time stresses in three-dimensional photo- 
elasticity ; compression testing of stiff panels; photoelastic 


Scattering patterns in torsion; force reeorders for dirigible moor- 
Ng Mast; theoretical analysis of stress concentration in a plate 
With a hole located near the edge; strain measurements on a large 
spherical pressure vessel; allowable stresses in members sub- 


Mechanics Department, Research Laboratories, Westinghouse 
®etrie Corporation, East Pittsburgh, Pa. Mem. ASME. 


jected to a limited number of cycles of stress; buckling shock 
mounts; response of damped elastic systems to half-sine-wave 
pulses; stresses in corrugated diaphragms; wind-tunnel balance 
systems. Several of the papers deal with some aspect of tran- 
sient vibration including shock or impact problems. 

A particularly interesting paper is presented by R. D. Mindlin 
on the elastic stress distribution around a circular hole located 
near the edge of a plate under tension. Results obtained in this 
paper show a rapid increase in stress-concentration as the hole 
boundary approaches the edge of the plate. For example, where . 
the distance between edge of hole and edge of plate is 5 per cent — 
of the hole diameter, a theoretical stress-concentration factor of 
about 9 is obtained. This paper shows the importance, from the 
standpoint of stress-concentration effects, of not locating holes 
too close to the edge of a machine part, particularly when fatigue _ 
is involved. 

Another paper in this group which should be helpful to design- 
ers concerned with structures or machine components subjected 
to repeated loading, is that by Noll and Erickson on “Allowable — 
Stresses in Steel Members of Finite Life.” It is generally real- = 
ized that when a machine part or component is subjected, to | 
say, only 1000 or 10,000 cycles of loading during its service life, _ 
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a use of endurance limits and stress-concentration factors based 
on infinite life will yield too conservative results. In this paper 
an attempt is made to present a rational method for including the 
effects of a limited number of cycles on the allowable stress where 
repeated loading is involved. In addition, effects of stress con- 
a centration, surface condition or finish, and ratio of mean stress to 
maximum stress are taken into account. Among the assump- 
tions made are: stress concentration has no effect for 1000 cycles 
of stress or less; the curve of stress versus number of cycles is a 
straight line when plotted on log-log paper; for combinations of 
steady and variable stress the modified Goodman diagram applies; 
fatigue strength reduction factors K, apply only to the variable 
portion of the stress. An empirical relation is used to obtain 
the Ky, values for finite life from those applying to infinite life. 
To facilitate practical application of the proposed method, dia- 
grams are included for steels of various hardnesses. Although 
the suggested procedure appears reasonable, it is the reviewer’s 
opinion that further tests as a check on the various assumptions 
made would be in order. 


ested in the paper by G. Brewer on strain measurements on a 50- 
foot-diameter spherical container used for storing butadiene gas. 
At some points on the outside of the vessel near the supports 
and on weld beads the elastic stresses determined from the 
measured strains were as high as two to three times the nominal 
calculated stresses due- to internal pressure. An explanation 
of the reason for these high stresses would be desirable. In this 
connection the reviewer wonders whether,or not complete com- 
pensation for temperature effects was realized by using a dummy 
gage located on a table under the sphere. It would be expected 
that some temperature change of the tank wall due to expansion 
of the air within the vessel would occur during the test and this 
must be compensated for in order to obtain accurate readings. 

The results of theoretical calculations of stresses in a cor- 
rugated diaphragm (as used in aneroid capsules) are presented 
by Grover and Bell. These are compared with those obtained 
by using a brittle lacquer (Stresscoat) and rough agreement is 
obtained at most locations if correction for thickness of the 
lacquer is taken into account. The analysis involves the solu- 
tion of a large number of simultaneous equations and could be 
facilitated by the use of computing machines developed for this 
purpose. 

Photoelasticians will be interested in the article by Drucker 
and Frocht who show that by passing a sheet of plane polarized 
light through a transparent bar loaded in torsion, a fringe pa- 
tern is obtained in which the fringes represent the contour lines 
of the membrane analogy for torsion. Photographs showing 
this equivalence are shown. This method may be useful in in- 
vestigating stress-concentration effects in such important ma- 
chine details as keyways for example. 

Among the papers dealing with transient vibration, an out- 
standing one is that by Mindlin, Stubner, and Cooper who in- 
vestigate the transient flexural vibrations of a cantilever sub- 
jected to a half-sine-wave pulse at the clamped end. To take 
damping into account, the differential equation of motion is 
modified as proposed by Sezawa assuming that stress is a linear 
function of strain and strain rate. The solution of this equation 
is then corrected to partially take into account the experimental 
fact.that damping in many materials is independent of frequency 
(at least to a first approximation). Results obtained in this 
way agree well with test values. 

Another paper involving transient vibration theory is that by 
Stowell, et al, on the determination of landing stresses in aircraft. 
Because of the complicated structure of an airplane, it is neces- 
sary to make simplifying assumptions and the errors involved 
in the use of such simplifications are discussed. 
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Engineers concerned with pressure-vessel design will be inter- 
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Transient vibrations occurring in shock mountings are treated 
both experimentally and theoretically by Crede and Young, 
An interesting development described is that of a shock mount 
made from a hollow cylindrical rubber element which buckles 
under axial loading. Because of this buckling action, this mount 
has a load-deflection characteristic showing an almost constant 
load over a considerable deflection range, an advantage for pro- 
tection of equipment against shock. A further contribution by 
MacDuff describes an analyzer of the pendulum type for deal- 
ing with transient oscillations occurring during shock. 

Although a few of the papers in this volume suffer from de- 
feets such as insufficient clarity and lack of orderly presenta- 
tion of material, the reviewer believes that the publication should 
be helpful not only to stress analysts but also to designers cop- 
cerned with fatigue, impact, or shock problems. 


Applied Mathematics 


By Francis D. Murnaghan. 
1948, Cloth, 6 x 9 


Introduction to Applied Mathematics. 
John Wiley & Sons, Inc., New York, N. Y., 


in., ix and 389 pp., $5. 
BASED on a graduate course which the author developed dur 
ing the past twenty years at Johns Hopkins, this book con- 
stitutes an excellent introduction to those techniques 0° applied 
mathematics which, in the author’s opinion, form ‘the mathe 
matical equipment of the well-trained physicist or engineer.” 

The first two chapters are devoted to vectors, matrices, and 
linear vector functions. While the basic concepts are first de 
veloped in the plane and then in three-space, the discussion is 
soon extended to n-dimensional complex space. Thus the 
ground is prepared for the discussion of Fourier series in the geo 
metrical language of function space (chapter 3). 

The fourth chapter is devoted to orthogonal curvilinear co 
ordinates in the plane and in three-space. The next two chap 
ters are concerned with those solutions of Laplace’s equation 
which may be obtained by the method of separation of variables, 
spherical harmonics and Bessel functions being given special at- 
tention. 

Most of chapter 7 is devoted to regular boundary-value prol- 
lems in one dimension, problems in more than one dimensio 
being but briefly discussed in the last section of this chapter 
Chapter 8 contains an excellent presentation of the Fredholi 
and Hilbert-Schmidt theory of integral equations, including » 
discussion of Rayleigh’s principle. 

Chapter 9 is devoted to the calculus of variations with specia 
reference to applications in dynamics and chapter 10 to the oF 
erational calculus. 

While complete coverage can obviously not be expected irom 
an “Introduction,” it is perhaps legitimate to raise the questie’ 
whether the selection of topics corresponds to the needs of th 
graduate students in physics, engineering, chemistry, and mathe 
matics for whose use the book has been written. In this ™ 
viewer’s opinion a more detailed discussion of typical nor 
elliptic differential equations would have been desirable. It * 
quite likely, however, that the space needed for this discuss 
would have to be bought at the expense of some of the 1 
vanced sections in other chapters, a possibility which th 
may have rejected because he preferred depth to breadth. 

The material is concisely and clearly presented. \ 
parenthetical remarks like (why?), (check this), (w! 
this mean?), (prove this) draw the reader’s attention t 
which are too easily taken for granted. 


REVIEWED BY W. PRAGER? 


? Chairman, Graduate Division of Applied Mathematic: 
University, Providence, R.I. Mem, ASME 
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Strength of Materials 


Marin. The Macmillan 
Cloth, 6 X 9!/4in., xv and 464 


SrreENGTH OF Martertiats. By Joseph 
Company, New York, N. Y., 1948. 
pp., 264 figs., $4.75. 


Reviewep by R, Pererson® 


THIS book is intended as a text for a first course in Strength 

of Materials. The arrangement differs somewhat from the 
usual text in that there is a closer relation between theory and 
materials testing. 

The book consists of four parts—Simple Stresses, Combined 
Stresses, Statically Indeterminate Stresses, and Special Topics. 
The fourth part tontains such topics as riveted and welded 
joints, special cases of bending of beams (beams of variable cross 
section, composite beams, reinforced-concrete beams, bending 
beyond yield point, etc.), and members subjected to fatigue and 
impact. From a teaching standpoint, the arrangement seems to 
bea convenient one, 

Various methods are given for handling beam problems and it is 
appropriate that the moment-area method is included, 

Only one criticism occurs to the reviewer, and this is a very 
minor one. The term “fatigue stress concentration factor” is 
used on page 395, ‘This term was formerly used but strictly 
speaking it is not a stress concentration factor and more recently 
such terms have been used as “notch fatigue factor” or “fatigue 
strength reduction factor” for a given part. It is also stated that 
‘in some cases k, factors may be as much as 2. It is probably 
more accurate to say that they are quite often as much as 2, 
and in some cases may be considerably higher, 3 to 4. Inci- 
dentally, Dr. Ker Wilson of DeHavilland remarked that k, factors 
come out about 2 in so many cases that this is not a bad value to 
use in the absence of more detailed information. 

The book is a most attractive one—the figures are excellent 
and the format is well chosen. These features, and the arrange- 
ment, are important in a first course and it is the opinion of this 
reviewer that Professor Marin’s book will come into wide use. 


Electric Resistance Strain Gages 


ELectric ResisTANCE STRAIN GAUGES. 
G. Isaac. 
1948, 


By W. B. Dobie and P. C. 
The English Universities Press, Ltd., London, England, 
Cloth, 5'/2 X 83/¢in., 89 illus., xiv and 114 pp., 15 shillings 


ReEviewev By W. M. Murray‘ 


THe authors of this volume are to be congratulated on gather- 
ing together a large amount of very useful information from 
diverse scattered sources and presenting it in a condensed and 
concise form. Although the book appears to have been written 
} primarily for those who are fairly well acquainted with the wire- 
resistance strain gage, nevertheless, it should be most useful to 
beginners since it abounds with references which provide detailed 
information on the topics treated. However, a novice should be 
careful to make sure that he fully understands the equations and 
‘ormulas before using them since without an appreciation of the 
manner in which they were derived he may run into difficulties. 

In the introduction, the authors state the general principles of 
the electric-resistance strain gage and present a few comments of 
historical interest, The text proper is divided into eight chapters 
which the following topics are treated: 


. Gage characteristics including, transverse sensitivity, gage 
‘we, gage manufacture, and types of gages. 


4 
Manager, Mechanics Department, 
East Pittsburgh, Pa. 
Associate 
stitute of T 


Westinghouse Research 
Mem. ASME. 

Professor of Mechanical Engineering, Massachusetts 
echnology, Cambridge, Mass. 


Mem. ASME. 


DISCUSSION 


2 Methods of measuring static strains with Wheatstone and — 
Kelvin bridges, temperature compensation, and calibration. 

3 A review of the stress and strain relations in two and three © 7 
dimensions. Simple expressions for plane stress and the equa- | 
tions for rosette analysis. Special gage arrangements for meas- — 
uring direct tension or compression, bending, shear, torque, and y 
the stress gage. 

4 Elemental concepts of electronics as allied to strain gaging. iy 

5 Electronic bridge arrangements for strain measurement | 
including commerical strain indicators and recorders. 

6 Problems and applications of strain gages in the measure- | 
ment of dynamic strains. 

7 Practical applications of strain gages and techniques to a _ 
wide variety of problems encountered in a great many different _ 
industries. 

8 A discussion of Stresscoat and its applications for strain | 
analysis and as a preliminary method of making a strain survey 
prior to strain-gage application. : 


The book should be a very welcome addition to the library of 
anybody engaged in Experimental Stress Analysis. 


Soil Mechanics in Engineering 
Practice 


Sort MECHANICS IN ENGINEERING Practice. By Karl Terzaghi and 
Ralph B. Peck. John Wiley & Sons, Inc., New York 1948. Cloth, 
xviii and 566 pp., 218 figs., $5.50. 


REVIEWED By N. M. NEwMarK® 


As THE title implies, this book deals with the application of = 
the principles of soil mechanics to engineering works: 
foundations, retaining walls, embankments, ete. Only as much 
of the current concepts of composition and behavior of soils is given 
as is required to form the basis for the discussion of methods of 
design and construction which constitutes the major part of the 
book. The emphasis is properly placed on “how” rather than 
“why,”.on suitable approximations rather than on elaborate ex- 
planations, on engineering rather than on physics. : 

‘After some initial misgivings this reviewer has been forced "a 
agree with the authors that their tréatment is the only rational — 
and sensible one that can be made in the present state of knowl-— 
edge of soil properties and of the art of foundation engineering 
and soil mechanics. There are two principal reasons for this point: 
of view: knowledge of the fundamental properties of soils and of © 
the physical laws governing their deformation and strength is — 
still too limited to permit more than crude approximations in their _ 
application; and furthermore, even if the scientific principles 
were better known, their application to the extremely variable and 
often unknown (and most likely unknowable) conditions in the 
field would be difficult if not impossible. As the authors write, 
“... every statement and conclusion pertaining to soils in the 
field involves many uncertainties. In extreme cases the concepts 
on which a design is based are no more than crude working hy- — 
 otheses that may be far from the truth.” 

The work is divided into three parts. Part A, which is about 
one fourth of the book, is entitled “Physical Properties of Soils.” 
It deals with descriptive and discriminatory methods and with 
the determination of hydraulic, mechanical, and physical prop- 
erties of soil. 

Part B, also about one fourth of the total, on “Theoretical 
Soil Mechanies,” concerns the mechanical and physical behavior 
of soils in the light of the simplest available theories. No men- 
tion is made of what the authors call “advanced theories” that 


5 Research Professor of Structural Engineering, College of Engi- 
neering, University of Illinois, Urbana, Illinois. 
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cannot be regarded as essential tools for design. Most of the 
material presented is intended to serve merely as a guide to judg- 
ment in establishing semiempirical rules based on construction 
experience. Nevertheless, if only because of what is left out, this 


a 
a part of the book gives the best description that has yet been pub- 
4 
4 
q 


lished of the most important theories. 
The final half of the book, Part C, is entitled “Problems of De- 
sign and Construction.’”’ It contains a discussion of methods of 
investigating the properties of natural soil deposits, and gives 
empirical rules for the practice of different aspects of foundation 
and earthwork engineering. The authors have called freely on 
their experience in making their recommendations. Quite 
frankly the authors state that “The details of the methods for 
coping with the practical problems covered by Part C may change 
as experience increases, and some of them may be obsolete in a 
_ few years because they are no more than temporary expedients. 
7 Yet the merits of the semiempirical approach advocated in Part 
C are believed to be independent of time.” 
Throughout the book the authors refer to what they call the 
_ “observational procedure,” which consists in the continual modi- 
fication of design or construction method in accordance with 
observations made as the work progresses. This involves es- 
sentially the establishment of the behavior of the structure by the 
experience gained during its construction. This is an impor- 
tant philosophy not only for soil mechanics but for other fields 
of engineering as well. The writer disagrees with the implica- 
tion of Drs. Terzaghi and Peck that uncertainties as to the 
properties of materia] and structural behavior are not important 
in other fields of structural design. However the uncertainties 
may be somewhat more important in the field of soil mechanics 
and earth structures, and the authors have properly emphasized 
this. 

In point of view as well as in content this is by far the most 
important treatise on the subject that has yet appeared. Both 
the student and the practicing engineer will find in it invaluable 
instruction and information. A most outstanding feature is the 
discussion of those things that are uncertain or unknown. The 
engineering profession is indebted to Dr. Terzaghi and Dr. Peck 
for making available the results of their study and experience in 
such a clear and concise manner. 


4 
Mechanics 
a a Mecuanics. By J. P. Den Hartog McGraw-Hill Book Co., Inc., 
- 7 New York, 1948. Cloth, 6 X 9 in., ix and 462 pp., illustrated, 
$4.50. 
REVIEWED BY MARTIN GOLAND® re 


At THE very outset of his sprightly preface, Professor Den 

Hartog makes it plain that he thoroughly enjoys talking 
about engineering mechanics. With contagious enthusiasm, he 
_* then conducts the reader through a mature and lively mechanics 


Chairman, Engineering Mechanics Division, Midwest Research 
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course on the undergraduate level. While adopting an informa | 
attitude toward his subject, pausing occasionally for a philosophi: 
digression or to inject a flash of humor, Professor Den Hartog js 
nevertheless scrupulously careful never to detract from the 
seriousness of his objective. It seems certain that both studen 
and teacher will find this text illuminating and refreshing. A). 
ready having received wide acclaim for his excellent book 
mechanical vibrations, the author’s popularity will be enhanced 
by this new effort. 

The outline of the book follows along relatively conventiong! 
lines. A discussion of discrete and distributed forces leads to g 
study of systems in equilibrium. The concept of the “‘isolated 
body” diagram is introduced appropriately early in the develop- 
ment. Hydrostaties, trusses and cables, the determination of the 
bending moments and shearing forces in statically determinate : 
beams, and space systems receive careful and lucid treatment, 


Appropriate attention is paid to the use of convenient graphical i: 
methods. A chapter is devoted to a comprehensive review of re 
problems involving friction. The study of statics concludes with ni 
the introduction of the method of (virfual) work, care being taker = 
to provide an adequate perspective between this approach and bs 
that of studying force and moment equilibrium. po 
Particle kinematics and dynamics are the next order of busines, ri 
followed by a treatment of the kinematics and dynamics of 7 
plane motion. D’Alembert’s principle is introduced, and with P 
such skill that those who prefer to utilize the dynamic laws di- 
rectly in the solution of problems will not be unduly disturbed. re 
Work and energy, and impulse and momentum methods next a 
receive attention. Rather than permit the various dynamic je 


approaches to be viewed as isolated islands, the relative advan- the 
tages of each in the solution of a particular problem are explored 


A a 
A study of systems referred to moving axes comes next, and the Re 
last chapter is devoted to the theory of gyroscopic motion. Ar ee 


excellent collection of problems for student assignment, together ; 


vio 
with the answers to the problems, concludes the book. 

In his manner of presentation, Professor Den Hartog wisely Ar 

avoids the extremes of either overformalization in the theoreti- a 

cal developments or excessive conversationalism. The treat “a 

ment is mature, yet no undue emphasis is placed on elegance. ome 


Free use is made of bold-faced type to stress important cot 
A host of interesting and timely illustrative example 
are scattered throughout the exposition, rem utility and 
breadth to the development of the subject. A selected few prob T 
lems are cleverly used as a means for integrating the entire tex. 

by repeatedly discussing these same problems each time a ne¥ 
method of solution is introduced, a sense of continuity and per 
spective is preserved. 

In this book the author follows a time-proved formula fv Q « 
successful teaching: he offers the student wisdom, shows him hot 
to use it, and does both with obvious enjoyment. While § 
thorough evaluation of the merits of a new text is impossible unt! 
experience is gained from its use in the classroom, this reviewer § 
confident that the odds are very much in Professor Den Hartog: 
lavor. 
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Performance of the Viscously Dampe 


tion Absorber Applied to Systems Having 


ident 


By F. M. SAUER? anv C. F. GARLAND,’ BERKELEY, CALIF. ib ae 


The effectiveness of the viscously damped vibration ab- 
sorber is presented for the case in which the magnitude of C 
the periodic exciting force acting upon the main system Me 
is proportional to the square of its frequency. Dimen- fe 
sionless expressions for the amplitudes of the main mass k 
and absorber mass and for their phase relationships are 
derived as functions of frequency for three cases, namely, . _ \" 
m 
c 


inate 
absorber mass, lb-sec?/ft 
absorber spring constant, lb per ft == 


nent 


hical 


: = natural frequency of absorber, radians per se 
one in which the absorber is tuned to the natural fre- 


quency of the main system, one in which the absorber is 
tuned for maximum effectiveness over a wide range of c 
forcing frequencies, and one in which the absorbef is cou- 7 ~ = absorber damping coefficient, dimensionless 

| pled to the main system by a viscous fluid only (the viscous i 1A ; 

| Lanchester damper). The influence of main-system mass ratio, dimensionless 

| damping upon the amplitude of vibration of the main we 2 
mass is shown for each case. Diagrams are presented 
showing the optimum damping, the maximum amplitude 
ofthe main mass, and the maximum relative amplitude be- 
tween the main mass and absorber mass, as functions of 
the mass ratio. The performance of the absorber when 
applied to the system having velocity-squared excitation 
is compared with its performance when applied to the instantaneous velocity of main mass, fps 
system having constant exciting force, published pre- 
viously (1, 2).4 The tuning and damping for optimum 
performance are found to be different in the two cases. 
A model absorber with controllable tuning’ and damping, instantaneous displacement of absorber mass, ft 
constructed for experimental work, is described and experi- : 
mental data are presented for the case of most favorable a instantaneous velocity of absorber mass, fps 
tuning. 


= absorber damping constant, lb-sec/ft 


natural-frequency ratio or “tuning,” dimensionless 


frequency ratio, dimensionless 


instantaneous displacement of main mass, ft 


instantaneous acceleration of main mass, ft/sec? 


instantaneous acceleration of absorber mass, ft/sec? 


NOMENCLATURE 
amplitude of vibration of main mass, ft 


amplitude of vibration of absorber mass, ft 
w exciting frequency, radians per sec : relative amplitude of vibration between main and 
M = main mass, lb-sec?/ft : absorber masses, ft on 


The following nomenclature is used in the paper: 


K = spring constant of main system, lb/ft mass causing rotational unbalance, Ib-sec?/ft : 
eccentricity of the unbalanced mass, ft 
phase angle by which displacement of main mass 


lags behind exciting force, deg 


K 
; {= \ _ natural frequency of main system, radians per sec 


‘The theoretical work is based upon a thesis prepared by F. M. hase angle by which displ t of 
Sauer under the supervision of C. F. Garland and submitted in June, P 


1947, to the University of California in partial satisfaction of the mass lags behind we citing force, deg ¥ 
requirements for the M.S. degree. phase angle by which relative displacement of | 
"Instructor in Mechanical Engineering, University of California. main and absorber masses lags behind exciting — 


Jun, ASME f 
orce, d 
* Associate Professor of Engineering Design, University of Cali- aa 
fornia. Mem, ASME. 2u 
‘Numbers in parentheses refer to the Bibliography at the end of 1+ 
the paper, 
Contributed by the Applied Mechanics Division for presentation I 
at the Semi-Annual Meeting, San Francisco, Calif., June 27-30, NTRODUCTION 
1949, of Taz AMERICAN SocieTY oF MECHANICAL ENGINEERS. 
Discussion of this paper should be addressed to the Secretary, The practicability of reducing vibration amplitudes in me- 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted chanical systems by means of the dynamical absorber, with and 
ae 11, 1949, for publication at a later date. Discussion re- without damping, has been demonstrated previously (1) for 
egg the closing date will be returned. cases in which the magnitude of the exciting force is independent 
und of frequency. Many vibration problems encountered in ma- 


the Soe i ie chinery installations, however, are caused by unbalanced rotating 
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or which generate disturbing forces 2 
whose magnitudes vary with the square of their frequencies. The sin wt 
; performance of a viscously damped absorber attached to a system { ao 
= excited in this manner is found to differ markedly from its per- “3 a T “> Rest Position Wit 
formance in the presence of an exciting force of constant ampli- a ' if —-—+-ly 4 
tude. Hence the tuning and damping of the absorber must be M 1 
different in the first case from that in the second if it is to function k Wi 
effectively over the full range of operating frequencies. In the 
awe present paper the theory of the damped vibration absorber pub- ; yo Rest Position 
_ lished previously (1, 2) is extended to the case of frequency- . 
Pi squared excitation, and the results of the theoretical analysis are Fie. 1 Ipgavizep System =) Eat 
compared with experimental data obtained in working with a 
iby 
laboratory model. yRUL + tis 
RESPONSE OF THE CoUPLED Mass AND ABSORBER SYSTEM TO A — — R2) — 
purposes of analysis the idealized spring-mass system, tan (¢: — = dec! 
Fig. 1, is assumed to approximate the more complex structure of Pf? — R2) + y*R? amy 
a machine, its mounting, and an absorber. The large mass M 
represents the machine whose motion is to be controlled, con- From Equation [3] it is seen that the amplitude of motion « 
nected to its foundation by the spring mounting K. The small main mass at a given frequency is a function of three prop 
mass m, represents the absorber coupled to the main mass of the absorber, namely, its mass, its spring constant, and t 
- through a spring-damper system. In this analysis viscous damp- amount of damping. These three properties can be varied 
oe ing and linear springs are assumed. The motion islimited toone pendently. For any selected value of absorber mass, the 
; axis. mum damper performance is realized only when both the tu 
7 The component of the exciting force in the vertical direction, and damping are set at their most favorable (i.e., “optimu 
7 caused by the rotational unbalance, is m,ew* sin wt, where m, is _ values. 
the unbalanced mass with eccentricity e, and w is the rotational and 
velocity. The m,e product is a constant of the main system, and ABSORBER WITH OptimuM TUNING AND DAMPING mass 
any of atonal enbatence may be reduced to an equiva- The most desirable absorber would reduce the amplitude of th 
lent term of this nature. 
Tho for the two main mass to zero over the entire range of frequencies. This Is 
_ impossible, however, and the best absorber obtainable in the 
dy, i = practical case minimizes the amplitudes. 
*) +k(y—y)+ Ky For any given mass ratio and tuning f, there are two ire 
quency ratios Rp and Rg (see Fig. 2), at which the amplitude of and | 
me = m,ew* sin wt...... (1] the main mass is independent of damping (1, 2). If Equation 
[3] is written in the form 
Th 


The solution of these simultaneous equations yields the following 
nondimensional expressions for the amplitudes and phase rela- the amplitude a; is seen to be independent of damping when A/C 
tionships for the steady state = B/D, i.e., when 


\ (ft — + 7°R? 
(1 — — — REP + — (1 + 


2 

(f — (1 — (ff — — + — (1 + 

— yR(1 — R?) 


~ — — — R*) + — (1 + 
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(1 — (f? — — uf*R? 1—(1 + 
With the minus sign this yields 
= 0 sothat R* = 0 


With the plus sign the equation becomes _- a 
2(f2 + pf? 1)R? 2f? 

Rt — (f? uf? + + {10] 
2+4u 


Equation [10] defines the two values Rp and Rg as functions of 
pandf. If arbitrary values for « and f be substituted into Equa- 
tion [10], the frequency ratios Rp and Rg can be evaluated and, 
from Equation [3], the amplitudes at these two frequencies can 
be determined. For a given value of u the relative amplitudes 
at Rp and Rg vary as f is changed, one increasing as the other 
decreases. Hence there is a particular value of f for which these 
amplitudes are equal. This value is ee 


2 
Rift — + — ———~ [Rs 


OF VISCOUSLY DAMPED VIBRATION 


— 4R* + (2f? + 4)R4— f*) 


ABSORBER 111 


having been established for the condition of optimum tuning, the 
question of optimum damping must next be considered. Refer- — 
ring to Equation [3], it is seen that the shape of the amplitude- ==> 
frequency curve, Fig. 2, depends upon the value of y. If yis 
large, the amplitude curve has a single peak at a frequency be- © . 
tween Rp and Rg; if 7 is quite small, two peaks appear, one ata 
frequency less than Rp and the other at a frequency greater than ; 7 
Rg. It can be demonstrated that no one value of damping will 
produce an amplitude curve with peaks at P and Q simultaneously. 
A value of damping can be determined, however, which approxi- 
mates this condition very closely, yielding peaks with nearly 
equal amplitudes at points near P and Q. This process may be 
summarized as follows: 

Solving Equation [3] for the damping coefficient and substi- 
tuting 


f2 l d ay Vac 2 

= —~ and — = 

- l+u m,e u(1 + 
M 


the resulting expression for y? has the form 


and is the best or optimum tuning for a given size of absorber 
mass. For a damper tuned to this value the expression for the 
amplitude at P and Q, Fig. 2, becomes Ww. 


Ve. 
and the corresponding frequencies are given by the expressions 


Qu 
Vi Vis, 


= and Rg? = - (18) 


The values of amplitude and frequency at points P and Q 


5 
4.0}- 
| 
2 30 | 4 y:0360 0320 
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2 CoMPARISON OF THE OpTimMuM DAMPING CorFFICIENTS FOR 


OptimuM TUNING 


= Limi 
4 ’30 + Bib + Be +. B, 


— In order for the amplitude curve to pass horizontally through q 
point P it must pass through a neighboring point P’ of the same 
amplitude but of frequency® 


2+u 


Substituting this expression for R? into Equation [14], the result- be 
ing equation is of the form 


Ao + + +. 
Bib + Bob? +. 


Equation [15] assumes the indeterminate from 0/0 if 6 0 2 
since point P is independent of damping; hence Ag = By = 0. 
Therefore 


Since the terms in 6 of higher order than the first become zero 
when 6 approaches zero, these terms may be dropped as soon as © 
they appear. Hence 


= Rp! + 2(2 — X)6 


3(2 — X)*3 
(2 + 


* 


4(2 — 


= 
Evaluating the numerator (N) and denominator (D) of the right- 
hand member of Equation [14] separately ; 


5 This method is employed in reference (3). 


| 
[14] 
| 21 + wR 
; 
— 
i. 
. 
° 


4f4 8 2 6 
(2 +n) (2 + + 


The sum of the first four terms equals zero since both the numer- 
ator and denominator are zero when R# has the particular value 
Rp; hence 


+65[4u — X(2 + 3u)] 


(1 + + 


Similarly 


45[u — X(1 + 
wl + n)? 


tof 
Theref 
3 (2 =e ) 
N 3u(2 — X 


D 4) 2(1 + + w) 


To — the curve with zero slope at Q the frequency 


ba is substituted into Equation [14]. This yields the expression 
2(1 + uw) (2 + 
The average of the two values of the damping coefficient defined 
by Equations [16] and [17] is 
mee 3u 
Ante (1 + w) (2+ 
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The amplitude-frequency curves for these three values of the 
damping coefficient are plotted in Fig. 2, for» = 1/10. It is 
noted that the curve which is horizontal at P attains a larger 
amplitude to the right of Q, while the curve which is horizontal 
at Q attains a larger amplitude to the right of P. The average 
curve is only slightly higher at these points and represents « con- 
venient and practicable solution. Equation [18] then defines 
the optimum damping for the case of optimum tuning. 

In the design of the absorber it is necessary to know the maxi- 
mum relative amplitude between the main mass and the absorber, 
since large deflections of the absorber spring may result in ex- 
cessively large stresses. Differentiation of Equation [5] leads to 
a complex third-order equation in R? which can be solved only 
numerically for various values of u. A simple but approximate 
method is to equate the work done per cycle by the exciting 
fore» to the energy dissipated per cycle by damping. Thi 
yields® 


wPoa; sin = — 


where Py = m,ew*. Assuming sin ¢) = 1.0, and solving for th 
relative amplitude ratio 


c m,€ m c 
M M \ M 


or, since 
m 
this becomes 
me meuy 7 
M 


The relative amplitudes obtained by the energy method, and 
those obtained from the solution of Equation [5] are compared 
in Fig. 3. The two solutions are seen to be in close agreement in 
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PHASE ANGLE 


which has the roots we 
q 
120 The amplitude ratio at P becomes 
£20953 Y+0360 Similarly, the amplitude ratio at Q becomes 
0 


The amplitude at point P is seen to be always larger than that at 


Q, as shown in Fig. 5. Hence the amplitude curve with the low- | 
est peak value over the frequency range must have zero slope at — 


P. This curve represents the most favorable damping wo. nes 
ble for the arbitrary tuning f = 1. By substituting a 


+u 


- 


+1 


a 
[ne 


-120) 


M/>p 


and f = 1 into Equation [14], and letting 5 approach zero as be 


fore, the following expression for the optimum damping is 


Fic. 4 PHase FOR Optimum TUNING AND DAMPING 


the region of maximum amplitude, thé discrepancy between the 
two curves at other frequencies being due to the deviation of 
the value of sin ¢ from unity (see Fig. 4). By substituting the 
amplitude and frequency of point Q into Equation [20], the fol- 
lowing approximate expression for the maximum relative ampli- 


tude is obtained ee 


me) utr? Bu! 
M M 


The maximum relative amplitude determined by Equation [21] 
will always be slightly greater than the true value because at 
frequency Rg the value of sin ¢; is less than unity. 


ABSORBER TUNED TO FREQUENCY OF MAIN SysTEM 


In the earlier work (1) on the dynamical absorber, it was 
demonstrated that an absorber, tuned to the frequency of the 
main system (i.e., one in which f = 1.0) and damped very lightly, 
Will reduce the amplitude of the main system to a minimum 
at its resonant frequency. This tuning results in unequal ampli- 
tudes at P and Q, however, and hence it is not the best if the 
damper j is to operate effectively over a wide frequency range. It 
is of interest, nevertheless, to investigate the performance of the 
absorber, so tuned, when applied to the main system having 
velocity-squared excitation. For this case, f = 1 for all values 


of u. Substituting f = 1 into Equation [10], the frequency 
equation becomes 


me 


The maximum value of the relative amplitude, found by sub- 
stituting the expressions for amplitude and frequency at point — 
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From the plot of the several amplitude ratios in Fig. 5, the ampli- 
tude obtained by the energy method is seen to be considerably 
higher than the true value near point P. Hence Equation [27] 
yields a conservative approximation to the value of the maxi- 


mum relative amplitude. 


M 2 


TABLE 1 COMPARISON OF OPTIMUM TUNING AND DAMPING WITH CONSTANT EXCITATION 
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m,e 2 


Equation [31] represents a conservative approximation, as 
did Equations [21] and [27] in the cases discussed previously. The 
exact value of the maximum relative amplitude may be found by 
plotting the amplitude curve for a few values near Rg using 
Equation [5}. 


CoMPARISON OF OptimMuM TUNING AND DAMPING COEFFICIENT: 
FOR SysTeMS HavinG ConsTANT EXCITATION AND FREQUENCY 
SQUARED EXCITATION 


The values for optimum tuning and damping for the case oj 
frequency-squared excitation are compared with those for th 
case of constant excitation in Table 1. 


The optimum tuning for 


Tuning Optimum damping 

| 1 3u 
(1 + + 


f=1 
2 : 


> 


Squared excitation— |e 


—Constant excitation— 


Tuning Optimum damping* 
l + 2(1 + 
| 


2(1 + p) 


LANCHESTER-TYPE ABSORBER WITH Viscous DAMPING 


The Lanchester absorber with viscous damping represents a 
special case of the foregoing system in which the damper spring 
is omitted, the absorber mass being coupled to the main system 
through the fluid only. In this case k = O and f = 0. Substi- 
tuting these values into Equation [10] 


2+u 


The amplitude at Q then becomes 


® These expressions are presented in reference (3). 


the first case is nearer to unity; therefore, if the value f = 
1/(1 + u) were used for this case, the point Q would have a large 
amplitude than point P. For optimum tuning, the system hav- 
ing frequency-squared excitation requires more damping tha! 
does the one having constant excitation; for tuning f = 1, th 
reverse is true. 

The effect of the mass ratio upon maximum amplitude of t! 
main mass in systems with optimum damping is shown in Fig. ! 
for the cases of f = 0, f = 1, and optimum tuning, respectively 
In Fig. 10 a similar comparison is made of the relative amp! 
tudes of the two masses. The influence of mass ratio upo! 
the value of optimum damping for each of these three value 
of tuning is shown in Fig. 11. 


EFrect OF DAMPING IN MAIN SysTeM 


With viscous damping present in the main system the equatio! 
for the amplitude of motion of the main mass may be shown to 


| 
M 


value of the optimum damping becomes 


[20]. This yields 


For the amplitude curve to pass horizontally through Q, the 


The value of the maximum relative amplitude may be found 
by the energy method if these values are substituted into Equation 


aq 
m,e Vi — R*) (f? — R*) — + — (1 + w)R*)? + — R2)? + y2R2] + 


Comparing Equation [32] with Equation [3], the two additions 
terms, — R?)? + y?R?] + are seen to appear 
the denominator. These are due to main-system damping 
The amplitude at P decreases faster with increasing I than doe 
the amplitude at Q since (f? — R?) is positive at P and negative 
atQ. Figs. 12, 13, and 14 show the effects of main-system damit 
ing upon the amplitude coefficient for the three cases of tunilé 
considered, with optimum damping in the absorber. For op 
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Fio.6 PHASE RELATIONSHIPS FOR ABSORBER TUNED TO FREQUENCY 
or Main System, Optimum Fig. 8 PxHAst RELATIONSHIPS FOR LANCHESTER DAMPER 
a | | main-system amplitude is reduced to ap- 
: 20 —f—- proximately one third of that without the 
he EXPERIMENTAL WoRK 
he olla Experiments were conducted using a labo- 2 
4 ratory model, Fig. 15, consisting of a flexi- 
Jy bly supported table A, excited by a vibra- 
tion generator B, which employs two un- 
3 10 | BY ENERGY METHOD balanced shafts rotating in opposite direc- 
ues 5 | “ | tions. The vibration absorber C was at- 
ie t —s tached to the framework of the table as 7 
7+ aff) shown. The speed of the vibration genera- a 
me NT] tor was varied by means of potentiometers 
N A in the armature and field circuits of its driv- 
ing motor. The steady-state vibrations of 
= the table structure were recorded by means 
a ~ of the Geiger torsiograph D. The absorber =f 
(32 aro 0.80 0.90 1.00 110 1.20 1.30 '40 unit is shown in more detail in Fig. 16. It 
consists of a eylinder filled with SAE No. 
i 10 oil and is fitted with a diaphragm, or 
ons Fic.7 Amptrrupe Ratios ror Viscous Lancaester Damper, Optimum piston, attached to a rod extending in both 
sr ip ; directions along the axis of the cylinder. a 
ing mum tuning, the amplitude at P becomes lower than*that at Q The diaphragm has adjustable ports for controlling the damping, a 
joe as T is increased while, for f = 1, the amplitude at P is higher at and seals between the vertical shaft and the cylinder are effected = 
tive first and then gradually decreases below Q as the damping inthe _ by bellows, eliminating the dry friction which would be present > 
mp Main system is increased. if stuffing boxes were used. The springs and weights can be fe * 3 
ning F The effectiveness of the absorber diminishes as the main-system changed to vary the mass ratio and tuning at will. Poige 
opt 4mping is increased, but even for the rather large value of main- The physical constants of the main system were as follows: ie 
system damping illustrated in Fig. 12, (Tf = 0.100), the M = 4.38 lb-sec?/ft; K = 6240 lb per ft; ©, = 37.8 radians per 
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(Curve A, Lanchester damper; curve B, absorber tuned to natural fre- 
quency of main system; curve C, optimum tuning.) 
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sec; I’ = 0.038. The constants of the vibration generator were 
0.0406 lb-sec?/ft; e = 0.855 in. The constants for the 
absorber unit were k = 473 Ib per ft; m = 0.360 lb-sec?/ft; w, = 
36.3 radians per sec. (The value of m was adjusted to give opti- 
mum tuning after k was determined.) The dimensionless co- 
efficients derived from the foregoing coefficients were: » = 
0.0823; = 0.961. 
Amplitudes and frequencies were measured directly from the 


Vibrograph records. The results of three damper settings are 
Presented in Fig. 17. 
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Curve A, damping greater than optium; curve B, most favorable experi- 
nental damping; curve C, damping less than optimum; curve D, theoreti- 
cal optimum damping, y = 0.331.) 


Excellent agreement was found between the experimental re- 
sults and the theory, as indicated. The theoretical curve com- 
puted from the physical constants was adjusted so that the ampli- 
tude of points P and Q corresponded to the experimental values. 
This necessitated an adjustment in the m,e product of 3 per cent. 
The computed values of R, and Rg are shown on the frequency 
scale in Fig. 17. 

Summary AND ConcLUsIONS 

Dimensionless theoretical expressions for the amplitudes and 
phase relationships, as functions of frequency, tuning, and ab- 
sorber damping, have been derived and are presented in Equa- 
tions {3] to [9], inclusive. These relationships are presented 
graphically in Figs. 2 to 8, inclusive. 

The optimum tuning for the most effective absorber that 
can be applied to this system is expressed by Equation [11] as a 
function of the mass ratio (the mass ratio is chosen arbitrarily in 
the practical case). 

The optimum amounts of damping for the cases of optimum 
tuning, tuning f = 1, and tuning f = 0, are expressed as functions 
of » in Equations [18], [26], and [30], respectively, and are shown 
graphically in Fig. 11. A comparison of the optimum tuning and 
damping coefficients for systems having velocity-squared ex- 
citation and constant excitation is summarized in Table 1. 

The theoretical expressions were found to be in excellent agree- 
ment with the experimental results. Therefore it is considered 
practical, by means of a dynamical absorber, tuned and damped 
in accordance with the principles presented herein, to minimize 
vibration amplitudes in a structure when those vibrations are ex- 
cited over a wide range of frequencies by rotating or reciprocating 
parts. 
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An approximate solution has been obtained for the 
stresses induced by a uniform change in temperature of a 
thin rectangular plate, clamped along an edge. The solu- 
tion has been carried to completion for plates whose 


clamped edge is long, i.e., more than 5 times the length of | 


the perpendicular free edge. The solution for smaller | 
ratios of clamped to perpendicular lengths is expressed in 
terms of six determined functions whose coefficients are to 
be evaluated by satisfying two boundary conditions. The 


thermal-stress problem is first converted to one of specified " 
boundary tractions. The normal stress, ¢,, parallei tothe | 


clamped edge is assumed of the form c, = f, (x) + y f(x) + 
y*f;(x), where f;(x) are as yet undetermined functions, and 
where y is the co-ordinate at right angles to the clamped 
edge. Using the equations of equilibrium and the bound- 
ary conditions, r,, and o, are expressed in terms of pow- 
ers of y and the derivatives of f;(x). The integral repre- 
senting the strain energy is then expressed in terms of the 
expressions for ¢o,, ¢,, and r,,. In accordance with the 
principle of least work, the integral representing the 
strain energy is minimized, using the calculus of varia- 
tions. The resulting simultaneous differential equations 
for f;,(x) are solved as a linear combination of twelve func- 
tions (six of which drop out, by symmetry). Given f,(x), 
then f,(x) and f;(x) are determinate by virtue of the simul- 
taneous equations. The six coefficients in the expression 
for f,; are evaluated by satisfying the boundary conditions 
along the free edges. The maximum normal stress con- 
centration, over 10, occurs at the junction of the free and 
clamped edges. 


CONVERSION OF THE PROBLEM IN THERMAL STRESS TO ONE OF 
BounDARY TRACTIONS 


ONSIDER a rectangular plate of constant small thickness, 
whose height is h’ and whose width is b. One of the edges 
of the plate, of length b, is clamped; all other edges are 

free. At temperature 7 the plate is free of stress. The plate 
material is elastic, obeys Hooke’s law, is isotropic, and its co- 
efficient of linear expansion is a. The sign convention and direc- 
tions of the z, y co-ordinate system are indicated in Fig. 1. The 
problem is to determine in an approximate manner the stresses 
produced by the increase of temperature from T to T + ¢. 

If the plate is imagined cut free, i.e., if the clamped edge were 

1 Abstracted from a thesis submitted in partial fulfillment of the 
requirements for the degree of Master of Science at Cornell Univer- 
sity, Ithaca, N. Y., September, 1947. 

2 Special Projects Department, The M. W. Kellogg Company. 
Jun. ASME. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, New York, N. Y., November 28-December 
3, 1948, of Tae American Society oF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted 
until July 11, 1949, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—A-28. Mi 


Clamped Along an Edge’ 


By B. J. ALECK,? JERSEY CITY, N. J. | 


unclamped, due to the rise in temperature t, each Gomemt of the 
body would undergo the unit deformations 


= at 
= 0 
Now suppose that compressive stress, ¢, = —Fat to be applied: 
it would be accompanied by the unit strains 
0 


= — ») (3) 
0 
and the state of stress becomes as 

o, = —Eat | va 

Try = 0 


The effect of these operations has been to increase the plate 
temperature, to bring each point back to its original z-position, 
and to increase the height of the plate in a uniform manner. This 
new height will be called h. Since «, and y,, are zero, no clamp- 
ing forces are required to force points along the clamped edge to 
their original relative position. The plate is then imagined ce 
mented back to the clamping member. Therefore it is con- 
cluded that the stress distribution due to the increase in tem- 
perature ¢, would be pure compression equal to Lat, if the plate 
is prevented from expanding longitudinally by means of lateral 
pressure, independent of the clamping along a longitudinal edge. 
The state of the plate is indicated in Fig. 1(a). 

Since the original problem did not envisage the application of 
the lateral restraining pressure, that pressure must be removed 
This is accomplished by superposition upon the simple stress dis 
tribution of Fig. 1(a), the stress distribution due to o, = Fal, 
applied along the edges of height A of the rectangular plate 
clamped along one edge of length b (see Fig. 1b). The solution of 
the problem of Fig. 1(6), one of specified surface tractions, thus 
replaces the original thermal-stress problem. 


APPLICATION OF PRINCIPLE OF LEAST Work 


When the reactions are fixed, the principle of least work states 
that the strain energy will be a minimum for that state of stress, 
among those satisfying the boundary-stress conditions and the 
equations of equilibrium, which also satisfies the conditions of 
compatibility. 

The variational principle has been applied extensively by Dr. 
Eric Reissner (1, 2, 3, 4)* to obtain approximate solutions to diff- 
cult problems. His technique, adopted by the author, is to use the 
minimum principle to establish functional coefficients of arbi- 


* Numbers in ae refer to the Bibliography at the end of 
the paper. 
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Fie. 1(a) THERMAL Stresses INTRODUCED By UNI- 
rorM INCREASE IN TEMPERATURE AND RESTRAINT TO LATERAL 


EXPANSION 

y 
| ny 


Fie. 1(b) Piate CLAMPED ALONG A LONGITUDINAL EpGE SuBsEcT 
To UniFoRM TENSILE STRESS ON THE LATERAL EDGES 


trary functions instead of parameters occurring in arbitrarily se- 
lected functions. 

The procedure is to assume o; in the form 


o, = filz) + yflz) + [5] 


where f;(z) are yet to be determined functions, and where the 
z, y are the nondimensionalized co-ordinates 2/h, y:/h. respec- 
tively. The omission of f\(z) in the foregoing expression for o, 
and replacement by y*f,(z), for example, would not be satisfac- 
tory, because o, could not then satisfy the boundary condition 

= Eat. The decision to use f;(z) as coefficients of an as- 
cending power series in y was arbitrary. 

The equations of equilibrium are (5) 


oy ox 


Substituting the expression for ¢, from Equation [5] in Equation 
(6), integrating (Or,,/Oy) partially with respect to y, and using 


the boundary condition r,, = 0 for y = 0, the following expres- 
sion is obtained 


y= uh’ + y? fo’ + 
2 3 

where the primes indicate differentiation with respect tox. Sub- 

stituting the expression for Tz, from Equation [8] in Equation [7], 

integrating (do, /dy) partially with respect to y, and using the 

boundary condition o, = Ofor y = 0 then 


1 


Expressions for stresses satisfying the boundary stress condi- 
tions and the equations of equilibrium have been determined. 
These are now inserted in the expression for strain energy (6) 


oF f [o,? + + (2 + 2y) — 2vo,0,] dx dy 


After the substitution of Equations [5], [8], and [9], and upon 
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integration with respect to y from 0 to 1, the expression for V con- 
tains only a sum of many products of functions of z, all terms in 
y having vanished during integration. Calculus of variations 
techniques are now applied to minimize V. 

Thus if fi(z), f2(z), fs(z) are to produce a minimum value of V, 
the value of V should remain unchanged by a term to the first 
power in ¢, an arbitrarily small number, if 
fi(z) is replaced by fi(z) + em(z) — 


fo(x) is replaced by fo(xz) + em(zx) 


and 
where 


m(2), m2(z), and n3(z) 


are arbitrary functions of z. 

Performing the substitution, subtracting the two values of V, 
ignoring terms in powers of ¢ greater than the first, and setting 
the result equal to zero, the following relation is obtained 


60 
m v) 15 3 


+ m E + + ht — 
in 
+ ne E hh’ + +35 3077 


2v 


+ m3 + 2 2 fi’ + — | 
1 1 1 2 2 ie 


= | | dz = 0 


4 
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if = (b/h) = (b/h) = 0, which is permissible, iti i la 
since the »’s are arbitrary. When Equations [12] are applied in m a 
relation to Equations [11], the equation becomes a sum of integ- : | etl 
rals in which m, :, and 9; appear as factors of the respective is 
integrands. Since the »,; are arbitrary, the condition that the se 
sum of the integrals must vanish independent of the values of m 
is that the coefficients of »; should vanish. On the basis of this . m 
argument, the following differential equations result 11 1 17 : 
1—— 
6 10 24 36» 
TI 
be 
th 
in! 
ed 
th 
fi 
or 
As expansion of this determinant involves the repeated subtrac- 
tion of nearly equal numbers, six significant figures are not ade- 
quate to obtain one-place accuracy of some coefficients. To avoid 
this difficulty, each term is multiplied by the least common de- 
nominator (90,720) and all operations are carried out exactly ‘ 
(without dropping any numbers) on the resulting whole number. brs 
Equation [16] rewritten in expanded form then becomes dat 
32,400 — 17,554,320 + 1,318,615,200 wt 
— ‘oe — 52,203,771,648 w* + 507,935,493,920 w? 
18/ 648 8,219,622,318,080 w + 2,765,319,782,400 = 0 | 
If 2» = 1/2, these reduce to | where \® = 9 foll 
_ 4 *) 17 The roots of this equation are 
47 460.9306040 
iv = 35.0691295 + 7 36.8670015 
= 48642053 + i 6.9119811 
+= + fre —— fr” 4.8642053 — 6.9119811 
24 36 60 1.001159473 
Associated with each root w, there exists a unique relation be 
tween the A, B, and C of Equations [15]. For each w, this rels- Usi 
tion is established using two of Equation [16] in conjunction fror 
with the value of w under consideration. The symbols for the for 
coefficients A, corresponding to each w, and the simultaneous \(a) 
value of B/A and C/A are given in Table 1, where also is found Dr. 
the values of \ = ++/w. The number of significant figures § (7, 
A A T 
(—8.33136777 + 4 0.1589243793) (11. 188566696 — i 0.429955968) i 
(—8.33136777 — i 0. 1589243793) (11. 188566606 + 40.429955968) clan 
(—4.32764770 + i 0.456750600) ( 3.24377169 —1i0.306407564 trat 
(—4.32764770 — i 0.456750600) ( 3,24377169 + 0.306407564) 


z 
+ = 
3 
| 
+ 
= 
25 > 
hoy 
— 
=. 


larger than needed for the particular problem solved; in other 
applications, this number may be required. 


So far, the length of the plate has played no role. If the plate 


| is short, it will be convenient to choose the y-axis so that it bi- 
sects the length of the plate. By virtue of symmetry, the f;(z) 
must be even functions and, in place of Equations [15], it will be 
more expedient to use the relations 
= A cosh Az 
= C cosh Ar } 
The coefficients of similar sinh Az terms vanish. The relations 
between B/A and C/A for each \ will remain unchanged from 
the values given in Table 1. If, on the other hand, the plate is 
5] infinitely long, it is more convenient to place the y-axis at the free 
edge. The coefficients of terms e must vanish if the real part of 
\ is positive. Since the differential Equations [14] are linear, 
the Equations [15] may be rewritten 
f= AO + (Aa + + (Aa i AsO + 
(Ay +2 Ase + (As — i + Ane 
12 ge fi = 2A; ediz ) 
ly The six A; coefficients are independent; the B; and C; are alge- 
rs braically related to A,;, which are to be determined by the boun- 
dary conditions 
= Eat at 
7) 0 at z= of : [21] 
Translated into terms of A,’s, for the boundary conditions, the 
following are obtained ; 
EB, = 0 | = 0}....... [22] 
= 0 =C, = 0 
These six equations are sufficient to determine the six A;, which 
18) (for Fat = 1) become fixed at 
Ay = —0,53163 2A; = —1.297 
24.= 1.1768 2A,’ = 2.153 
2A,’ = 2.9436 1.652 
sla- Using the foregoing, the values of f,, fz, and f; are established 
jon from Equations [20] and used in the Expressions [5], [8], [9] 
the for ¢,, r,,, and ¢,. The results are superposed on those of Fig. 
ous l(a) and plotted in Figs. 2, 3, and 4. As would be expected from 
ind Dr. J. N. Goodier’s extension of the Saint Venant principle 
s is (7, 8), the effects of the applied stress do not extend more than 


several plate heights into the body. The significance of this 
statement is that the thermal stress is ¢, = —Eat for the full 
interior of the plate. 

The stress concentration occurs at the junction of the -free 
and clamped edge and is ¢, = 10.2 Eat. The stress normal to the 
clamped edge ¢,, falls off so rapidly as to suggest that a concen- 
trated normal force would have been found for an exact solution. 
The shear stress Ty, Teaches a maximum, 2.7 Hat, more gradually, 
and does not seem to indicate the presence of a concentrated 
shearing force for the exact solution. Clamping conditions have 
not been satisfied completely since along y = 1, Ee, = (oz: — 
vey) ¥ constant for the approximate solution. 

The treatment of this problem has been two-dimensional. 
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Stresses and ‘adi in the third direction have not been men- 
tioned. By using Dr. J. N. Goodier’s analysis (7, 8), it can be 
shown that three-dimensional effects will be important only in 
the region of the clamped edge for distances several plate thick- 
nesses away from the clamped edge. 


CONCLUSION 


These results were derived originally to aid in the design of 
thin parapet walls on dams or possibly buildings. Other appli- 
cations which suggest themselves fall in the category of bimate- 
rial constructions, where the stiffnesses of the components are 
not of the same order of magnitude, and the coefficients of ex- 
pansion are different. Examples are thin layers of plastic bonded 
to metal, and thin glazes on ceramic tiles. Cracked brittle lac- 
quers in experimental stress-analysis applications are subjected 
to a similar state of stress, if the stress distribution is locally sub- 
stantially constant. In conjunction with the economical design 
of walls and research into the crazing patterns of glazes, a study of 
the effect of plate length to height ratio on the stress concen- 
trations would be valuable. It is anticipated that the end ef- . 
fects would tend to cancel as the plate length is reduced and thus 
indicate the optimum distance between parapet-wall expansion 
joints. : 

If one postulates the maximum stress theory to apply to glazed 
ceramics, the crack spacing of the glaze will be such as to permit 
stresses lower than the maximum allowable to exist. It has in- 
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deed been shown that as the glaze is cooled rapidly from sue- 
cessively higher temperatures, the crack spacing is reduced. 
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By H. PORITSKY,!SCHENECTADY, N.Y. 
in This paper extends the discussion of the approximate 2 Ftuip Fiow EqQuartIoNs IN THE PHYSICAL AND THE 
i method of integrating the equations of compressible fluid HopoGraPH PLANES 7 
eC. flow in the hodograph plane first presented by the author 
er, before the Sixth International Congress of Applied Me- polygonal method 
Paris, F Sentember, 1948. A trod which is explained in the next section, we review briefly the 
chanics, aris, rance, ptember, 3 san in r uc- fundamental equations. : 
ni- tion to the discussion of the polygonal approximation Elimination of the pressure from the force and continuit 
ied method, fundamental fluid-flow equations are reviewed for tt 
of the Gow function ¢ ty the ane steady flow of a nonviscous 
4 »ompressible fluid satisfyi ti 
of “Method of Reflections”’ is described and an application of 
ok the method illustrated. How flow in the physical plane [1] 
can be determined by superposition of solutions discussed 
. is shown for the simpler incompressible case. eads to the differential equation 
ier, 
u,(1 — u®/a*) + v,(1 — v?/a*) — (u, + v,)uv/a* = 0.. [2] 
f J ERY little progress has been made in the direct solution where subscripts denote partial derivatives, and a is the velocity 
ch of the nonlinear equations of steady two-dimensional flow of of sound, given by 
a compressible fluid in the physical plane, Equations [5] [3] 
and [7]. More success has attended the solution of the linear P 
equations of flow in the hodograph plane, Equations [22] and then a velocity potential existe 
[23], that is, the plane in which the velocity components u, v : 
are the Cartesian co-ordinates. Yet a great deal of difficulty [4] 
still remains in solving compressible-flow problems arising in ait 


flight and industry. 

It has been pointed out by Chaplygin that the differential 
equation satisfied in the hodograph plane by the stream function 
in two-dimensional compressible fluid flow can be reduced to the 
Laplace equation, provided that the equation of state in the 
(p, V)-plane (V = 1/p), Equation [1], be replaced by a straight 
line. Chaplygin chose this straight line as the tangent to the adia- 
batie curve at p,, V, corresponding to the stagnation (or impact) 
pressure of the gas. For an object immersed in a field of uniform 
flow (for instance, an airfoil in a uniform air stream) von Kaérmén 
proposed a straight-line tangent to the equation of state at the 
point (p.., V) corresponding to the undisturbed uniform flow 
at infinity. This is known as the Kaérmadn-Tsien method and 
is widely used in aeronautical engineering. 

A natural extension of the above methods consists in approxi- 
mating the equation of state by means of not one but several 
straight-line segments in the (p, 1/p)-plane. This method was 
discussed by the author in item (1)? of the bibliography at the 
end of the paper.* In the following this method is further ex- 
tended and illustrated. 

‘Consulting Engineer, General Electric Company, Schenectady, 
N.Y. Mem. ASME. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

*In (1) the constants ¢; (see Equation [45]) were inadvertently 
replaced by their reciprocals. The author is indebted to his colleague, 
— ay for aid in detecting this error and carrying out its correc- 
Damned at the National Meeting of the Applied Mechanics 

vision, Chicago, Ill., June 17-19, 1948, of Taz AMERICAN Society 
or MECHANIC AL ENGINEERS. 
ann this paper should be addressed to the Secretary, 

est 39th Street, New York, N. Y., and will be ac- 
cepted until July 11, 1949, for publication at a later date. Discus- 
received after the closing date will be returned. 
un en: piatomanta and opinions advanced in papers are to be 
8 individual expressions of the author and not thdse 
of the Society. Paper No. 48—APM-23. 


Polygons Approximation Method in 
Hodograph Plane 


Introducing ¢ in Equation [2] leads to the equation 
— + ¢,,(1 — o,?/a*) — = 0...... [5] 


while in terms of the flow function ¥, where* 


pu=yWy \ 
[2] becomes® 
‘p) (1 — — (Y,/p),(1 — 
+ [(¥,/p)y — = 0...... [7] 


Equations [2] and [7] are nonlinear equations, their nonlinearity 
arising not merely from the squares and products but also from 
the quantities a and p which are related with p and the velocity 
magnitude 


by means of the Bernoulli equation 


, 


where p, is the stagnation pressure at which the gas velocity 
vanishes. When Equation [1] reduces to the adiabatic law 


a? + (y+ — 1)w?/2 = a,?.+. (12) 
4 Very often y is defined by a 7 <3 


Vy =up/po, — vz =vp/po- 


where p> is the ‘ ‘stagnation” density. 
5 This equation, in contrast to Equation [5], does not assume that — 
the flow is irrotational. = 


* 
C- 
7 
~ 
4 
. 
1ations [23] and [9] hecome 
~* 
oe 
~ 
re 


respectively, vn a, is the velocity of cndlia at the stagnation 
conditions po, 


Except for desultory attempts at integrating the Equations 

[7] by successive approximation methods, by numerical 

and experimental methods, comparatively little progress has been 

made in the solution of these equations. Even for a flow around 

a circular cylinder it is not known up to what Mach number a 

solution of Equation [5] exists. 

To translate the problem into the hodograph plane, in which 

u, v are rectangular co-ordinates, and w, 6 = tan~'v/u polar co- 
ordinates, write Equations [4] and [6] in the form 


dg = udz +vdy 
dy = —pv dz a pu dy 


= . [13] 


14] 
wr anciiaup» 


Solving for dz, dy hint 


= udg/(u? + —v dy/p(u? + 


dy = + 
= (sin 6 ¢,,/w + cos 6 ¥,,/pw)dw 
+ (sin 6 ge/w + cos 6 Ye/pw)de / 


which render dz, dy perfect differentials, one obtains two equa- 
tions, which upon multiplication by sin @, cos @, then by cos 6, 
—sin 6 and addition, yield 


Applying the conditions 


(tye = (26) 


= (Ye) w 


tiooley sit hae 119) 
Vo _ 


Here ‘ indicates differentiation with respect tow. Taking dif- 
ferentials of Equation [9] and eliminating dp by means of Equa- 
tion [3] one obtains 


and hence 
- | — )..... [21] 
dw pw? pw p.\a? w? 
. Equations [19] may now be rewritten 
p a p 
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= cos 0dg/w—sin@dy/pw {15] 
dy = sin 6dg/w + cos 0 
then substituting for d¢, dy 
de = + (16) 
there results « mort Je rite 
dz = z,dw + xedé 
= (cos 6 ¢,,/w — sin 6 ¥,,/pw)dw 
+ (cos 6 /w — sin 6 ¥e/pw)de (17) 
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where M is the Mach number = w/a. 


the Equations [22] leads to 


For the adiabatic law, Equation [10], elimination of p and a re. 
duces Equation [23] to the form 


+ wF(w) + yoo = 0..... 24 
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E of ¢ from 


edt vd betes 
wdng 
to ae ba +1 w? 
nalq 2 a? 
avetre G(w) = nts 
2 a,? 


- Product solutions of E quation [24] of the form 


where k is a constant were obtained by Chaplygin who p 
out that by introducing 


- 1)w?/2a,?. 


(¥ 


and substituting Equation [26] in Equations [24] and [25 
is led to the hypergeometric differential equation for Y,( 
coefficients which are functions of k and 8. 

If Equation [1] can be represented by a linear relation bx 
p and 1/p 


where A and B are (positive) constants, then Equation {24 
be reduced to the Laplace equation in 6 and a suitable fu 
of w, W(w), as follows. Equations [3] and [9] now yield 


dp/dp = a* = B/p?........... 2 
w? = a? —C = B/p?—C........ 


te Wo 
b 


where C is an appropriate constant, and one obtains 


1 w? Cc iy 
a’ B 


so that Equation [22] reduces to 


ad: 


w 


oi 


If now W is introduced by means of faeries os | 


Bow 


then Equation [32] become the Cauchy-Riemann equations ® 
the functions y, V B/C ¢ in the variables W, @, so that ¥ ~ 
V/B/C ¢ becomes an analytic function of W + (or of ai 
analytic function of it) while at the same time Equation [ 
reduces to the Laplace equation in W, 0. 

Substitution from Equation [30] in Equation [33] leads to 


In 
(38) 
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" jae C p ; dw The Equations [19] and [22] were obtained by making dz, dy 
We B - VC perfect differentials, so that the integrals fdz, Sdy derived 


w Vwi + C from Equation [17] are independent of the path of integration | 


Vw? C and yield z, y as true point functions of w, At w = w, the 
+ [34] independence of these integrals of the path of integration must 
be examined separately. Here we must make 79, yg continuous. — 

“ where K is a constant. Now from Equation [17] one obtains 
It is also convenient to introduce the complex variable ee 7 


cos 6 sin 0 


The explicit relation between r and w is given by 


ll 


The determinant of ge, ga in Equations [43] is equal to 1/pw?, and 


ta w K"(Viw? + C — VC) it, along with the coefficients of ge, Yo, is continuous at w;. Hence 
VC + Vwt + C ve themselves are ¢ontinuous across w = w,, and so are ¢, y. 


It follows now from Equations [32] for each w-interval that y,,, 
where K’ is a constant. The lines 6 = constant in the hodo- B,/C; ¢, are continuous at w = w;. From the continuity of 
graph plane are transformed into the same lines in the ¢-plane. ¥, = Oy/Ow and from Equation [33], follows that ¥, = oy /5W 
The radial distance = risa function of W, orw, only. Multi- is discontinuous at W = W, and that aye 7 


plying +1 V B/C ¢ by i, we put oy Cin W.t...... 
B, OW | W.- VB... ' 


f) the subscripts W;-, W;* in Equation [44] referring to left-hand 


thus identifying y¥ with the imaginary part of f(¢) in Equation and right-hand derivatives at W = W;, respectively. We shall 


ed [38]. put Equation [44] in the form 
It is of interest to note from Equation [38] that ¢, ¥ are not ~ 
conjugate harmonics. oo Oy ay | 
After ¢, y have been determined in the hodograph plane, one : ow | W;* ‘ow | W;- 
he must solve for the flow in the physical plane. Equations [15] - oe Bix C, 
th yield 
‘6 
dz = dr + idy = (dg + idy/p).........{39] In terms of r this condition becomes 
w 
In case Equation [28] holds, utilizing Equations [30], [37], and A! 
[38], one reduces the above to or |r; or 
Similarly, one obtains from the continuity of y, Ye, 
de = —| — Re(df) + i 13 
] ow W; C; ow W; 
2 B ov ov [48] 
3 PoLYGONAL APPROXIMATION TO THE ADIABATIC IN THE The ratio of the slopes dy/dr at r; is the reciprocal of dr/dw at 
(p, 1/p)-PLANE the same r,-values. Thus on the hodograph plane dy/dw is con- 


tinuous, while on the ¢-plane, dy /dr is discontinuous at r;. 
The polygonal approximations, Equations [41], to the adi- 
abatic Equation [10] may be viewed in two different ways. One 


If the adiabatic relation, Equation [10] is approximated by 
means of several straight lines in the (p, 1/p)-plane 


~ F ; p = A; — B,/p way is to suppose that just enough heat is supplied to or taken 
(32) | All away from the gas as it expands so that it obeys Equation [41]; 
or else one may imagine the existence of a fictitious gas for which 
then relations, Equation [30], with proper values of B;, C; hold the adiabatic reduces to Equation [41]. In either case the 

in each interval. At the transition points p,, w takes on values w,, velocity of sound is discontinuous at p;. 
yielding circles in the hodograph plane. There the sound ve- As an example, Fig. 1 shows in the (p, 1/p)-plane the adiabatic 
locity @ is discontinuous, and one obtains from Equation [9], relation, Equation [10], over the range 1 < p,/p < 1.6, a three- 
33 hoting that w = Ofor p = p,, interval approximation to it, with pi/p, = 1.2, p2/p, = 1.4, as 

wee ane ae eee plotted on Fig. 2 in the (p, p)-plane. It wi noted in Fig. 

ae that the slope a? = dp/dp increases with p and p along the adi- 
yr It is convenient to choose the constants K ; in Equation [34] so abatic, but decreases as p increases along the approximating hyper- 
‘soy fey that the values of W join on continuously, and similarly for the bolic segments; however, at each vertex p,; the change of slope 
(3 values in Equation [37], so that one may consider a single a? makes up for accumulated divergence between the a? values 


(W, 6)-plane and a single ¢-plane in which the vertices p,, , cor- throughout the interval. Fig. 3 shows w?, a*, M* plotted versus 
respond to the straight lines W,, and to circles r;, respectively. 1/p?; the dotted curves give the same quantities for the adiabatic 
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Equation [10] (for y = 1.4). In the calculations leading to the 
curves of Figs. 1 and 2 and the figures that follow, it is assumed 
that p, = 1,9, = 1. This is not a serious restriction since by a 
choice of units any values of p,, p, can be reduced to this case. 
The reader who is irked by this procedure, however, will prefer 
to replace w? by w*p,/p, = yw?/a,?, and a® by a%p,/p, = ya?/a,?. 

On account of its discontinuities and the gaps in its values, the 
Mach number M is obviously not a suitable variable to use in 
the polygonal approximation method. 

Elimination of p, a from Equation [23] under the assumption 
of Equation [41] leads to Equation [24] but with F, @ given not 
by Equation [25] but by 


w? 


| 
wi-1<w< 


The values of F, G from Equations [25] and [49] are plotted on 
Fig. 4 for the example of Fig. 1 and 2. Also shown on Fig. 4 are 
the values of F, G based on Chaplygin’s approximation. 


24 T 
| EXACT 
20}——- 4 ------ BS INTERVAL APPROXIMATION — 
CHAPLYGIN APPROXIMATION 


| 
| 


| 


Fic.4 Tue CoEFFICIENT F anp G or CHAPLYGIN’s DIFRERENTIAL 
EQuaTION AND THEIR APPROXIMATIONS 


The present method may thus be viewed as consisting in 
approximating to the coefficients F, G, Equation [25] in Equa- 
tion [24], by means of Equation [49], this choice of the approxi- 
mations having the advantage that Equation [24] becomes 
Laplace equation in W,@. At w,; the solutions y of Equation [24] 
are Continuous and so are Oy /Ow. 

The discrepancies in F, G on Fig. 4, deriving from the slopes 
on Fig. 2, are quite appreciable. To study the discrepancies of 
the solutions, a product type of solution 


-PORITSKY—POLYGONAL APPROXIMATION METHOD IN THE HODOGRAPH PLANE 


of the exact Equations [24] and [25] was compared with a corre- 
sponding solution 


R = function of w = R(r) 


of Equations [24] and [49] choosing R = 0,dR/dr = latr = Oso | 
that R agrees with wY in value andslopeatr = 0. Since Rceos 
6 is harmonic in the ¢-plane, it follows that the factor R in Equa- 
tion [51] is a linear combination of r and 1/r in each interval (r;, 
ri+1). In the first interval the coefficient of 1/r is chosen as 0, 
and in passing from one interval to the next one the new co- 7 
efficients are determined so as to render R continuous and so that 
Equation [51] satisfies the condition, Equation [46]. ; 
Table I gives the values of w¥,, of Rs, the function R for the 
three-interval approximation of Fig. 1, and of Re, the function R 
for the Chaplygin approximation. Also shown are the differences 
R; — wYi, Ro —wY;. The values Y; were taken from Garrick 
and Kaplan (2). The Mach number refers to the exact solution. — 
It will be noticed that the discrepancies are far smaller than one _ 
would expect on the basis of the differences in F and G. The 
table was continued into the supersonic interval where the third 
line segment on Fig. 1 gives a rather poor approximation to the 
adiabatic; the agreement there, while not as good as for w < wz, 
is surprisingly good. Since the Chaplygin straight line is tang- 
ent to the adiabatic at p,, 1/p,, the discrepancy close to w = 0 
(and as far as w = 0.6) is smaller for the one-interval solution; 
but for larger w-values the Chaplygin solution becomes much 


worse. 
TABLE 1 
w wY R; Re Ri — Qi 
.0000 .0000 0 0 0 
111832 1180 0.1177 0. 


M 1= Re 

0 0 0 
0.1 0 0. 0 0.1180 —0 .0003 
0.2 0.23575 0.2334 0.2328 0.2335 —0 .0006 0. 
0.3 0.35180 0.3441 0.3428 0.3444 —0.0013 0. 
0.4 0.46591 0.4481 0.4452 0.4491 —0.0029 0. 
0.5 0.57736 0.5438 0.5398 0.5466 —0.0040 0. 
0.55 0.63194 0.5882 0.5840 0.5923 —0.0042 0. 
0.60 0.68565 0.6300 0.6262 0.6361 —0.0038 0. 
0.65 0.73854 0.6694 0.6658 0.6779 —0 .0036 0. 
0.70 0.79041 0.7061 0.7019 0.7177 —0.0042 0. 
0.7 0.84133 0.7403 0.7358 0.7639 —0.0045 0. 
0. Q.89127 0.7719 0.7673 0.7916 —0 .0046 0. 
0. 0.94012 0.8010 0.7963 0.8257 —0 .0047 0. 
0. 0.98786 0.8275 0.8230 0.8580 —0.0045 0. 
0. 1.03456 0.8516 0.8471 0.8887 —0.0045 0. 
5 1.08013 0.8735 0.8692 0.9177 —0.0043 0. 
Ba 1.16788 0.9105 0.9069 0.9712 —0.0036 0. 
Be 1.25108 0.9394 0.9385 1.0200 —0. 0. 
1.3% 0 5 1 
1 0 1 0. 


4 SOLUTIONS BY THE METHOD OF REFLECTIONS 


The product solution method for the determination of y waS 
explained in (1) and utilized in Table 1. Another method, the 
method of reflections or images, is based on the following proposi- 
tion. 

Let h(W, 0) be an arbitrary harmonic function. Then either 


u = h(W, 0) + ——_ h(2W, — W, 6) in W > W,, | 
1 


2 
= h(W, #)inW <W,, 
1+¢ 


or 


Cc; 
u = h(W, 6) + ~ h(2W,; — W, 6) inW <W,, 
& + 1 
. . [53] 
2c; 
—— h(W, 6¢)inW> W,, 
1 + ¢; ) 


furnishes a function u satisfying the boundary condition Equa- 
tion [45] at W = W;. Equation [52] is useful in finding a func- 
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as 


_ tion u having the same singularity as A (for instance, that of a 
point source or vortex) in W > W, and satisfying Equation [45], 
_ while Equation [53] furnishes a function u satisfying Equation 
_(45] and possessing the same singularities as h in W < W,. 
In applying the above to cases with several discontinuities, 
- one runs into the difficulty of obtaining images of images. Thus 
_ consider the case of three-interval approximations with two lines 
of discontinuity at W,, We, and assume that A has a singularity 
7 at the point W = B lying between W;, We. There is no loss 
in generality in assuming W; = 0. This may be accomplished 
by proper choice of K, in Equation [37]. We also put W2 = 
Application of Equation [52] at W,; = 0 shows that Equation 
[45] will be satisfied by the addition to h of 


a term possesses a singularity at W = B-, = 


—B,, the image 


: _ Similarly, application of Equation [53] with W: replaced by C 
shows that to satisfy Equation [45] one may add toh 


thus placing a singularity at W = B, = 2C — B, the image of 
BinW =C, of 


It will be found that the addition of Equation [56] now spoils 
_ the condition Equation [45] over W = 0, and it is necessary to 
_ add another term, namely 


h- = R,hi(—W, 6) = R, r 6) [58] 


4 

a restore this condition; this term is singular at W = B-, = 
_ B— 2C, the image of B, in W = 0. Likewise, the addition of 
a h-, as well as of h-: in no way helps the boundary condition 
: _ Equation 45 at W = C, and additional terms are required to re- 
_ store this condition. This process can clearly be continued lead- 
ing to further singularities over a periodic array of points B, 

_ which are the successive images of B in the two rectilinear boun- 

_ daries, W = 0, W = C (see Fig. 5). The position of these points 
is analogous to what one observes in a room with two parallel 

_ mirrors on opposite walls. Upon looking into either one, one 
ss sees one’s own successive reflections extending into infinity and 
obtained by reflections back and forth across each mirror. More- 
over, the intensity of each reflection is obtained from the image 


* Not to be confused with C in Equations [30] to [34]. — 
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which is being reflected by multiplication by a proper “coefficient 
of reflection,”” which in the present case is equal to R, for reflec. 
tion over the left-hand mirror W = 0, and R, for reflection across 
the right-hand mirror. There results the following infinite series 


y= ath <W <C...... (59) 


hn(W, 0) = Rihn-(—W, 0) forn>0O } ... (60) 
h,(W, 0) = Rehi-n(2C —W, 0) forn > 0 


The above infinite series converges provides that both /, and 
R: are numerically less than 1 and h does not become infinite “too 
rapidly” at infinity. The convergence is then as rapid as that 
of a geometric series. 

It must be clearly understood that the series indicated by 
Equations [59] apply only in the strip 0 < W < C in Fig. 5 
within which the singularity B lies. While the series indicated 
by Equations [59] converge outside of that strip too, it represents 
the analytic continuation of the function y within the strip between 
0 and C across these boundaries, and not the values of ¥ in 
these regions. Going back to the mirror analogy, Equation {59) 
for W < Oor W > C corresponds to the fictitious world of images 
observed in the mirror, and not at all to what is behind the look- 
ing glass. The true values of y in W < 0 or W > C are not the 
analytic continuations of y which are continuous along with all 
of their derivatives across the boundaries W = 0, W = C, but 
functions which join on to these in the manner described by the 
boundary condition Equation [45] and the continuity of y itself. 
Within the region W < 0 application of the second F.quation 
[52] shows that function y can be obtained by multiplying al 
the terms n 2 0 in Equation [59] with singularities in W > 0, 
that is, at B, B,, Bz... , by the factor 1 + In this way ther 
results the infinite series 


for W <0. 


= ae 


forW>C. Thus y is actually free from singularities except at? 

Introducing ¢ as in Equation [38], one replaces the lines W = 
0,W = C by thecirclesr = r; = 1,r = rz = while the singult 
points B, are transformed into 


sothat 


Similarly, one obtains from Equations and 


@ 


2c2 


er /b,, be be?°,. 


The reflections across W = 0, W = C now correspon: to inver 
sions across the circles r = 1,r = rz: = e®. An additional sing’ 
larity at ¢ = 0 corresponding to W = —o may now asppe® 
unless special provisions are made to eliminate it. 

In practice it may be convenient to use the series, Equation (6! 
or Equation [62] for computing y in the range 0 < W <C. Ths 
is done for Equation [62] by identifying y in Equation [62] with 
u in the second Equation [53], solving for h and substituting" 
the first Equation [53]. 

The nature of Equations [59] through [63] can be clarified oY 
means of Fig. 6 which is based on the optical analogy mentioo 
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above, but with the mirrors made “semitransparent.” The 
terms in the series Equations [59] through [63] are represented 
by rays which start from the point B of Fig. 6 at a fixed angle with 
the horizontal and are reflected and transmitted at the boundaries 
W, and W: with reflection coefficients R,, R: given by Equations 
(55] and [56] and transmission coefficients 


Fic.6 Reritection Ray ANALOGY FOR FinpinG ImMaGeEs oF SInGu- 
LARITIES FOR THE CASE OF THREE RECTILINEAR INTERVALS 


but The transmitted rays Th:, Tihs, . . . can be visualized as originat- 
the ing from the source points B,, B2, ... on the W-axis, the trans- 
el mitted rays Txh-,, T2h-2, . . . as originating from the source 
points B-;, B-s,.... 
al The optical analogy method is equally applicable to the case 
> 0 of more than three intervals. The case of five intervals is repre- 
here sented in Fig. 7. One now introduces reflection and transmission 
coefficients R;, T; for rays striking W; from the left, R,’, 7,’ for 
rays striking from the right, where 
6l 
(59 
—R,' 
¢; being defined by Equation [45]. Corresponding to each ray 
(63 JR Segment there is a term obtained by multiplying the function 
| by the coefficient placed on the ray, where the first argument 
nver 8 obtained by replacing W by 2W; — W corresponding to each 
sing: reflection the ray suffered on its way from B. (Transmissions 
yes! do not affect the first argument in Equation [67]. 
. The increased complexity due to the multiple boundaries as 
n (61 the number of intervals increases is partly compensated for by 
ts the decreased magnitudes of R,, R,’. 
hae It is to be kept in mind that even in relatively simple flows in 
ing # the physical plane, tle function y may be mutliple-valued in 
- the hodograph plane. Since in the solutions indicated above h 
— '8 not restricted to single-valued functions, these solutions are 


applicable even to the multiple-valued cases. 
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REFLECTION Ray ANALOGY FOR FINDING ImMAGEs oF SINGU- 
LARITIES FOR THE CASE OF Five REcCTILINEAR INTERVALS 


Fic. 8 REFLECTION OF SINGULARITY, r,0-PLANE 


5 EXAMPLE 


We apply the method of the preceding paragraph to the flow __ : 
function ¥ which corresponds to a point source at = b,and put | 


h = Im{ log(g — },)}B = 


where 6) is the argument of — b, = ¢{—}, thatis, theangle 

between this complex vector and the real f{-axis. Inversion of 

f(§) in the circle r = R is accomplished by replacing ¢ by R2/E 

leading to f(R?/t), bars denoting conjugates. For the case 

= log (¢ —}), this leads to 


log(R?/¢ — b) = log(¢ — R*/b) — log ¢ + log (—).. 
1/b = b-,, the imaginary part of Equation — 


With R = 1, R?/b = 
[69] yields (see Fig. 8) 


+ 


This leads to Set 
h-, = Ri(—0-; + 6) + constant........... [71] 
Similar calculations of h, for other n yield aT 
n=—l n=l 


for r, <r < re where 


| 
- ‘ = —R, couwe 
3 = 2 1 1402 7 


. 
2%, 
_| 
b 
t 


for0. ar 2h, 
forr> fre 


monic of ¥ is not a possible flux function (since 


— 
6 


leading to through [62] we put 


Re [log(¢ — b)] = logd, 
— 


sion inr = R yields (see Fig. 8) 


€-2 = = —.01426 = [this in Equation [38] with log (¢ — 
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a Inside the (unit) circle r = and outside the circler = r,0ne = 00313, 
obtains similarly from Equations [61] and [62] buat sees e-4 = & = .00020,.. ia 
: 2 — The Equations [72], [74], and [75] become, with 6,, ¥ expressed 
i+a [74] in degrees ( Ay = 360 deg for unit point source) 
 forr <r; = 180 deg + .9351(6, — 180 deg) — .2055(6; — 180 deg) 
“4 =< .0133(@. — 180 deg) + .0029(6; — 180 deg) 
y= — 0 (75) + .0002(@,— 180 deg) + 


= 41.522 deg — .04999 + 0, — .21980, — .01430, 
In choosing the @-terms and the constant terms in Equations 
[72], [74], and [75] a slight departure from direct inversion in + .00310; + .00026, + .. + .06490-, — .01430-, 
accordance with Equations [59] and [69] has been made so that — .00090-; + .00028, + 
_ without violating Equation [46] the function y is made free from nSrSn 
. singularities at r = 0 and vanishes for real ¢ > b. es ere 
As an example, the flow function y was calculated for the case y = —,28060 + 1.21980, + .07920—-, — .01740-. — .00116-, 
of a point source at b = b, = 1.15 for the (p, p)-approximations + .00026 , + 
described in Section 3 of the paper and shown in Figs. 1 and 2. — 
The images of the point source occur at - r= Pre. 

a : b; = 1.2861 b-. = .8696 a The plot of the curves ¥ = constant in the ¢ = re’ plane is 
i bs = 1.7008 b ae b-2 = .7776 shown in Fig. 9 for y = 0 deg, 20 deg, 40 deg, . . . Fig. 10 shows 
bs = 1.9021 = b-: = .5880 the same flow lines but in the hodograph plane. 

_ by = 2.5155, ... -~= .5257,... As a further example, the field of a point vortex was considered. 
It will be recalled from Equation [88] that the conjugate har- 


- - 1388 os it... is analytic in ¢ and not ¢ + iy). Hence, unlike the incompres 


sible case, the conjugate harmonic of the point source solution 
will not do for a point vortex. Going back to Equations {5% 
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Fig. 9 STREAMLINES Y = CONSTANT IN THE (-PLANE FOR Point Source aTr = 1.95,0 = 0 
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Fic. 10 STREAMLINES Y = CONSTANT IN THE HopoGRAPH PLANE 
FOR Potnt SouRCE aT w = .9599, 6 = 
log(¢ — b) —> log (R*/¢ — b) 
= log — let + log (—b) 
) 
ome Me Caapplying to = 1 and taking real parts, one obtains 
d-, — log r + log b 
har- 
L: Comparison with Equations [70] and [71] shows that 
pre h-, = R,(log d-, — log r) + constant........ [79] 
(59 Application to Equations [60] through [62] with h, = log r, leads 
to 
+o 
2 
(—1)*e, log d,, [80] 
frr = > 
y= (—1)*e, log d, — log r e,(—1)* + [81] 
— n= x n=—1l1 
2c» 
(—1)*%e, log d, | + K2logr + K; . . [82] 
l + Ce 
n=0 
lorr > 


where the constants K,, Ko, Ks are so determined that y is con- 
‘inuous at r; and ra, and Equation [46] holds. The latter condi- 


tion is best applied by means of 
% or | 


f = [83] 
or |? 
eading to an oun involving the sum of the coefficients of 


he logarithms whose argument vanishes inside the circle of inte- 
bration, 


Substitution of the previous values of b, Ci, C2 into 
‘quations [80] through [82] leads to the following three series 


= .9351 log d, + .2055 log d, — .0133 log d: — .0029 d; 
+.0002 log +..., 


= —,0120 + .0890 log r + log d, + .2198 log d; — .1043 log dz 
—.0031 log ds + .0002 log dy +... —.0649 log d-; 


—.0143 log d_, 0009 log d-s + “0002 log 


dis 
dz 
wehave 
r= Sin SA... [88] 


13) 


Y = —.0764 + .4387 log r + 1.2198 log d, — .0792 = ine 

—.0174 log d-, + .0011 log d-3 + .0002 log d-, 
for 
r= fo. 


The flow lines for the above y are plotted on Fig. 11 fory = : 
0, + .2, = .4,.... On Fig. 12 the aspect of the same flow lines 
in the hodograph plane is given. 
It must be kept in mind that the examples just discussed, while _ 
they possess the required point-source singularity, are not unique 
solutions. It is clear that any solution which is free from singu- _ 
larities in the regions under consideration may be added to the | 
above. 
It is believed that the method outlined above is far more con- 
venient from computational point of view than other methods _ 
that have been developed for handling these flows, for instance, 
the one given in (3). 


6 


The point-source and the point-vortex solutions are of interest 
in connection with the flow through a grid of similar blades, the 
entering flow at infinity corresponding to a point source and a 
point vortex; the exit flow at infinity corresponding to a point 
sink and vortex. It is clear, however, that further functions y __ : 
would have to be added to the above solutions to obtain blade 7 
shapes of practical interest. Nevertheless, it is of interest to find ° 
the aspect of the physical flow arising from a pure point vortex- _ 
source and a point vortex-sink. This can be determined by super- _ 
position of the above solutions and carrying out the integrations 
Equation [40]. For the present, however, this calculation was 
carried out only for the incompressible case for which the above 
equations simplify considerably. 

For the incompressible case, the variable ¢ 
identified with the hodograph variable 


DETERMINATION OF THE FLOW IN THE PHYSICAL PLANE 


may be directly 


10 


From Equation [38] it follows that the complex potential 
is an‘analytic function of ¢ 
[86] 


Since 


Placing the point source and the point vortex, each of unit - 
strength, at the point ¢ = 1 + 7 and the point sink and the point 
vortex of similar strength at the point ¢ = 1 — i, we have 


= A log(t —a) + Blog(¢ — 
A=1+i 
b=1—i 


The integration of Equation [88] 
dg 


dg 
B 


A 


> 
| ‘ 
is 
is 
- 
i 
| 
ad 
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Cc sor Point V 8 
1G. 11 STREAMLINES = CONSTANT IN THE {-PLANE FOR PoINT VORTEX ATT = 1.15,6 = 0 


12. STREAMLINES = ConsTaNT IN THE HopoGrapH PLANE For Vortex at w = 0.8599, = 0 


B source and the circular flow lines corresponding to the point v 
b [log + log(s — 6)] tex leading to equiangular spirals passing through diagonal) 
jan) Opposite corners of the resulting small squares formed by t& 
above radial lines and circles. After the above logarithmic spins 
‘For the values indicated in Equation [89] this reduces to have been constructed around the point ¢ = 1 + 1, & simils 
. set was obtained for the ¢ = 1 — i as indicated in Fig. 13, and! 
w = (1 + 4) log(¢ — a) + (—1 +4) log (¢ — 6)... [91] superposition the streamlines of Fig. 14 were obtained. Finally, 
2 = log(t — a) — log(¢—d) by substituting the values of for these flow lines into Equat 
: [92] the flow lines in the physical plane were found. These 8 
The lines of flow in the hodograph were first obtained by super- _ shown on Fig. 15. 
position of the rectilinear flow lines corresponding to the point It will be noted from Equation [92] that the integration le 


A 
[—log ¢ + log(¢ — a)] + 


JUNE, 1949 
: 


hese 


ion les 


APPROXIMATION METHOD IN THE HODOGRAPH PLANE «138 


Fic. 13. STREAMLINES = CoNSTANT FOR A Potnt Vortex SouRCcE 


art = 1+ i; ror « Vorrex Sink =1—i. 14 Srreamiines = Constant OBTAINED BY SUPERPOSITION 
COMPRESSIBLE CASE. OF THE STREAMLINES OF Fic. 13. INCOMPRESSIBLE CASE 
ini * 


Fic. 15 STREAMLINES = CONSTANT IN PHysicaL PLANE Comm 
SPONDING TO Fia. 1 


We 
ing from the hodograph to the physical plane possesses no singu- ‘ompressible Fluid Flow in the Hodograph Plane,” by H. aie = : 
larit J Proceedings Sixth International Congress of Applied Mechanics, Paris, 
y at the origin ¢ = 0 as might ordinarily be expected from France, Sept. 22-29, 1946. am 


Equation [88]. The resulting flow is smooth and analytic in the 2 “On the Flow of a Compressible Fluid by the Hodograph 
whole physical plane, and corresponds to a 90-deg turn of the Method Il—Fundamental Set of Particular Flow Solutions of the 
Chaplygin Differential Equation,”’ by I. E. Garrick and Carl Kaplan, 


n its incident direction at infinity to its exit direction at NACA ARR No. L4129. War Time Report No. L147, November, 


infinity. 1944. 
3 “Two-Dimensional Irrotational Mixed Subsonic and an 
BIBLIOGRAPHY sonic Flow of a Compressible Fluid and the Upper Critical Mach ae 
4 Number,” by H. 8. Tsien and Y. H. Kuo, NACA Technical Note 995, > 
1 “An Approximate Method of Integrating the Equations of May, 1946. Po 
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It is the purpose of this paper to develop, with mathe- 
matical means, a general equation between the free shape 
of a piston ring in its unrestrained state and the conse- 
quent radial-pressure pattern against the cylinder wall 
after its installation. It is up to the designer, first to de- 
cide upon the proper pressure distribution for his particu- 
lar need, and then to use such an equation as a first guide 
to evaluate the proper free shape of the ring so that it will 
give him the required radial-pressure pattern after its in- 
stallation in the cylinder. 


NOMENCLATURE 


The following nomenclature and assumptions are used in this 

paper: *s 

F = force 

F, = force component along directionof XX-axis 

force component along direction of Y Y-axis 

radial pressure; radial pressure tending to close ring is 
considered to be positive 

bending moment; bending moment tending to close ring 
is considered to be positive 

bending moment acting on neutral fiber of ring about an 
axis at point A and normal to plane of ring (see Fig. 1) 

) = modulus of elasticity of piston-ring material 

= moment of inertia 

= face width of ring in its axial direction 

= radius of curvature referring to neutral fiber of ring in its 
unrestrained state; a variable 

radius of curvature referring to neutral fiber of ring in its 
closed state; a constant 

p = radius of vector 

= radial deviation of a point on ring in its unrestrained state 

from its closed state 
= polar angles 
numerical constant 


8 = shearing force 
q = tensile or compressive 
P Assumptions: 

1 Material of piston ring follows ordinary laws of elasticity. 


2 Thickness of ring in radial direction is comparatively small 
in relation to its diameter. 


INTRODUCTION 


= In view of the great popularity of reciprocating-type internal- 


combustion engines employed today, the important role played 


1 Engineering Department, Wilkening Manufacturing Company. 
__ Contributed by the Applied Mechanics Division and presented at 
the Annual Meeting, New York, N. Y., November 28—December 3, 


- 1948, of Tae American Society or MECHANICAL ENGINEERS. 


Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted 
until July 11, 1949, for publicafion at a later date. Discussion re- 
ceived after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 


Shape of a Piston Ring in Its 


Unrestrained State 


By CHE-TYAN CHANG,! PHILADELPHIA, PA. 


= 


by a piston ring either as a gas-sealing device or as an oil-cop. 
trolling device, does not need to be overemphasized. 

Because of the strict requirements imposed upon a ring for its 
proper functioning in the engine, the manufacturing of piston 
rings has been developed into a rather specialized business. 

More emphasis has been placed on the development of high- 
strength materials as well as proper free shape of the ring in its 
unrestrained state than ever before, owing to the relatively hig! 
piston speeds adopted during recent years in the high-output 
aircraft and automotive engines. 

It is quite natural to assume that a ring should exert a uui- 
formly distributed radial pressure against the cylinder wall to 
obtain even wear, both of the ring and the wall. However, due 
to the presence of the end gap, it can be easily interpreted that 
the ring is quite similar to two curved cantilever beams joined 
at the back, opposite to the gap. At the relatively high running 
speeds of the engine, fluttering of the free ends of the ring fre- 
quently occurs if the ring is designed to exert uniform radial 
pressure against the cylinder wall after its installation. Suel 
fluttering of the free ends of the ring often induces fatigue failur 
close to the ends. 

To prevent such failures, the free ends must necessarily b 
stiffened. The general practice used today is to control the fre 
shape of the ring in its unrestrained state, so that after being 
confined in a cylinder, the ring will exert additional radial pres 
sure near the ends. A piston ring possessing such characteristics 
commonly is defined by the manufacturers as one having 
circularity” or an “‘ovality” value. 

It is quite obvious that through the introduction of the addi 
tional pressure near the free ends of the ring, additional forces ar 
introduced at the back or at the sides of the ring to balance the 
force statically. The readjustment of the radial-pressure dis 
tribution consequently causes the alteration of the free shape 
the ring in its unrestrained state. 

The choice of an ideal pressure-distribution pattern is gov- 
erned by many other factors, such as wear and lubricating prop- 
erties, engine type and service, piston speed, and so forth; conse 
quently no attempt will be made in this paper to set forth any 
such ideal pattern. 

It is the purpose of this paper to develop, with mathematica 
means, a general equation between the free shape of the ring ! 
its unrestrained state and the consequent radial-pressure patt 
against the cylinder wall after its installation. It is up to the de 
signer, first to decide upon the proper pressure distribution 10" 
his particular need, and then to use such an equation as 4 li 
guide to evaluate the proper free shape of the ring so that it WI 
give him the required radial-pressure pattern after its installation 
in the cylinder. 


GENERAL EquaTION oF RapIAL PRESSURE AND BENDING Mo- 
MENT AcTING ON A Rina In Its Ciosep State 


In Fig. 1, suppose ACBB’D is a thin piston ring in its closed 
state, and dF an infinitesimal radial thrust force acting 02 the 
ring periphery at point Q, then 
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Resolving its components along thetwoaxes ene 

dF, = dF cos 0 = pur cos0d@............ [2] 
dF, = dF sin @ = pursin@d@............. [3] 


Applying conditions of static equilibrium in the plane of the 
ring, the following equations must be satisfied 


Since the ring is symmetrical, referring to X X’ axis, it is evident 
that the first two equations of equilibrium are fulfilled. This 
leaves the last equation to be satisfied, ie., 2 dF, = 0. 

Since from Equation [2] dF, = pwr cos 6d 6, then Equation 
6] becomes 


Jo" pwr cos 0 


ov- Now Equation [7] will be satisfied, if the pressure intensity p 


Op- at any point Q on the ring periphery can be expressed by an ex- 


ise pression like the following 
P = pe + pz cos 20 + ps cos 30 +.... + p, cos nd +.. [8] 


Equation [8] obviously is an “‘even’’ function of the Fourier ex- 
Pression with the coefficient of the second term in this particular 
case being zero. (An even function is chosen here because 
the ring is symmetrical about the axis passing through the gam) 
frst Quoting Cohen (1):? “In treatise of analysis, it is proved that 

‘function which is single-valued, of bounded variation, and has 
| only @ finite number of maxima and minima in an interval 2x 
in length, can be expressed uniquely as a Fourier series.” 
_No matter what the pressure distribution is after the installa- 
Mo- tion of the ring within the cylinder, the foregoing condition is 
always satisfied, and it can always be expressed in the form of a 
Fourier series of an even function such as the one expressed in 
osed Equation [8]. 

The mean pressure in such condition will always be po, i.e., the 

frst term of Equation [8]; this is because 


quumbers in parentheses refer to the Bibliography at the end 


| of the paper. 


bending moment at point Q’ 
thrust force dF at point Q, then 


dM = dF QN 
= dF 0Q’ sin (@ — a) 
> = dF r sin (@ — a) 
= pur’ sin (6 — a) dé 


due to the infinitesimal radial _ 


> 
By referring to Fig. 1 again, suppose dM be the infinitesimal _ - 


where p is a function of the polar angle. 

The resultant bending moment M at any point Q’ evidently _ 
is produced through the combined effect of all the infinitesimal — 
thrust force dF from point Q’ all the way clockwise until reaching _ 


the free end B, therefore 
p dM 


pwr? sin (@— a) dé@ 


ll 


If the ring has a uniform width, then 


M = wrt psin (0@—a) dd........... 


By the foregoing reasoning, since the pressure intensity p at any 
point Q’ can be expressed by an expression such as Equation [8], 


then by substituting Equation [8] into Equation [12] in 


= Po sin (@— a) dé 
wr? 


The solution of the first term in Equation [13] is 
po (1 + cos a) am Fe 
otf 
The solution (2) of the term 
cos n@ sin (@ — a) dé 


in Equation [13] is 


Pa J COS na — cos + l)r— al] w 
2 n+ 1 


Therefore Equation [13] finally will be resolved into the fol- 
lowing general expression 


M 
— = po (l + cos a) 
wr 


+ 1/2 7 J cos na — cos [(n + — al] 
naz n+1 


cos na — cos [(n — 1)x + al \ 


GENERAL Equation BetwreEN SHAPE oF A RING IN Its FREE 
STATE AND BenpING Moment on Rina In Its CLOSED 
STATE 

After the general expression of the bending moment M at 
any point Q is developed, the free shape of the piston ring in its 
unrestrained state can be determined easily if a definite relation 


| CHANG—THE SHAPE OF A PISTON RING IN ITS UNRESTRAINED STATE 
= 
4, 
Y 
Q 
| 
ing 
lus 
= 
4 
vt 
— 
= 


136 


In Fig. 2, if acbb’d be the shape assumed by a piston ring in its 

c free state and ACBB’D be the same ring in its restrained state 
after being confined in the cylinder, then, if R be the radius of 
curvature at any point g on the neutral fiber of the ring at its 
free state, and r be the radius of curvature of the point Q after the 
ring is installed in a cylinder; point Q in the restrained state is 


assumed to take the position of point qg on the free curve, since the 
_ closed state of the ring is a circle; therefore r is ac tually a constant 
along the circumference of the closed ring. 
From Fig. 2 evidently 


The relationship between the radius vector p at point q and the 
corresponding radius of curvature R at the same point can be 
_ found to be expressed by the following expression, thus (3) 


dp 


Since (dp)/(dé) in our case is of small magnitude, the second- 


zr “tia power terms can be neglected, then 


Differentiating both sides of Equation [15] twice with regard 
to 6 since r is a constant 


We can also write Equation [15] in another way, thus 


ras Substituting these expressions into Equation [17] 
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Since (4/r)? < 1, we can apply the binominal theorem to expand 
the terms in the preceding equation, after multiplying out 4|| 
the expanded terms and neglecting all high order of infinitesimals, 
Equation [20] finally can be reduced to 

d? 


From any treatise on elastic ity or strength of materials (4), the 
change of curvature at point g due to the bending moment M act. 
ing on the same point is given by the expression 


(21) 


Combining E ‘quations and [22], finally, we arrive at 


_ Mr 


Now Equation [23] is a simple linear equation of second order, 
the complete solution of which is 


u = Acos@ + Bsine + sine - cos 


where A and B are two constants of integration. 


—cos 6 —— sin 0 


GENERAL Equation BETWEEN FREE SuHaPpe OF A RING IN Its 
UNRESTRAINED STATE AND RapIAL PRESSURE ACTING ON 
IN Its CLOSED STATE 


It can also be shown that through the following treatments 
direct relationship between the radial-pressure distribution and 
the free shape of the ring in its unrestrained state can be expressed 
mathematically. The evolution of the bending moment in this 
case is not required as an intermediate step. 

Consider an elementary portion of the ring as a free | 
After the ring is installed in the cylinder, the system of forces 
acting on this portion is shown in the accompanying free-bod) 
diagram, Fig. 3. 

Referring to Fig. 3, applying general principles of static equili> 
rium of coplanar forces, we can easily arrive at the following thre 
equations 
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By rearrangement, these three equations can also be written as 


ds d%¥4q 
de = de (31) 
jifferentiating both sides of Equation [30] with regard to angle @ 
32 
r de de? [32] 
Combining Equations [31] and [32] we have 
ds 1 eM 
A 


By integrating both sides of Equation [27] 


[34] 


where C is a constant of integration, at the free end of the ring 


Ins q=0 and M=0 andso, C =0 


and Me “hich is just the same as 


ody. Substituting Equations [33] and [36] into Equation [28], we 
get an equation of the following form 


The solution of Equation [37] evidently will be the same as that 
9s) |e Sven by Equation [14] provided the pressure distribution follows 
the same pattern. 

(26M From Equation [23] we already have a relationship between 
wy fe Ue free shape of the ring in its unrestrained state and the corre- 


sponding bending moment after its installations, which is 

Mr? 

which is the same as 

M = (. + [38] 

¢ By Equation [38] with regard to angle 6 


| aM _ El d% 


By differentiating Equation [39] again with regard to angle @ 


Substituting Equations [38] and [40] back into Equation [37], 


finally we arrive at an equation showing the general relationship . 
between the free shape of the ring in its unrestrained state and the 
corresponding radial pressure expected after its installation in 
the cylinder; thus 


wr! + 


Equation [41] evidently is a linear equation of the 4th order; 

the solution of this equation is 

EI 
(Cr + cos + (Cs + 6) sin 


—1/, [cos sin @ dé — sin oS p cos dé] 


[cos 0S cos (dé)? + sin Sp sin @ (dé)?] 


where C;, C2, C3, Cy are four constants of integration. Since we 
usually select XX’ axis in such a way so that it is the axis of sym- 
metry with regard to the two halves of the ring, in that case the 
values of » must be the same regardless of the sign of @; therefore 
C,; = 0, and C; = 0. Supposing again, we choose the YY’ axis 
in such a way that the values of u at @ = 0, and at 6 = x be the 
same, then C; = 0. Thereby Equation [42] can be reduced to 


EI 
— = Césin @— '/2 [cos 0S p sin @ dé — sin 0S p cos 6 dé] 
wr* 


—1/; [cos 0S cos (dé)? + sind fp sin (d8)*)... . [43] 


where C evidently is the same as C, and can be determined by 
applying the condition at the free end, namely, at @ = x, M = 0, 
or from Equation [38] 


By its general appearance, Equation [43] does look compli- 
cated. On.the other hand, we do arrive at the conclusion that if 
the pressure distribution is definite, i.e., if p is a definite function 
of @, then the free shape of the ring in its unrestrained state also 
is definite and can be determined mathematically. 


ILLUSTRATIVE EXAMPLES 


At this point it seems desirable to introduce some examples to 
illustrate the general application of Equation [43]. 

For our purpose of illustrating, we might consider two special 
cases of pressure distribution: the first is the case of uniform pres- 
sure distribution; the other is the case of a pressure distribution 
of the form p = po(1 + Z cos 20), which represents condition of a 
ring possessing high tip pressures. 

These two cases evidently are special cases of the Fourier ex- 
pression, Equation [8]; in the first case, we consider the first 
term only, and in the second case we consider two terms together. 

Case 1. Uniform Pressure Distribution. In case the pressure 
distribution around the periphery of the ring is uniform, all the 
coefficients in Equation [8] starting from the second term are 
zero, OF Pp = Po. 

Equation [43] then becomes 


The solution of thisequationis = 


Differentiate both sides of Equation [29] with regar 7 ase) Sea 
ssed E + d*u 0 
2s 
- 2 
A 


; esidiveaiiinsbi hw EI In a similar way, the solution of the last am of the right side 
vit = Césinéd + [45] of Equation [50] i is 


~~ 


Differentiate both sides of Equation [45] twice with regard 7 oy ry [1 + (5/s)Z cos a as 
to angle 6 
EI —C sin cos [46] Therefore the solution of Equation [50] is 
Fiat = Cé@ sin 0 1 + Z/9 cos 20 
Add Equations [45] and [46] together n + pe [1 + Z/9 cos 26] . . (51) 
EI d*u Differentiate both sides of Equation [51] twice with regard oot 
sulle 
Applying the condition given by Equation [44], i.e., Equation EI vield 
1e., eq 2 C cos 6 — sin — pe Z cos 20... . (52 is co 
Substituting the value of the constant back into Equation tion 
[45], finally, we have Add Equations [51] and [52] together, sae 
EI d% clasts 
[48] de? = 2C cos @ + po — 2/8 po cos 26. . [53 twod 
Case 2. Pressure Distribution of the Form. In case the pres- When @ = x, the right side of Equation [53] becomes 
s intensit is af ti f 6 of the f N 
sure intensity p is a function of 6 of the form pr 
- Applying the condition given by Equation [44], or 5! 
Equation [49] evidently is also a special case of the Fourier the orque 
series Equation [8] with the coefficient p: of the second term 7 —2C + po— Z/3 po = 0 ve 4 vield. 
to Zpo and the coefficients of all the subsequent terms equal find 
to zero. vield p 
Equation [43] in this case becomes Pe — Z/3) that a 
C @sin Substituting the value of the constant C back into Equati 
[51], after multiplying out the terms and grouping them, fins ios 
(1 + Z cos 26) sin d@ — sin 0f'(1 + Z cos 26) we have behind 
Saint V 
Powr cos 26 
[coso f S (1 + Z cos 26) cos 6 (de)? + 0/2 sin — Z/ a(o ) 
+ sin oS S (1 + Z cos 26) sin [50] ACKNOWLEDGMENT 
len er 
____ The solution of the second term of the right side of the equa- The author wishes to express his appreciation to Mr. A. A i domain; 
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+ sin 1 ‘Differential Equations,” by Abraham Cohen, D. C. Heathé Then 
ae 3 Company, New York, N. Y., 1933, chap. 14, p. 288. the ’ " 
sin? @ = cos 26 and cos 26 = cos 38 cos + sin 3@sin @, the second 2, p. 167. 
. term of the right side of the equation finally is reduced ae 3 Reference (2), p. 164. (The. 
po 4 “Strength of Materials, Part by S. Timoshenko, D. V# of 
2 (1 — Z/3 cos 26) Company, Inc., New York, N. Y., second edition, 1M) 


aderstoo 
of the Soci, 


3 


Numerical Solution of Elastoplastic Torsion | 
of a Shaft of Rotational Symmetry 


By R. P. EDDY? anp F. S. SHAW? 


Using relaxation methods, an approximate numerical oy 
solution is found of the stress distribution in a shaft of 2 
rotational symmetry, which is subjected to a torque of 
sufficient magnitude to cause portions of the material to on AGJ/K, Fig. 2, together with appropriate boundary conditions. 
yield. It is assumed that the material of which the shaft In obtaining this equation it is assumed that the only two non- 
iscomposed is isotropic and yields according to the condi- _2€To stresses are 79, rs, and these in fact are sufficient to give a 
tion of von Mises. The particular problem investigated "esultant which is equivalent to a pure torque only. 
isa shaft with a collar; results are presented showing the 
elastoplastic boundary, and the stress distribution, for 
two different amounts of plastic deformation. 


3 dg 


or? r Or d2? 


INTRODUCTION 


N this paper numerical relaxation methods are used to find, 
approximately, the stress distribution in a shaft of rotational | 
symmetry and variable diameter, which is subjected to a - 
torque sufficiently large to cause a portion of the material to : 
Itis assumed that the material is isotropic, and that below the — A 
ield point the behavior is perfec!’ elastic. It is also assumed © i 


after yield the material exhibits perfect plasticity (i.e., 


ere is no strain-hardening), while the yield condition requires — — 


wwe 
1at the maximum shearing stress has the constant value k equal bo 3 J K ase 
to the yield stress in pure shear. Fie. 2 Pen 


In essence, the method of solution is a development of the idea 
behind the Prandtl-Nadai soap-film sand-heap analogy for the 
‘aint Venant torsion problem. A plastic stress function is intro- 
luced and, then, on the assumption that a portion of the mate- 
rial has yielded, it is possible, numerically, to construct the func- 


Given the Stress function ¢, then from the equations of equilib- 
rium the stresses are given by 


tion. Using relaxation techniques, equilibrium requirements 

then enable the common boundary of the plastic and elastic cee ee [2] 
domains to be located and the plastic and elastic stress functions 1 
to be found. Or 


Evastic BEHAVIOR and the resultant stress q; by 1.4 
let Fig. | represent‘a shaft of circular cross section and variable q = (ree? + u 
diameter, with equal and opposite torques 7’, applied at the ends. 
Then, on making certain assumptions, it can be shown (1)* that 1 de \? Vs 
the problem of finding the resulting stress distribution reduces to ot + (3) 


that of finding a stress function ¢ which satisfies the equation 


The requirement that the lateral surface of the shaft be free of E: 
‘The conclusions presented in this paper were obtained in the external tractions leads to the condition that ¢ be constant on 
course of research conducted under Contract N 7onr-358 sponsored AG, i.e 
jointly by the Office of Naval Research and the Bureau of Ships. ieee 
*Naval Ordnance Laboratory, Washington, D. C.; formerly 
of Brown University, Providence, R. I. 


‘Division of Aeronautics, Council for Scientific and Industrial On the center line, symmetry demands that rrg = 0, which re- 
Research, Melbourne, Australia; formerly of Brown University, 


Providence, R. I. quires that 
‘Numbers in parentheses refer to the Bibliography at the end of a ¢yx = const = 0 
the paper, 


Contributed by the Applied Mechanics Division and presented : ‘ 
‘tthe Annual Meeting, New York, N. Y., November 28—December 3, without loss of generality. E 
148, of Tue AMERICAN SoctETY OF MECHANICAL ENGINEERS. With these values of ¢, the applied torque is then given by 
agangemion of this paper should be addressed to the Secretary 7 
SME, 29 West 39th Street, New York, N. Y., and will be accepted 7 ad ee wire 
11, 1949, for publication at a later date. Discussion re- Sh (6) 
ved after the closing date will be returned. 
Nore: Statements and opinions advanced in papers are to be For this problem, the yield condition requires that 
rerstood as individual expressions of their authors and not those 
theSociety. Paper No. 48—A-20. 
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so that, for the behavior to be everywhere elastic, it is necessary ie STATEMENT or PROBLEM 
that, To sum up, then, the complete elastoplastic problem reduces 


PLastic BEHAVIOR together with the overriding condition ee | 
As for the plastic problem, assuming that at yield the only two fag\? dy\? 
nonzero stress components are 779, Tez, the equations of equili- 1% > >: (8) 
brium are satisfied by the introduction of a plastic stress function by 
@such that In the plastic region P 
7. = — — The boundary conditions are 
Using the yield condition, Equation [7], and Equations [9], the 
equation to be satisfied by the plastic stress function is 
(d) On ABDFG F 
7; . 7 (e) The position of the common boundary BHF is unknown, bu 
Also, for the same reason as before, it is required that on the onit neater tthe . 
It is known that, for the elastic problem, the maximum result- ov a og Ov = og 
ant stress gmax, occurs on the surface of the shaft; consequently, or Or’ dz 


the material will first commence to yield at some point on the . ; os 

boundary AG, and further increase in torque will be accompanied . 

by the growth of a region of plastic material in the neighborhood a we ae 

of that point. 
At the common boundary of the elastic and plastic domains, 

consideration of the equilibrium of an element of material de- 


mands that 
=T 


atte u Fie. 3 Fia. 4 


Puastic Stress Funcrion 


[12] Let Fig. 4 represent a portion of the plastic region, togethe 
= At some point Q on the shaft boundary 
From these, if C is the common boundary, we obtain 
where (0¢/0t)¢ means the tangential derivative of ¢ on C. Hence on 
onC 
since ¢ is constant on the boundary. 
= + const Similarly 4 
so that from Equation [10 
together with Equations [12]. Note, however, that the actual 
a: as, position of C is unknown; in fact, its determination forms the core This relation is also true for any contour Bhar, 
¢=const =C; 


of the problem. 


Thus 
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where wi 
construc’ 


In the 
obtained 
To do th 
the probl 
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where 
boun¢ 
where 
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sidere 
¢=¢ 
ay | 
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~ 
de 
ng 
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the stress, 
It is al 
tress func 
tedious sin 


D) 


where (¢ = 1, 2,...) within the plastic region. 

If now it is assumed that a certain region adjacent to the shaft 
houndary has yielded, it is possible, approximately,’ to construct 
the plastic stress function ¢ within that region. For, let — Ag be 
a constant decrement of the plastic stress function; then, from 

ation [15], we have 


ere rg = To(z) is the radius of the shaft at the point Q con- 

ered. Hence starting from the shaft boundary on which 

3 = $g, from Equation [16] increments An (of the inner normal) 
ay be calculated at points along the boundary to give points 
»Q, which in turn constitute a contour 


¢ = const = ¢g —— Ag 


Using the now known position of Q), a better approximation 
%,may then be found from the relation 


and the torque 7’ is given by 


An; = — — . T = 2xDo,...... [6a| 
k \e + re 
In general, the length An, will vary with the boundary point 
osen, so that the contour ¢; = const, will not be parallel to the 
ntour gz. Having obtained the ¢, contour, the procedure may 
repeated to give other contours ¢; = const, ¢; = const, ete. 
The normals used in constructing ¢2 are now measured at right 
angles to ¢;. This is illustrated in Fig. 5. 


Here the nondimensional stresses r’,9, etc., are mere numbers, 
and for a given shape of shaft can be computed once and for all 
when #, has been prescribed. Thus if any actual stress com- 
ponent or resultant is known (or is desired to be attained) at a 
particular point a, say, the value of D can be computed. For 

, example, from Equation [35] 


= constant and eliminating D between Equation [6a] and [18] yields a rela- 
between the stress resultant at a particular point, and the 
¢, = constant 


Let q,,’ be the maximum nondimensional resultant stress,* 
f 7 and let D,, 7’, denote the values of D and T corresponding to the 
An, commencement of yield. Then, from Equations [6a] and [18] 
D, = 
We 
Zz 7 and from Equation [21] 


Thus with a (= ) ive f. , 
: given, for any assumed plastic region, Tt 
1us when k has been determined experimentally for the material 
#,and consequently 0¢/dz, 0¢/Or can be found uniquely every- 


where within that region to within the limits of accuracy of the 


construction outlined, the shape of the shaft in question, the torque at which the shaft 
first commences to yield is easily computed. 
NONDIMENSIONAL TREATMENT As the torque increases from 7, to 7), say, the plastic region 


In the numerical solution of problems, some generality can be mt, 
obtained by making the quantities concerned nondimensional. let 
To do this, let L be some suitable reference length pertinent to _ it is necessary to modify Equation [8a]. To do this let 
the problem, and put . 


T,=6T,; B>1 
r = pL z= tL h 
¢ = De ¢ = Dj 


ll 


then the required relation is 


where D, D, are two constants having the dimensions of torque. 
Using these, the differential Equation [1] becomes To construct the plastic stress function the nondimensiona 
relation is 


the stresses are given by We Ym P 


‘It is also where n = Ly. Finally, the conditions to be satisfied at the 
stress 
tedio 


possible to obtain an analytical solution for the plastic 


function %; however, its numerical evaluation would be rather * gm’ is of course still a number, and can be found from the non- 
U8 since it involves nontabulated elliptical functions. dimensional elastic solution. 
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elastoplastic boundary are 


) 
Ob Ob 


It is easy to show that the satisfaction of Equation [14a] to- 
gether with one of Equation [12a] insures the satisfaction of the 
other relation of Equation [12a]. 


METHOD OF SOLUTION 


In finding an approximate numerical solution to a particular 
problem by relaxation methods, two main steps are involved: 
(a) The appropriate governing equation is replaced by its finite 
_ difference equation, so that, by inscribing a mesh of lines on the 
actual domain of the problem we obtain for each intersection 
point of the mesh a simple algebraic equation: (b) Using the 
- relaxation techniques, the resulting set of simultaneous equations 
is then approximately solved numerically. 

With respect to the latter step, familiarity with terminology 
and details of the modus operandi of relaxation methods is as- 
sumed here;’? and accordingly no description will be given. 

Let Fig. 6 represent a portion of the superimposed mesh. Then 


iite-difference approximation to Equation [la] is given by 


3a 3a \ 

2p0 2po/ 
and for the stress components, Equations [2a], expressions like 


+ + (: + & — 4h = 0.. [1] 


are available.® 

For the purpose of discussion, let it be assumed that the elastic 
problem (i.e., no portion of ABDFG, Fig. 3, has as yet yielded) 
has been solved, so that the (nondimensional) numerical set of 
values of the stgess function is available. Using this, the elasto- 
plastic solution for some particular torque 7;, may be found in the 


following manner: 


1 From the elastic solution, compute the shear stress com- 
ponents, Equations [2a], and so, from Equation [8a], obtain the 
values of the resultant shear stress at each mesh point, including 
those on the outer boundary. Although the maximum resultant 
stress q,,’, will occur on the boundary, it is unlikely that it will 
occur at a mesh point; consequently, plotting the values of q’ 


hg 7 Details are available in several papers; see, for example, refer- 
ence (2). 

ers § Further discussion on finite-difference approximations is given 
in Appendix 2. 
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along the boundary in the neighborhood of the maximum enables 
both the value and position of q,,’ to be determined. 

Since the elastic solution is nondimensional, this maximuy 
may be regarded as the stress at which yielding commences, | 
Equation [7]. Thus a numerical value is available for k, and § 
so the plastic stress function may be constructed within any de. | 


sired region. 

This is the situation represented in Fig. 7 where it is cop. 
venient to consider the elastic and plastic stress functions gs 
being plotted with ordinates normal to the pf-plane. The curves 
represent the trace of the elastic and plastic stress-function sur. 


faces on a plane perpendicular to the pf-plane at the point 


any 

Elastic Solution 
\ 


maximum resultant stress. 


Plastic Solution 


2 Multiply the elastie solution by the chosen cor 
(7, = BT,, B > 1), so that on the boundary the stress | 
Since gp; = a1, in so far as the 


will have the value #g:. 
stress function is concerned, the alteration merely entails 
to the solution 


a constant everywhere, of value &g; — 
constructed. In the neighborhood of the point of init 
the new elastic stress function ®,, will have values less th: 
of the new plastic stress-function surface, and it is a 
matter to determine (by interpolation formulas) the line 
section of the two surfaces, represented by point 1 in 


Obviously, the conditions of tangency, Equation [12a], 
1, i.e., at the meet of the two surfaces, will not be satisfic n} 
Shalt 
Modified Elastic VA 
Solution "Blown up 
Elastic solution 
| \ = Bo 
3 1 orde: 
Ble stress 
Plastic Solution + constant an app 
Fia. 8 1.55 
3 Adjust the position of the common boundary, alwa > _ 
ing it on the 4, surface, keeping all other values of 4, h« a 
until the tangent condition is satisfied approximately. | 
easily done using an appropriate finite-difference formula ! At first 
first derivative and will give a new position for &c; repres though 
by point 2 in Fig. 8. Feldin 
4 Now, however, as both the position of the boundary ee co 
elastic portion of the problem, and also the values of th ' The ela 
stress function ®¢ on that boundary have been modified, : ; rear’ 
like 3 the elastic differential equation [la] will no longer shaft 4 
fied. Hence keeping the new position of C and the new ' Ress con ce; 


) 
| 
< 
> 
lor 
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»,held fixed, compute the residuals at points like 3 and so, by re- 
sxation, satisfy the differential equation in the elastic portion of 
the problem. This can be done, but at the expense of again 
lating the tangent condition, and leads to the modified elastic 
ition as shown in Fig. 8. Now, however, the lack of agree- 
in the tangent condition will not be as bad as that of the 
step. 
Readjust the position of the common boundary, and re- 
the general procedure until all conditions are satisfied. In 
tice it will be found that three or four (shrewdly chosen) posi- 
sof the common boundary are all that are necessary. 


RESULTS 
The problem solved was that of a shaft® with a collar, details of 


h are given in Fig. 9. Due to symmetry it was necessary 
eat only one quarter of it, i.e., the portion ABCDEF. 


2 
as RADIUS= 
B ? 
eR 
R 
Fic.9 


¢ computation it was found convenient to take L = R/8, 
= 4096, R being the radius of the parallel portion of the shaft. 
ig. 10 gives the elastic solution.'® It shows values of the 
ss function, and values and contours of the resultant stress 
As can be seen, the magnitude of the maximum stress q,,’, is 
{/, compared with 32 on the boundary of the parallel portion of 
shaft where the stress is constant. There is thus a stress- 
centration factor of 1.53. 
From Equations [19] and [21] the relations between actual 
resses and torques are 


T, = 16” R%k/49 


norder to confine the region of yield to the neighborhood of 
stress concentration, the elastoplastic problem was solved 
an applied torque of 7) 1.507,. The result is given in Fig. 
Fig. 12 shows the region adjacent to the yielded portion in 
her more detail. As well as the final position of the common 
indary, it shows the initial intersection of the two stress- 
fuction surfaces which forms the starting approximation. 
fig. 13 is the result of applying still more torque, of amount 
= 1.55 7). As indicated, the torque is now sufficient to pro- 
‘ea narrow strip of plastic material all along the surface of the 
rallel portion of the shaft. 


DISCUSSION 


At first sight the result shown in Fig. 11 is rather surprising. 
Phough the applied torque is 1'/, times the torque at which 
riding commences, the area that has yielded is quite small. 


‘The elastic solution for this shaft has already been found by 
Nedifference methods some time ago (see references 3 and 4). 

The figure is act ually a composite one. For the main portion of 
eshaft a was taken as 1; however, in the neighborhood of the 
Msconcentration, a = 


1 ANALYTICAL SOLUTION oF ELASTOPLASTIC PROBLEM IN A UNI- 


This is due of course to the fact that in the neighborhood of the 
stress concentration the stress gradient is quite large; for more 
spectacular results it would be necessary to decrease the stress 
concentration by using a larger corner radius. 

The result of Fig. 11 may, however, be misleading. Thus let 
T zg be the value of the applied torque at which the surface of the 
parallel portion of the shaft commences to yield. Then it can be 
shown" that the torque necessary to produce yielding over the 
entire cross section of the shaft is 1'/3 7’. 

Hence, although a torque of 1.537, merely produces the small 
region of yielded material shown in Fig. 11, a torque of 2.04 T, 
(= 1.53 X 1.3 T,) is sufficient to insure complete yield, and so 
failure of the shaft. 

In a paper by Weigand (5), there are given the results of experi- 
mentally determined stress-concentration factors for shafts of a 
somewhat similar nature!? to that investigated here. In so far 
as it is possible to extrapolate from the experimental results 
given, the agreement with the value of 1.53 given here is excellent. 

It is obvious that the procedure used here may be applied with- 
out much modification to the problem of a hollow shaft. If the 
inner surface should happen to contain a re-entrant corner having 
a small root radius, then it is quite possible that yielding may 
first start at the root. To solve such a problem merely entails 
the construction of a second plastic stress function “‘attached” to 
the inner boundary (on which # = 0), the rest of the procedure 
being unchanged. 


Appendix 1 


FORM CIRCULAR SHAFT 


For a shaft of uniform radius R, using the independent variable 


p = r/R, the elastic stress function Equation [3] reduces to the 
equation 
3 
Op? Op 
the solution é6f which is 
g¢=cptt+d 
The requirement ¢(0) = 9 
gives d=0 


leaving the constant c still to be determined: 

The plastic stress function ¢ is required to satisfy the equation 

k R%? 
Op 


which, using the boundary condition 


has the solution = 
7) = eg p*) 


It is now required to find the value po, of p, and the constant 
c, such that the conditions of the free boundary, Equations [12] 
and [14] are satisfied. 

From Equations [14] is obtained 


11 Sée Appendix 1. 

12 Weigand’s results are for stepped shafts. However, for the di- 
mensions of the shaft with collar treated herein, the difference in the 
stress distribution at the stress concentration would be very small. 


7 
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MAXIMUM STRESS = 49.0 


242 24.2 


Fic. 10 Exastic Stress Function ® Stress RESULTANT q 


283 283 283| 284 285 287 290 29.0 165 
4 

4 
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245 243| 239 234 175 157 > 

75 75 75 75 73 72 69 65| 56 2 

7.3 73 7.3 73 7.3 7.0 6 a 
3,0 3.0 3.0 3.0 32 3.2 3.3 5 3.7 

is 
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First Piastic Case 71; Stress Function ® anp Stress ResutTant q’ 
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while continuit y of the stress functions, Equation [14], gives 


. = — (1 — on’)... . (25) 


Elimination of c between Equations [24] and [25] gives, finally 


{26} 

“4 Obviously, for 

and for 
= kR*/3, pp =0............... [28] 


Let T, = 2733, = 2xkR*/4 be the torque at which the surface 
of the shaft commences to yield. Then, for a greater torque 7, = 
BT, =.2xB8kR*/4, the value of pois given by 


[1-5 ( 4 


= 4— 38 


Thus it is evident that a uniform shaft fails by complete 
yielding for an applied torque of amount 1.3 times that for which 
the surface of the shaft commences to yield. 
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as is to be expected. 


FINITE DIFFERENCE 


Appendix 2 
APPROXIMATION 
Lins JK 
Along the first mesh line above the axis, the expression (1 — 
3h/2ro), Equation [1b] is negative, which means that an increase 
in ® at any point on the second line above the axis will decrease 
the residual at the point below it. Such anomalous behavior 
leads to false results, and must be circumvented by use of a dif. 
ferent expression for the residual on the line r = h (i.e., p = a@). 
To develop suitable formulas, use is made of the fact that due 
to axial symmetry ® is an even function of p for ¢ = const. 
Use of the fourth-degree curve 


> = a + bp? + cp! 


ADJACENT TO CENTER 


leads to the equation (for the line p = a) 


1 22 


e actual torque required tv cause failure is, from Equation 
f, 


= 2rR*k/3 

Therrelation, Equation [29], is shown graphically in Fig. 14. 
The dotted curve, 7 = 1 — po’, indicates the relative amount of 
the cross section of the shaft that has yielded for a given 8. 
The runaway nature of the failure is evident. 


The stress components in the two aes are given by the 


following: 


Elastic 


3. 17 


Fia. 16 


From this, in the usual manner the residual operator, Fig. 15, an 
the relaxation operators, Figs. 16 and 17, are obtained. 
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By M. A. SADOWSKY? anp E 


Previous investigations‘ have been concerned with the 
stress concentrations around internal cavities in the 
shape of an ellipsoid of revolution. This paper contains 
an exact closed solution, in terms of Jacobian elliptic func- 
tions, for the stress distribution around a general triaxial 
ellipsoidal cavity in an infinite elastic body. The body at 
infinity is in a uniform state of stress whose principal 
directions are parallel to the axes of the cavity, the magni- 
tudes of the principal stresses at infinity being arbitrary. 
The solution covers as limiting cases the known results for 
spherical and spheroidal cavities. The technically im- 
portant aspects of the ensuing stress concentration are 
discussed in detail. 

NOMENCLATURE 
The following nomenclature is used in the paper: 
(z, y, 2) = Cartesian co-ordinates 
(u, 9, = Cartesian components of dis- 
placement and stress, re- 
spectively 
= dilatation 
= orthogonal curvilinear 
ordinates in general, and 
ellipsoidal co-ordinates in 


particular 
(ui, M2, Us); ** * 723) °° *) = orthogonal curvilinear com- 
ponents of displacement 


and stress, respectively 


X, Y, Z, F = harmonic stress functions 
4 = Laplacian operator 
= G,v = shear modulus and Poisson’s 
ratio, respectively 
(a,b,c) = semiaxes of the ellipsoidal 
cavity 
b c 
pi = -,o2 = ~ = shape ratios of cavity 
a 
= -,¢ = dimensionless co-ordinates 
a b c 


S©aTEMEN?T OF PROBLEM 
We consider a homogeneous, isotropic, elastic body of infinite 


' This investigation was carried on as part of a research program 
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more 


Stress Concentration Around a Triaxial 
Ellipsoidal Cavity 


. STERNBERG,’ CHICAGO, ILL. ~ 


extent which possesses a cavity in the shape of a triaxial ellipsoid, 
and assume that the body at infinity is in a uniform state of stress 
whose principal directions are parallel’ to the axe: of the cavity. 
If the Cartesian co-ordinate axes are chosen coincident with the 
axes of the ellipsoid, Fig. 1, the stress field at infinity is charac- 
terized by 


where o, 02, 0; are arbitrarily prescribed principal stresses. The 
problem to be treated presently consists of the determination of 


Fig. 1 , Evirpsorpau Cavity AND CARTESIAN Co-ORDINATE System 


the stress distribution induced by the given loading at infinity. 
The surface of the cavity is to be free from boundary stresses. 

In the absence of body forces, the foregoing problem is equiva- 
lent to establishing a displacement field [u, v, w] which satisfies 


the equations of equilibrium “7 
1 re 
, Aw] — — de= 
[ Au, grad e 0 | 7 (2) 
e = div[u, v, w) } 


and gives rise to an associated field of stress : 


) 

1— or | 


which conforms to conditions [1] at infinity, while leaving the 
internal boundary of the ellipsoidal cavity free from surface trac- 


5 The case of an arbitrary orientation of the principal stress di 
tions relative to the axes of the cavity presents, essentially, no diffi- 
culties beyond those encountered in the current loading case. 

* Formulas not given explicitly are obtained by cyclic permuta- 
tions. 


= 
~ 
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i 
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By aid of Equations [10], [8] we obtain for the curvilinear sea- 
lar components u, (i = 1, 2, 3) of the displacement fields associated 
with the basic solutions, Equations [12], the intrinsic forms 


Basic SOLUTIONS IN ORTHOGONAL CURVILINEAR CO-ORDINATES? 


In order to render manageable the boundary conditions for the 
surface of the cavity, it is imperative to introduce curvilinear 
co-ordinates. For this purpose, we recall here that a curvilinear co- 
ordinate system is defined by a transformation 


ox | 
2Gu, = h, E (3—4v) — x| 
Oa; Oa; 


= X(a1, ae, a3); ...3 


= and that the corresponding co-ordinate surfaces, a; = const, are 
mutually orthogonal provided that 


Ox Ox oy oy Oz Oz 


Oa; 0a; Oa; 0a; 0a; 0a; The corresponding stress fields are most conveniently established 
: (i ¥ j) by applying to Equations [14] the displaceme nt-stress relations" 
4 ta referred to orthogonal curvilinear co-ordinates. This computa- 


tion yields 


oh, or \ OX 
Th = hia hy Zz —Qh,? 
Oa; Oa, / Oy 
h; oh, h;? Oh, oY 


| [dy 


Finally, we note that dh; ON Oh, OX 
| ho + h; r 
— ( 2v) 
and record the curvilinear transforms of the gradient and the | isda Deke Daz daz ; 


Laplacian operator | 
{ ok Oh, of Oh, oF 


1 


< — — — [11] | Omg 
The problem formulated previously will be approached on the 7 
basis of the following general solutions of Equations [2], which 


are due to J. Boussinesq® and admit the vectorial representation aq Oh? of Oh; OF 


an Ow Oay Oa Oay Oa 
2G[u, v, w) = grad X — »)X, 0, 0) 
(b) 2G[u, v, w] = y grad Y — [0, (3 —4»)Y, 0} | 
fe) 2GLu, v, w] = z grad Z — [0,0, 


d) 2G[u, v, w] = grad F 


where Ones In the particular problem under consideration, the shape o 

the internal boundary suggests the use of ellipsoidal co-ordinates 

eee AX = A} AZ = AF =0..... as [13] The corresponding co-ordinate transformation, which relates tht 


The displacement fields given by Equations [12] and genera- Cartesian co-ordinates z, y, z to the ellipsoidal co-ordinates a,(! = 

ted by the arbitrary harmonic functions X, Y, Z, and F, will 1, 2, 3), is most conveniently introduced by aid of the Jacobia! 

be referred to as basic solutions (a), (b), (c), and (d), respectively, elliptic functions'* sn @;, cn w,;, and dn a;. For reasons of symme 

0 See reference (1), p. 54, equations [36], and p. 102, equation 


7 For a treatment of general, orthogonal curvilinear co-ordinates [18]. 


and their applications in the theory of elasticity, see, for example, 11 Equations [15b, c] are obtained from Equations [15a] by ® 
reference (1), arts. 19-22C, 58, 96. placing z, X successively with y, Y and z, Z. 

8 Reference (2). In this connection see also references (3) and (4). 12 See reference (5), chap. X XIII, and reference (6), chap. XI. 

* The unessential coefficient 2G is introduced for computational con- 13 An exposition of the theory of Jacobian elliptic functions is give 


venience. in reference (5), chap. XXII. 
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try it is expedient to define auxiliary complex arguments 6;(¢ = 
1, 2, 3) as follows 


= on + ) 

Bo = K + }.... [16] 
Bs = as 


where 4K and 27K’ are the real and imaginary periods of 
sngj(j = 1, 2, 3) corresponding to the modulus k. For the com- 
plementary modulus k’ we have 

> 


Furthermore, let 
¢; = en B;, d; = adn B;....... [18] 


8; = sn B,, 


By Equations [16], [18], and well-known identities for elliptic 
functions, we obtain 


a2 — & = = 

dna ik’sn(as, [19] 
C2 = Cha oe 

cna a k’) 
4=-—, d= — d; = dna; 

isnay dn(ae, k’) 


With the notation of Equations [18] the co-ordinate trans- 
formation in question may now be written as 


x = ) 
19293 
km 
= 


im 


The moduli k and k’ as well as the parameter m are related to the 
semiaxes a, b, c of the ellipsoidal cavity, Fig. 1, in accordance 
with 


a? 
k= m= V/a? — b?... 


[21] 
and a, b, care assumed to be ordered by 
Equations [20] imply 
y? 
— . [23] 
m?s,? mec? md? 


and by inspection of Equations (23], [19], we note that the co- 
ordinate surfaces a, = const., a2 = const, and a; = const form a 
triply orthogonal!’ family of ellipsoids, hyperboloids of one sheet 
and hyperboloids of two sheets, respectively, Fig. 2. As the 
ellipsoidal co-ordinates a, traverse the ranges 
O<aSK, K’2a:20, K 2a3;20...... [24] 
the foregoing quadrics cover the first octant of the Cartesian 
Space."* If a: ° is chosen such that 
“ The modulus of any elliptic function is understood to be & unless 
otherwise specified; see, for example, 2, C2, d2 in Equations [19]. 
Although the subsequent computations involve complex-valued 
‘unctions, any result which possesses geometric or physical signi- 
feance is real, as is readily verified by aid of Equations [19]. 
ng particular choice of k and m is explained subsequently. 
may be verified at once by Equations [5]. 
8 noted that the infinity of the Cartesian space cor- 
responds to a; = QO. 


we confirm by Equations [23], [21], and the identities 


= 1—s,?, =1 


that the ellipsoid a; = a° has semiaxes a, b, ¢ and thus coi 


Q, const 


Co-OrpINATE SuRFACES OF ELLIpsoIpAL Co-ORDINATE 


SyYsTEM 


Fic. 2 


with the surface of the cavity, which accounts for the form of 
Equations [21]. 
The local seale coefficients h;, according to Equations [7], [20], 
here become 7 
i 1 i 
kmaaq kmquqe 


n= V s?— iV — %*, 


The remaining differential-geometric elements appropriate i 
ellipsoidal co-ordinates are readily computed. In particular, 
if U(B:, 82, 83) is harmonic, Laplace’s equation by Equations 


> 
| 


[t1], [16], [27], [28] appears as 
————— = q,? —— + q,? —- + q;? — =0 29) 
Equation [29] is separable, and is satisfied by the Lamé products: - 
U = Aj(8:)Ax(B2) ANB)... 


provided that A;(8,)(¢ 
tion 


1, 2, 3) are solutions of the Lamé equa- 


d2 
[n(n + 1)k*s,2 — p(l + = 0... 


(31) 


The arbitrary separation constants n, p determine the degree an! 
the species, respectively, of the foregoing ellipsoidal harmonics. =| 
Corresponding to each nonnegative integral value of n, there = 
are 2n + 1 distinct values of p for which Equation [31] has peri- 
odie solutions. These solutions, which are known as Lamé 
functions of the first kind and degree n, will be denoted by 
\,,(8,). The associated second solution of Lamé’s equation, i.e., ; 


the Lamé functions of the second kind here denoted by A,(8;), 
are obtainable from \,, by a quadrature which we refer to the 
real arguments a; instead of the former complex arguments 
8; i 


dt 
P ) = a; 


15. 
< 
¥- 
- 
* 
of 
the ae 
|= 
me 


Reference (1), Equations [9], p. 80. 
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so generated are to be regular in the region exterior to the cavity 
and must vanish at infinity; they furthermore must possess the 
_ periodic structure and symmetry with respect to a2, a3; which is 
_ inberent in the uniform field, Equations [36]. It follows, in par- 
ticular, that Lamé functions of the first kind in a and those of 


oe the second kind in a or a; are not admissible in Equations [34]. 
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A survey of all available Lamé products reveals that the only 


and (c), whereas two distinct harmonic functions of degree ™ 
in addition to one of zero degree are admissible in conjuncti® 
with basic solution (d). Thus it appears that we have at w 
disposal six solutions for the purpose at hand. However, 
six solutions which so arise are found to be linearly dependes' 


2 The unessential constant coefficients are anmeni for future 


It will be essential to keep in mind that the functions A, )(a,) Th 
are not awed from Equations [32] stress functions with the required properties are as follows of 
According to Equation [30], and using the foregoing notation 9 
for the Lamé functions of the first and second kind, the product tab 
solutions of Laplace’s Equation [29] take the form (40 
3 Z = 
U, (a1, a2, a3) = [\,(a,) or A, (a,)] Sol 
o = 12... ..2n + 1 
‘ ar The preceding ellipsoidal harmonics involve the Lamé functions 
CONSTRUCTION OF SOLUTION TO CavITy PROBLEM of the first kind s; = sn8;, c¢; = d; = dnB,, 1, and where 
The initial step in the solution of the problem stated previously 9 
consists of extending the uniform stress field, Equations [1], = [38] 
throughout the entire space. As this will violate the boundary p(l + 
conditions for the surface of the cavity and p will be given subsequently 
m = = Qata. = °...... [35] whose argument is a, correspond, respectively, to the functions 
we shall have to determine next a solution which, when super- of the first kind s, ¢1, di, 1, h, and may be obtained by a direct 
imposed on the uniform stress field, removes the stress residuals application of the quadrature Formula [32]. Carrying out the 
at a = a°, while leaving undisturbed the stresses at infinity, necessary integrations, and thereafter dropping inconvenient = 
Equations [1]. The solution sought, consequently, must vanish constant multipliers, we arrive at : _ 
orm the uniform stress field, given by Equations [1], into ellip- 7 
soidal co-ordinates. By means of Equations [1], [8], [27] and the = [(k)ta1 — Elan]. + dy ve a 
law of transformation!® for the components of stress, we obtain 
= +- 72817 D, = ~ — dE(an) all 
Li = + pil + k*) [E( (a1) — a] 
= ——— |(k 
Soluti 
= [(k’) + 136) is the incomplete elliptic integral of the second kind. 
— axdstdy%s;%e,2) — The three separate factors in each of the five Lamé pr 
appearing in Equations [37] belong to the same pair of values 
n and p in Lamé’s Equations [31]. The values of n and p 
= [(k’) + — o3d,?] sponding to these five products in E [37] are listed hers 
1 3 
| 
— 83031381010) | 
= [(k’) 20183? + — 
) 3 O33 ] (3) n= 1, 
We now have to construct the aggregate of solutions needed ; ( 
to eliminate the residual stresses 71), 712, 713 at an = ° of the stress = 
distribution, Equations [36]. This is achieved by appropriate eS .a-% pes +o 1 — k? + ké 
choice of the stress functions (displacement potentials) X, Y, Z, ’ “3 1+k 
F appearing in Equations [15]. In selecting these harmonic 
functions, we are guided by the requirements that the stress fields We note that a single ellipsoidal harmonic of the first degree 8 
to be used in connection with each of the basic solutions (a), ‘ 
3 >= 


‘= = 
$ 
és: 
= 
‘Sy 
a= 
a= - 


0) 


‘(all 


a 
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This linear dependence is eliminated by deleting the ambiguity Solution 3 a 

of sign of the fifth of Equations [41], and retaining merely the 

positive sign. Equations [37] then lead to five linearly inde- 
pendent solutions which will be designated as Solutions 1, 2, 3, ria kd (k’)*q27qs? 

4, and 5, respectively. The corresponding stress fields are es- 1 
tablished by means of Equations [15], [27], [28], [37], [38], [93], or ee 
(40]. We now record the results of this lengthy computation {= q2°qs" qs" 92" 


Solution 1 


ks, q2 29,2 
kqe q. 


2 4v) ‘ 

k 8 


81S) (2 4p) 
™%3 = Vv 
3 k 


8) 


-—— - 
82? 


[ 
(2 - 
L 


Solution 2 


(2 — 4p) 


ac 
™ = (2 dy) 
k 


= 4y) 
(k") 


= (2 — 4y) 


8,d,C; 
(k’)? 

kqiqoqs? (k’)? 


8 


(k") 


2 


89783? 


182783? 


k-qo*qs? 


2 2v 
2 


2v 
c;? 


kqs? 


293? 


q2 


=| 


(2— 4) 
(k’)*qi?qa? 


2— 4y) +3 


k3q2?qs? 


= —(2 — 4v) ——— 


2 
kquq2"qs (k’)? 


2 
"| (2 2 + 4) —— 


(k’)? 


Solution 4 


Solution 5 


kq 4 


kq2?qs? |. qs? q2? 
— 
22 kqo?qs* 
= 
me 


= — p(1 + k?)] Lildls 
2 
kqo'gs 
[6k*s.2 — p(1 + k*)] Lilels 
qs” = 
2(g32 -— a2 2837c37d 
ll; 


— p(1 + Lalals 


kq 
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Ly ‘Ll; 


F 
142) 
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rre 
2 42 2 
i 
q3 
4 c - 
| 
1 | | 
ree 
e two pA 
t ow 2 


— 


™ Ber & 


. 
731 3p (cont. ) 
82Codels | 8(1 | 


With regard to solution [5], it should be observed that accord- 
ing to Equations [41] 


and by Equations [39], [40], and [16] 


da; dp, 1, 3pl; 

The complete solution to our problem is given by a linear com- 
bination of the uniform stress field, Equations [36], and the five 
component solutions, Equations [42, 43, 44, 45, 46]. We may 
write symbolically 


5 


{Sol] = [uniform field] + ‘2 Ay[Sol N] .... [49] 
N=1 


where the coefficients Ay are to be determined consistent with 
the boundary conditions for the surface of the cavity, Equations 
[35]. These boundary conditions demand that for a, = a° the 
stress components 7), 712, 713 vanish identically in the arguments 
a2, a3 (or equivalently, in 82, 83). By imposing the foregoing re- 
quirement upon the linear combination, Equations [49], we are 
led to sixteen linear equations in the coefficients of superposi- 
tion, Ay(N = 1,2..5). The system of equations so obtained is 
compatible, and can be reduced to the following five linearly inde- 
pendent equations which we now record in matrix form: 


“+ \ 


P, P; 0 A 
Ts T; 0 —L,' Ag 
k2 
2 0 —I,L,' Ay 
a 


—ks,c,d, k3s,c,d, 
0 0 0 
(k’)? 
0 


Equations [50] involve the auxiliary notations 
_ 8(1 p) 
by p= 3p 
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Th 
I’; = (1 — 2») + D, brow 
f Eq 
P, = — +7, +1 
ed, 
sid) (cont. dfi 
1 | 2D, 
= — k*(7T; + 1) 
d,? 
a Pig 
= [2k2l, + (2 — p) (1 + k*)] 
lsom 
It should be emphasized that all functions of a: appearing jy rid 
Equations [50], [51] are to be evaluated*! at ai°. An explicit 
presentation of the solution for the unknown Ay is quite lengthy 
and will be omitted here. Indeed, it is more advantageous to I and p: 
solve Equations [50] subsequent to the substitution of the nv. ent 
merical values appropriate to a cavity of a particular shape, ted 
In any case, Equations [49, 36, 42, 43, 44, 45, 46], together with 
the solution of Equations [50] constitute the complete solution .g 
of the problem under consideration. f the 
NUMERICAL EVALUATION AND DrscussiON OF TECHNICALLY 
SIGNIFICANT STRESS CONCENTRATIONS 
The solution for the stress distribution around a triavial ellip- 
soidal cavity, established in the preceding section, depends up numer 
the values of the principal stresses o1, o2, 03 at infinity, the pos Sine 
tion parameters Geigucices co-ordinates) a, a2, as, and t tesian 
shape ratios p1 = b/a, pz = c/b where a, b, ¢ are the st to the 
of the cavity as indicated in Fig. 1. The solution, further H, 45, 
involves Poisson’s ratio v. For fixed values of o1, 02, 03, p: for 
v, the stress components are found to depend solely u 
dimensionless co-ordinates = x/a,n = y/b,¢ = z/c. | 
that the maximum stress concentrations are function: 
loads, the shape of the cavity, as well as the elastic prop 
the medium, but are not influenced by the absolute siz 
cavity. Analogous conclusions are, clearly, characte 
all problems of the type under discussion. for 
21 The superscript zero which these functions ought to | 
suppressed for the sake of convenience. ca te 
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The shape ratios pi, p2 enter the stress distribution implicitly elliptic integral of the second kind, Equation [40], it should be 


through the modulus k and the cavity parameter a°. In view _ recalled that 


of Equations [21], [25], we have the relations Ela) = + 
2 


pi 
h = Vi — — [52] where Z(a) is zeta function of Jacobi. Here K and = 


pi 


23 Equation [57] is needed in the use of reference (10), which con-— 


ind from Equation [22] ay tains extensive tabulations of the zeta function of Jacobi. 


b 
Pi b 20 


19 
Fig. 3, which is based on the first of Equations [52], shows | 
‘jsomodular”’ curves, that is, the lines k? = constant in the P2=0.! 
prplane (shape plane). As the square 0 © p; 1,0 < p2< 1 + 
s traversed, the ellipsoidal cavity assumes all possible shapes. om | - 
This diagram, in particular, also indicates the various degener- ,4'a 


ite cases Which correspond to the limiting shape ratios p; = 0, 1 
nd pp = 0,1. The dependence upon p; and p2 of any displace- 
ent or stress component for fixed values of , n, ¢ may be repre- 
nted by a surface erected over the unit square in the shape 
lane. Once k and sn a °, corresponding to a given pair of shape 
atios are determined, all remaining shape-dependent elements 
f the solution are readily computed by aid of available tables”? 
f Jacobian elliptic functions or theta functions, Jacobi’s zeta 
inction, and complete elliptic integrals. In particular, for any 
specific choice of a1, o2, ¢3, and v, the solution of Equations [50] 
for the coefficients of superposition Ay(V = 1, 2,... 5) is now 
umerically obtainable. 

Since the significant stress concentrations occur along the Car- 
tesian co-ordinate axes Oxyz, the following relations are pertinent 
to the evaluation of the component solutions, Equations [42, 43, 
4,45, 46], at interior and surface points of the body 


y=n=0, z= r?a 


sna,° 
a 


ior 


z=¢=0, y2b \ 
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y snay°dnay 
= K » a3 = 0 
= 73, OF = tm, = Te 
for 
r={t=0 y=7=0 
c snay Cnay 


The 

hormal stresses o, are principal stresses along Oryz, 

is apparent at once from ‘couside ‘rations of symmetry. The = 


f 
oregoing formulas permit the determination of a:, corresponding 
toa give 
4 given value of n, or ¢, belonging to a point chosen on either 
Y, OF z-axis for a cavity of prescribed shs ape. With a, a», 0.657 
the remaining position- dependent elements of the 
for points on the Cartesian co-ordinate axes, are again 
teed found by means of the numerical tables previously re- 
ferred to, + > + + - 
OF 03 04 OS O06 OF 08 O09 1.0 
C hection with the numerical evaluation of the incomplete ‘ 
22 Seo Fig. 5 UNtAxiat TENSION og = 1 aT © oy aT Potnt A FoR 


erences (7,8, 9, 10). Various SHare Ratios 
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are at the same time the complete elliptic integrals of the 
first and second kind associated with the modulus k 


di 
V 1— k*sin?t 


0 


We now turn to a discussion of the numerical results obtained, 
and confine our attention to the technically most interesting 
case in which the uniform state of stress at infinity is one of unit 


1 — k? sin? ¢ dt | 


uniaxial tension parallel to the smallest semiaxis ¢ of the cavity. a 


We thus put 


Lo6 407 “08 Les “10 


+ 


O1 02 03 O04 OS O06 OF 10 


Fig. 6 TENSION = lat © o, AT Potnt B For 
Various SHAPE Ratios 


The important stress concentrations in this instance take place 
at the extremities of the semiaxes aand }, i.e., at points A and B, 
Fig. 1. Figs. 4 and 5 show go, and o, at point A as a function 
of the shape ratio i, for various values of the shape ratio po. 
The analogous diagrams for ¢, and c, at point B are given in Figs. 
6 and 7. All of these curves are based upon Poisson’s ratio vy = 
0.3, and may be interpreted as profiles of the respective stress 
surfaces erected over the basic unit square in the shape plane, 
Fig. 3. 

The curves for p2: = 1 apply to a cavity in the shape of a prolate 
ellipsoid of revolution, and coincide with the results obtained by 
the authors in a previous investigation.** The stress values for 
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p: = 1, ie., the right end points of the curves under consideration, 
are in agreement with the corresponding results given by H. 
Neuber® for the case where the boundary of the cavity is an ob. 
late ellipsoid of revolution. In particular, the stress-concentrs. 
tion factors reduce to those appropriate to a spherical cavity for 
p1 = p2 = 1. The limiting stress values as p; approaches zero, 
e., the left end points of the foregoing curves, are of special in- 


2% Reference (3), equation 133 on p. 98 and equation 136 op 
p.99. See also Fig. 58. 


oO: 
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terest since they are representative of an internal line crack along 6 
| the z-axis. It should be recognized that the ellipsoids in the a | 
neighborhood of the line crack possess an elliptic cross section in ion " 


the plane Oyz, which ranges from a circle to a straight-line seg- 
ment parallel to the y-axis as p2 traverses the range from unity to 
zero. We note that the line crack induces finite stress concen- a 
trations as long as p: > 0. As was to be anticipated, the line- | 
erack values of o, at point B, Fig. 6, coincide with the ool a 
stresses which arise in the presence of an infinitely long, elliptic a 
cylindrical hole at the end points of the major axis of its cross — on 
section. The plane solution of the problem to which we are re-_ rs 


ferring is due to C. E. Inglis. 

Regardless of the value of pu, all of the stress-concentration — Dye< 
factors under discussion rise rapidly and tend to infinity as the | 
shape ratio 2 decreases and approaches the limiting value zero’ 
which corresponds to a flat, elliptic crack” in the plane Ozy. © 
With the exception of o, at point A, the stress-concentration 
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factors for fixed values of p2 are found to be monotone decreasing 
functions of pi, and thus steadily decline as the cavity is inflated 
from the line crack to an oblate ellipsoid of revolution. ¢, at 
point A, Fig. 5, rises with increasing p; in the neighborhood of 
the prolate spheroidal cavity, given by p2 1. However, the 
values of this stress component throughout the range of pz, for 
which ‘the reversal of its monotone character occurs, are seen 
to be insignificantly small. It is interesting to observe that for 
all shapes other than the oblate spheroid, o, and ¢, at the point 


maximum stress concentration is found in ¢, at the point B. 

Fig. 8 illustrates the variation along the z-axis of the principal 
stresses o,, ¢,, and ¢, The curves shown are based upon the 
sample shape ratios p; = p2: = '/; and again on the Poisson ratio 
v = 0.3. This diagram indicates the rate of decay of the stress 
concentration. The stresses o, and o, are steadily decreasing 
functions of — whereas o, attains its interior maximum approxi- 
mately at — = 1.009. We observe that the state of stress in the 
vicinity of point A is one of triaxial tension, and that the uni- 
form, uniaxial state of stress o, 1 is practically restored at 
t= 1.2. 

Finally, we consider the influence of Poisson’s ratio »y upon the 
stresses at point A, illustrated by the curves in Fig. 9, which 
again refer to the sample shape ratios p; ps '/;. It is seen 
that while the stress o,, which acts parallel to the uniform stress 
field at infinity, is essentially unaffected by changes in v, the trans- 
verse stress ¢, depends sensitively upon Poisson’s ratio. 
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** See, for example, reference (3), p. 48, et seq. 

7 The term “flat, elliptic crack”’ is used to describe a separation of 
> material throughout the interior of a plane region bounded by an 
ellipse. 
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This paper discusses the influence of constant time delay 
in transmission of the control signal upon the output sys- 
tem of a closed-cycle control device. The use of Nyquist’s 
stability criterion permits investigation of the control 
signal proportional to any derivative of the displacement. 
The stability criteria are given in closed form. 


INTRODUCTION 


T is well known that closed-cycle control systems exhibit 
a time lag between the input and the output signal. This 
time lag is due partly to the inertia and damping present in 
the system and partly to the inherent delay in transmission 

of the control signal. This paper discusses the effect of a time 

delay due to the transmission of the signal upon the stability of 
the output system of a closed-cycle control device. 

The feedback is assumed to be proportional to the nth deriva- 
tive of the displacement and to be delayed by a constant time 
7. The system is further assumed to be linear and to possess 
viscous damping. 

Under these conditions, it is shown that steady-state modes? 
will exist only with a very critical combination of the parameters 
of the system. The problem of stability is then investigated by 
means of the Nyquist stability criterion. For n S 2, it is shown 
that under appropriate conditions there exists a band spectrum 
of values of + for which the system will be stable. For n > 2 the 
system is shown to be unconditionally unstable. The case ‘of 
n = 1 corresponds to a combination of the viscous and the “‘error- 

damping” used in nian 

The following nomenclature is used ae 


= independent variable, time 
= constant time lag 
= dependent variable 


constant parametersofsystem = 


= magnitude of feedback signal 


STATEMENT OF THE PROBLEM a 


The differential equation of the freely oscillating output sys- 
tem of a closed-cycle control device with viscous damping is 
given by (1) 


16(t) + RO(t) + = 0............ 


1 Formerly Research Assistant, Brown University. Now Mathe- 
matician, The Rand Corporation, Santa Monica, Calif. Jun. ASME. 
2 Here and in the following the term ‘‘steady-state’’ will be used, 


as in electrical engineering, to designate continuous oscillations of 
constant amplitude. 

3’ Numbers in parentheses refer to Bibliography at end of paper. 
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Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted 
until July 11, 1949, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Nore: Statements and opinions advanced in papers re to be 
_ understood as individual expressions of their authors and not those 
sof the Society. Paper No. 48—A-22. 


Stability of Sys ‘tems 


By H. I. ANSOFF,! PROVIDENCE, R. I. 


Separating the real and the imaginary parts, we obtain 


where dots indicate differentiation, and J, R, and K are taken as 
real and positive. 

We introduce a feedback term proportional to 6(t), of constant 
magni_ude S, and lagging behind 6@(t) by a constant r.  Equatio: 


{1] becomes 


I6(t) + R6(t) + = — 


\ solution of this is given by 


n=0 


Substituting this into Equation [2] and equating the coeffi- 
cients for each n, we obtain the characteristic equation f 


+ + Sz,e~*" + K =0 


If e—?" is expanded into its series, it is easily seen that, in gen- 
eral, Equation [4] possesses an infinity of roots. Therefore, rather 
than attempt a solution in closed form given by Equation [3], w 
are forced to seek the stability conditions for the system Equa- 
tion [2] in terms of the parameters of the system. 

This problem has been attacked by numerous writers. Th 
present treatment differs from the others in its application 
of the Nyquist stability criterion to the operational form of Equa- 
tion [2] and in presenting the final results in an easily computed 
closed form. This paper is of wider scope than the majority of 
the preceding ones, since it formulates stability conditions for 


feedback proportional to any derivative of @. te 


STEADY-STATE SOLUTIONS 


Tf Equation [2] has steady-state solutions, some values of 2s 
in Equatign [3] will be purely imaginary. Setting z, = 
real, and substituting this into Equation [4], we obtain 


—w + iwR + iSwe*#r +K 


iw, w 


Since S and R are real and positive it follows from Equation 
[6a] that for integer n 


l 3 
me 2») Swrsrt + 2) ‘ 


With this in mind, Equations [6] can be written 


sin wr = \ (<) (Sa 
Ss 


Ow 


Now, if the system of Equations [8] has solutions for real values 
of w, ens the system described by mpetice [2] will possess 
steady-state modes of oscillation. 
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Given the positive real parameters of the system J, R, K, and 
S, and the time lag 7, we can determine the existence of solutions 
of Equations [8] by the following procedure: Plot the graphs of sin 
wr and (Iw* — K)/(Sw) versus w. Because of condition given by 
Equation [7], wr has a limited periodic range which is indicated 
by a solid line in Fig. 1. On the same graph we draw two lines 
+ V1 — (R/S)? parallel to the w-axis. Now if the three graphs 
have a common point of intersection (such as A in Fig. 1), sys- 
tem, Equations [8], has a steady-state mode, and the value of w 


at the common point of intersection is the steady-state fre- 
quency. Since J, K, and S are positive and real, the graph of 
Tw? — K)/(Sw) will be monotonically increasing in w. It will 
have only two points in common with the lines V1 — (R/S)?, 
and the system of Equations [8] can, consequently, have at most 
two steady-state modes for a given combination of parameters 
I,R, K, S, andr. 

On the other hand, given the parameters of the system J, R, A, 
and S, we can determine whether a steady-state solution exists 
and also what value of r is required for its existence. As beforé, 
we plot (Iw? — K)/(Sw) and + Vi — (R/S)? versus w. Denote 


the co-ordinates of the two points of intersection by (a,, a,), 


where n = 1,2 


Then a time lag 


sn 
,(n = 1, 2) 
Wy 


[9] 


will produce a steady-state mode, provided Equation [7] is satis- 
fied. 

It should be clear from the foregoing that only a very critical 
combination of constants of the system will produce steady-state 
solutions, Therefore, in the derivation of the stability criterion 
for almost all systems, we will be safe in assuming that Equation 
[4] has no pure imaginary roots. 


A MECHANICAL MopgEL 


Some of the foregoing results are easily interpreted in terms 
ofa mechanical model used by Minorsky.* 

This model consists of an oscillating pendulum of moment of 
inertia J and equivalent spring constant K (for small deflections). 
The lower end is immersed in a viscous bath which produces a 
viscous resistance R. A small gyroscope mounted on the pendu- 
lum transmits a signal to an electric motor. The motor in turn 


* Although the general method of approach in this section follows 
closely that of Minorsky, the present results disagree with ‘his find- 
gs: see reference (4). 
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( 
moves a weight which produces a feedback torque on the pendu- 
lum. The coupling between the gyro and the motor can be ad- 
justed to produce a feedback torque proportional to 6(t), which 
is the time derivative of the angular displacement. 

Applied to this system, Equation [2] becomes the equation of 
motion; the term J6(t) represents the torque due to inertia, 
R6(t) the torque due to viscous resistance, K@(t) the torque due 
to gravity, and Sé(t — r) the feedback torque due to the counter- 
weight. 

If again we assume existence of steady-state solutions and sub- 
stitute @ = Ae" into Equation [2], we get 


= 


+ + + = 0... [10] 


which leads directly to Equation [4]. 

Equation [10] can be represented by means of a vector diagram, 
Fig. 2, similar to the impedance diagrams used in alternating-cur- 
rent circuit analysis. Using polar co-ordinates we plot K along 
the initial ray and — @w?J, 180 deg ahead of it (the common term 
ét is left out). The term ‘wR is plotted along the 90-deg ray, — 
and the term i@wSe~**? along the ray which forms an angle — wr 
with the 90-deg ray. 

It is now clear that in order for the equation of motion, Equa- 
tion [10], to be satisfied, the vectors in Fig. 2 must be in equilib- 


Fic. 2. Equitiprium Vector DiaGRaAM 


p-p lane 


Fie. Tun Bromwicu Contour 


/ 

sinwt 

—y 

Fig. Sotution or Equation [8] 
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rium. This requires that the vector -iwSe7 ier be in either the 


third or the fourth quadrant (which is just a different form of 


stating Equation [7]). It is further necessary that S 2 R. Inter- 


preted physically, this means that in order to maintain oscilla- 
tions, the power supplied by the feedback torque (given by w*S) 


should be at least as great as the power dissipated by the pendu- 


lum (given by w?R). (It should be noted that because of phase 
considerations the condition w*S > w*R does not necessarily 
imply instability.) 


Tue STABILITY CRITERION FOR FEEDBACK PROPORTIONAL TO 


6(t — r) 
Denoting the Laplace transform® of 6(t) by Fp), we have 
= 
Taking the transform of Equation [2], we get (6) 
(pl + pR + K + Spe—*?)F(p) = + + RO... {11} 
where @ and 6» are used to denote the values at ¢ = 0. 
Y(p) = p'l + pR+K 
F(p) = L(p) [13] 
Y(p) + Spe~?" = Y(p) 
pl+pR+K 
- 
Whence by Mellin’s inversion theorem (6, 7) 
1 (Lo) 
6(t) = — dp for t > 0 
Jr Y (p) pe?" 
pl + pR +K 


where [ is a contour enclosing all of the roots of the denominator 
in the p-plane. 

Evaluating this integral by the method of residues we would 
obtain 


0 


where p, are the values of the roots of the denominator. In the 
“Statement of the Problem,” we have shown, however, that 


there is an infinity of roots. Therefore a closed form of solution 


is not obtainable by this method. 

Turning to the question of stability, we note that if Equation 
{15] contains p, with positive real parts, the solution represents 
an unstable system, and @(t) will increase without limit. The 
existence of p, with positive real parts thus becomes a criterion 
of stability. This means that we must determine the existence 
of any poles of the integrand of Equation [14] in the right half of 
the p-plane or, which is the same thing, the existence of zeros of 
the denominator of the integrand in the right half of the p-plane. 

Now consider Y(p) which is the first factor of the denominator 
in Equation [14]. Consulting Equations [12], we see that Y(p) is 
the transform of a system described by the differential Equation 


5 Taking of the Laplace transform of an unknown function natu- 
rally raises the question of its existence. Since we are seeking a com- 
bination of parameters leading to a solution which is stable in ¢ (we 
exclude even the steady-state modes), 0(t) will satisfy the convergence 
requirements of the Laplace integral 
6 For other examples of this procedure see reference (2). 
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[1]. The solution of this equation is known to be stable. 
fore Y(p) will have no zeros in the right half of the p-plane. 


There- 


It remains to examine the solutions of eT ato 
——————. = 0............. [If 


In order to do this, we make use of the Cauchy index theorem,’ 
which may be stated as follows: 


w = f(p) is an analytic function in a simply 
connected domain D bounded by a contour 8 
2 f(p) ¥ Ofor pons 

If p traverses 8 in a counterclockwise direction, 
then w will traverse a closed curve in the w- 
plane. Further, the number of zeros of /(p 
in D is equal to the number of times the con- 
tour in the w-plane encircles the origin. 


Hypothesis: 1 


Conclusion: 


For 8 we choose a Bromwich contour shown in Fig. 3. Since 
we assume that there are no roots on the imaginary axis, we are 
assured of enclosing all of the roots in the right half of the p-plane 
by setting c = 0. 

Examining the behavior of Equation [16] along the contour, 
we note that for p = + io 

pl +pR+K 


Consequently, we may limit our study of Equation [16] to tl 
straight-line contour along the imaginary axes in the range — 

Before proceeding with the application of the theorem, we di- 
vide the second factor of Equation [16] by A and set the result 


equal tof(p). Weget 
ad 
where 


Letting p = ia in Equations [17] and simplifying the result, we 


flia) = 7 
— ata)? + (b 


aAe~*(ar—¢) 


6 6 6 2.0 


where 


ba 


A graph of al [18a] is shown in Fig. 4, for —- < a $0. 
It is a sensed spiral starting at the origin when a = —o andre 
turning to the origin when a = 0. As aincreases from 0 to + °, 
the graph follows the second branch of the spiral which is sym- 
metrical to the first branch with respect to the real axis. 

We are now ready to apply the Cauchy index theorem. qu 
tion [16] can be rewritten in the form 


f(p) +1 = 


Now as p varies along the imaginary axis between — 1 = and 
+ io, the contour I encloses all of the roots in the right half of 
the olen and the number of times f(p) encloses point (—1, 9) 
in Fig. 4 will be equal to the number of these roots. Because of 


{19} 


7 See, for example, A. Hurwitz, reference (8). 
8 See “Appendix of this paper for a proof showing that Equatio® 
[17a] remains zero along the closing semicircular path of the contour 
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the symmetry of the two branches, unstable roots will occur in 
pairs. Therefore we need only to investigate the behavior of 
one of the branches of f(p) 

It is now possible to give the first formulation of the stability 
criterion for the system represented by Equation [2]. 


The sys- 


w-plane 


apd — 


igen 


Fic. 4 or Equations [18a] ror < a SO 


tem will be stable if and only if the graph of f(p) does not en- 
close the point (—1, 0). By direct examination it follows that 
fb > A in Equation [18a], then |f(ia)| < 1 and the system 
annot possibly become unstable. Reference to Equation [17a] 
hows that this implies that the system will always be stable if 


R>S 


This coincides with the conclusions at the end of the section, 
“A Mechanical Model,” and means that in this case the power 
dissipated is greater than the feedback power. 

that S > R(S 


= RF is trivial for all practical purposes) 


— a) 2+ (ba [20] 


and solving for a we get 


—(b? — 2a — — 2a — AY)? — 4a? 
[21] 
a 


Thus there are, in general, four real values of @ (two for each 
branch of the curve) for which |f(ia)| = 1. The conditions for 

nce of these values are 
b—2a—A*<0 
and 


— — dat > 0 


If these are combined with the aid of Equation [176] we get 
8>R. Therefore a danger of instability exists whenever S > R. 

Since the magnitude of the radius vector of the spiral, as given 
by the left side of Equation [20], is a continuous function of «, 
We may differentiate it in order to determine its extremum values. 
It turns out to have only one maximum for each branch which 
occurs ata = + 1/q'/s, 
Thus on each branch the magnitude of the radius vector of the 
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ay and along the negative branch (a < 0) 


> 
ace 


branch from to — x/ 


enclose all of the values of the radius vector which are greater 
1. 
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spiral attains the value of 1 twice, say, at a; and az, and a maxi- 
mum once. It follows that the magnitude of the radius will be 
greater than 1 between a and a, and will be less than 1 every- 
where else. Along the positive branch (a > 0) let 


By = + ¢1 } 
= 


= + ¢2 


(the subtraction of * is made necessary by the factor a in front 
of Equation [18a]. This form of Equations [22] makes the radius 
vector always positive.) 

Note from Equation [18)] that as a increases along each branch 
the phase angle in Equations [22] decreases monotonically along 
Hence if a, > ae (on either 
branch) we have —a:; > — a and ¢2: < ¢:. Consequently, if 
a, > a2, Bz > B; or, in other words, the angle 8, shown on Fig. 5, 
is a monotone decreasing in @. 

Now we know from the foregoing that as a increases to a, the 
magnitude of the radius remains greater than 1. Then #; > 8: 
and the shaded sector in Fig. 5, obtained by a positive (counter- 
clockwise) rotation from the smaller to the larger value of 8, will 


Thus the stability criterion is reduced to the requirement that 
weplane 


the shaded s sector on Fig. 5 does not include the negative real 
axis. This can be stated as follows: 
The system will be stable if no integer n can be found such that 


[23] 


Clearly, if |8, — 82| > 2x, the system becomes unstable since 
then there is a complete turn of the spiral with the magnitude 
of the radius vector greater than 1. If |8; — 8.| < 2x, Condition 
[23] can be satisfied within a certain range of values of the time 
lag r which will now be determined. The extreme case is shown 
in Fig. 6. As seen from Fig. 6, if 8: > 8, we must have for sta- 
“bility 


< (2n + 


Using Equation [22a] and keeping in mind that r 2 0, we ob- 


~ 
\ 
(1,0 — 
— 
24) 


. . . . . 
tain after simple transformations the following range in 7 within 
which the system will be stable 
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ot 


ay 


ae 


where a > a; and n is allowed integer positive values. 
If Equation [22b] is used, it can be shown that Formula [25] 
remains valid if magnitudes of a: and a are used in the denomi- 


Examination of Formula [25] shows that, in general, for any 
given system (fixed a, a2 and ¢f ¢2) 7 is allowed a band spectrum 
of values for increasing n with the band width given by Formula 
[25]. It should be noted, however, that the spectrum will termi- 
nate at some value of n after which 


+ (2n — 1) > + (2n + 1)r 


Fic. 6 A CriticaL CONFIGURATION 


This is due to the fact that 8. — 6; increases with increasing r 
and Condition [26] corresponds to 82 — 6; exceeding 27 (see 
sentence after Formula [23]. 


STABILITY CRITERION FOR FEEDBACK PROPORTIONAL TO 6(t — r) 
For this case Equation [2] becomes 


16(t) + R6(t) + Ko(t) = —Se(t —71)..... 


The discussion of the steady-state behavior is similar to the 
sections, “Steady-State Solutions,”’ and ‘““A Mechanical Model,” 
with one important difference. Since the feedback power is now 
given by Sw and the power dissipated is still w?R, the system 
will have no steady-state frequencies at w > S/R. 

Equation [14] now becomes 

L(p) 


Jr Y(p) 1 


— e?dp.... [28] 


pl +pR+K 


= 
+8 


ap? + bp + 1 
with A, a, b still given by Equation [176]. 
As before, f(+ i) = 0, and we use a contour consisting of the 


~ 
— 
ll 
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Equations [18] become 


— a?a)? + (ba)?] Va 
and 
t —ba 30) 
A graph of Equation [30a] is shown in Fig. 7 for —  < 
a<0. Itisasensed spiral with the intercept S/K on the positive 


real axis when «@ = 0. The graph is symmetrical with respect 
to the real axis. The radius vector has a minimum at @ = 0 and 


maxima at 
2a — 


2a? 


Now if (2a — b?)/(2a?) < 0 and S/A §S 1, the spiral 
possibly enclose the point (—1, 0). Using Equation [175], 


S< K; R*? > 


which are the conditions under which the system is always 
Setting the amplitude of Equation [30a] equal to 1 and: 
we obtain 


2a) (b? — 2a)? — 4(1 — A?)a? 


2a? - 


If Equation [32] has no positive a?, S < K is automatica 
plied, and the system is stable (note that the converse 
true; S < K does not guarantee stability). 


w-plane 


Fic. 7 Grapu or Equation [30a] ror < a@ S 0) 


If Equation [32] has positive a, the system is in danger of it 


stability. The following cases are possible: 


(a) Equation [32] has two a? > 0 (in this case 27K > KR? a! 
S < K). This case is identical to the last case of the preceditt 
section. Criteria [23] and [25] apply. 

(b) Equation [32] has one distinct a? > 0. Then if S <4 
using Equation [30a] and a > 0, we get the following stabill 
criterion (this is the case of equal roots) 
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nd 


(33 


with n, any odd integer. 

Thus the system will be stable for all values of the time lag 
rsave for those specified by Equation [33]. 

(c) Equation [32] has one a? > 0. Thenif S = K, we get the © 
most stringent stability criterion. Using a > 0 and Equation — 


30a], we obtain the following stability criterion 
+ 


SraBILITY CRITERION FOR FEEDBACK PROPORTIONAL TO 6(t — 7) 
For this case Equation [2] becomes 
16(t) + R6(t) + Ko(t) = —S6(t—r)....... 
Equation [14] now becomes 


1 
2ri PF 


pl +t pR+K 


L(p) 


(36) 
¥(p) [36] 


A(t) = 


Equations and [16] still apply and Equation |17a} be- 
comes 


Apte~?? 


with A, a, b still given by Equation [175]. 
Now as p—> 10, |f(+ i@), — (A/a) 
of Equation [37] for the range 


= (S/I). The graph 


-© < a S Ois shown in Fig. 8. 


<0 


Grapx or Equation [39a] ror 


The branch of the graph for 0 S a@ < © is symmetrical to the 
branch shown with respect to the real axis. 

It is clear from the preceding that if S/ZJ > 1 the system cannot 
possibly be stable, since the spiral will eventually enclose the 
point (—1, 0) as @ tends to ; 
unstable if S > J. 

The radius vector of Equation [37] has a minimum at a = 0 


and at ‘uly 
— 2a — b? 
as shown by elementary differentiation, consequently the system 
Will always be stable if 


consequently the system will be 
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Now setting p = 7 a in Equation [37], and reducing it to our 
usual form we get 


aw 


Aate—*(ar—9) 
and 
be 
tang = [395] 
Setting the amplitude equal to +1 and solving, we get 
2a — + 2a b2)2 = A) 


According to Equation [17b], (a — A) > 0 implies J > S which 
we have already shown to be a necessary condition for stability. 
Therefore we need consider only J > S in Equation [40]. But 
this makes Equation [40] identical in behavior to Equation [21}. 
Similarly, the total angle of Equations [39] can be shown to be 
monotone decreasing in a. Consequently, the conclusions fol- 
lowing Equations [22] apply to this case, and the stability cri- 
terion will be given by Equation [23], and the allowable range in 
7 by Equation [25]. 


STABILITY FOR FEEDBACK PROPORTIONAL TO HIGHER 
DERIVATIVES 


+ R6(t) + Ko(t) = — So™ (t—r)....... [Al 


Then by a now familiar procedure we obtain 


Now, referring to Fig. 4, let p 
when n = 0in Equation [42]. 


+io 


a 


Thus |f(p)| —~ © except for n = 0, 1, 2. 


preceding sections of the paper. For all other values of n, the 
graph of (7.2) will necessarily enclose the point (—1, 0). We 
conclude: 

If the feedback signal is proportional to 6"(t — r) the system 
will be unconditionally unstable whenever n > 2. 


SUMMARY 


For purposes of comparison, Fig. 9(a, 6, c), show the general >! 


behavior of the magnitude of the radius vector p versus a@ for the 
three cases in which stability is possible. Fig. 9(d) shows the 
general behavior for n > 2. 

The results of the three sections on “Stability Criteria for 
Feedback,” and Fig. 9, show that for n < 2, the system will be 
unconditionally stable, if certain relations between the parame- 
ters of the system are satisfied in each case. The greatest 
latitude in the choice of the parameters is found for n = 1, where 


the condition R > S is sufficient to insure stability. The narrow- _ 
est restriction occurs for n = 2, where S > J is sufficient to pro- rig) 


duce instability. 

If the foregoing requirements for unconditional stability are 
not satisfied, the system may still be stable for a specified range 
in the time lag r. In the most general case it is possible to ob- 


= 


= 0. Then |f(p)| = O except 


The stability of the 
system has been discussed for these three values of n in the three 
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tain a band spectrum of values of r for which a given system 
will be stable. The band width tends to zero as the value of r is 
increased. This indicates that in systems of this type large 
time lags will produce instability. 

It should be kept in mind that the systems treated in this paper 
were assumed to be linear. Any comparison of experimental re- 
sults to our conclusions should involve allowance for the exist- 
ing nonlinearity. Thus, for example, the band spectrum de- 
scribed would produce hunting in an actual system rather than a 


_ physical breakdown due to excessive vibrations, as predicted by 


our results. 
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Appendix 
BEHAVIOR ON SEMICIRCLE OF BROMWICH CONTOUR 
We still have to justify the assumption made in the thre 
sections, “Stability Criteria for Feedback,” that f(p) — 0 along 
the semicircle of the contour as r— ©, 
Let 


p= re? = r(cos 6 + i sin 8) 


and substitute into Equation [42] 


A pr —r(cos 6+ sin 6) 


arte! +. bre’? + 1 


f(re*) = 


and note that for any fixed @ in the range r/2 > @ > — =‘ 


foralln, 
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This paper is a condensation of a comprehensive theory 
for fatigue failure in rolling bearings.’ The character of 
bearing fatigue failures is analyzed, and the effect of the 
volume of stressed material is assessed by means of modi- 
fication of Weibull’s statistical theory of failure. The 
variables affecting bearing capacity are examined, and 
general formulas are set up relating the variables to the 
bearing capacity. Unknown exponents in the formulas 
are evaluated by means of. extensive tests, and the final 
formulas are compared to experimental results. 


An Gave 


ts @ a 


has previously been based on empirical formulas which 

have been used with considerable success for bearing types 
feonventional design. In this paper the foundation is laid for a 
ified theory of the dynamic capacity for rolling bearings, in 
lich regard is taken of the dispersion in material fatigue strength 
mm one volume element to another. Hertz’s theory for contact 
stigue strength has been developed and extended for calcula- 
ion of the stress variation which can be taken to be the most 
ngerous when bodies roli with respect to each other. Although 
e new theory still does not take account of all factors which 
fect the life, it does give a satisfactory agreement with experi- 


ental tests. 
4 


of the dynamic capacity of rolling bearings 


MAGNITUDE OF SHEAR-STRESS AMPLITUDE 


An understanding of the character of fatigue failure can be 
tained from a study of the change in the material which takes 
ace in bearing rings under rolling loads. The fatigue cracks 
start from certain weak points, for example, slag inclusions 
ithin the material. These weak points give rise to strong local 
ress concentrations in the surrounding material. Before the 
tigue crack develops, slip takes place in the material. There- Fic. 1 Raptat Cross Section THroucH Beartna Race IN 
re the causes of fatigue can be sought in the slip, which changes Fyricvep Bearina; 1000X 
1¢ characteristics of the material in the immediate neighborhood i”, : 
ithe weak point. 
Ger- Fig. 1 shows a cross section cut through the raceway in the 
iiddle of a fatigued bearing ring. 

Slag inclusions are usually elongated in the process of rolling, __ 
and therefore the fatigue cracks start in directions parallel to the Ete 
lirection of rolling. At times slag inclusions have more of a 
harp-cornered shape, whereupon fatigue cracks occasionally ex- = 
end in a 45-deg direction. ; 

Fig. 2 shows how the shear stresses occurring in the direction of 
lling vary with the depth zo, where this shear stress has itg fos 
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2 

a 


b 


The depth of the point of maximum stress is obtained from 


~ V2t—1 


at this depth. 
Table 1 presents corresponding values of t, b, 7, and ¢. 


DEPENDENCE ON ¢t OF 
FACTORS 


TABLE 1 BEARING CONFORMITY 


1.05 1.3 1.2808 
0.3358 0.5020 0.7849 1 
0.2436 0.2371 0.2241 0.2139 
0.4651 0.4347 0.3842 0.3509 
The magnitude of the shear-stress amplitude is Pie 
[3] 


During the passage of one roll body the shear stress varies be- 
‘tween =7q. The determining factor for material fatigue is twice 
the amplitude of the relative shear stress (i.e., 27’). Fig. 3 shows 
how 27 varies with the shape of the contact area. As a com- 
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parison, the relative shear stress decisive at static loading 7'y, is 
drawn in. The comparison shows that this static stress cannot 
be taken as a basis for the estimation of fatigue failure. 


STATISTICAL METHOD FOR TREATING FATIGUE PROBLEMS 


For a statistical treatment of fatigue problems, consideration 
must be given to the fact that the material changes little by little 
through the action of repeated loads. Plastic flow appears in 
the neighborhood of the weak points of the material and con- 
tinually increases in size until finally a microscopic crack forms 
which grows slowly to macroscopic magnitude. At this point 
Ent the macfoscopic stress distribution is disturbed and the fatigue no 
longer follows the expected course since the assumptions for 
calculating the macroscopic stresses are no longer valid. How- 
ever, that is only in an advanced stage of fatigue, a stage where 
the continuance of the destructive process swiftly leads to rupture. 

Changes in the material condition can, as long as the fatigue 
crack has a microscopic extent, be taken as dependent chiefly 
on the extent of the macroscopic stress in the element of volume 
considered, that is, on the stress amplitude in the plane which is 
most-dangerous from a fatigue viewpoint, and on the amount of 


Research shows that the largest number of fatigue cracks start. 
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material in the element of volume. It is also possible that 
changes in the amount of material are dependent on the depth of 
the volume element below the surface. That assumption has been 
shown to be necessary for the presentation of fatigue failure in 
rolling bearings. 

A useful resultant formula for statistical presentation o 
ferent fatigue problems is thus 


~ f, F[r(n); zldn |’ av 


where S(N) is the probability that the material will endu 
million stresses, r(n) the stress amplitude at the depth z wit 
nth loading, dV the infinitesimal element of volume, and | 
whole volume. 

For highly concentrated loads, as, for example, in rolling 


= 


win Ra 


ings, considerable simplifications can be introduced in the ¢ 
lation if it is observed that only the conditions in the neig 
hood of the point where the maximum fatigue-stress ampl 
occurs are decisive for the probability of fatigue. 


LirE ForRMULA FOR ROLLING BEARINGS 


When setting up the life formula, the known fact that t 
more concentrated the load, the greater the endurance, mu 
considered. 

This fact has been proved by Neuber, among others, in a s 
of concentrated stress conditions in fillets and by Féppl-H 
with a study of the first flow lines occurring for contact. bet 
a cylindrical and a plane body. Neuber and Féppl-Huber soug 
the explanation of the dependence on volume in the crysta 
nature of the material. 

Comprehensive investigations by Weibull of the static b 
ing strength of brittle bodies have resulted in a statistical theor 
of strength based on the theory of probability, where the 
pendence of strength on volume is explained by the dispersio1 
in material strength. 

Weibull’s theory, however, is based on the assumption 
the first crack results in a break. The frequent examp! 
cracks which do not reach the surface seem to show that this 
assumption is not valid for fatigue failure in rolling bearings 
Therefore, in setting up the life formula, consideration should | 
given to the fact that the probability of a fatigue break o 
ring must be taken to be dependent on the depth zo at which t 
most dangerous stress occurs. a 

The life formula therefore should be written 

For practical reasons it is desirable to give the functional re 
lationship as a power function , 


cNe 


N, 


= §(ro, N, 2o)V...... 


Here S is the probability that the material will endure for V ml 
lion stress cycles, 79 is the decisive stress amplitude, and V is t 
volume representative of the stress concentration. 

If h = 0, a life formula corresponding to Weibull’s theory is ob- 
tained. 

As an expression for the magnitude of the stressed volume, 
can choose 


~- 
a = major half-axis of pressure ellipse = 
l = circular length of raceway 
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The three lengths, a, 1, and 20, give an expression for the stress 
extension within the raceway in the directions of width, length, 
and depth. 
As a result of the expressions given for zo and 7, in Equations 
(2} and [3] and with the help of Equations [5], [6], and [7] is 
ae 


found 
(2) 
where Q is the roll-body load. 


For point contact according to Hertz’s theory of elastic contact 


| 


lo 


Q 


ab 


(9) 
For line contact age 
lav, 
(10) 


where /, is the roll body’s length of contact, D, 
liameter. 

If uw is the number of stress cycles per revolution and L is the 
life in millions of revolutions, then from Equations [8] to [10] 


the roll-body 


ut Lel... . 


vith line contact, where the proportionality factor depends upon 
the conformity between rolling body and bearing race. 
The life Formulas [11] and {12] give the life LZ which with 
ie probability S occurs for the roll-body load Q. 
rL=1landS 
responding to the load Q.. 


Specifically, 
0.9, the dynamic-capacity value is found 


4 


Since | ~ D,, from Equations [11] and [12] 


2e+h—5 

ne 

with point contact and 

‘ith line contact. 

Since the roll-body load is proportional to the bearing load, Q, 
and Q are proportional to the basic dynamic capacity C, and the 
actual bearing load F, respectively. 

i From Equations [11] and [12] 
ob- 116) 
with point contact, and a 
2e 


With line contact. 
For radial bearings, the load on the rolling element depends 


= 


167 
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upon the position of the rolling element. In that case, Q, and Q, 
respectively, represent mean values of the rolling-element loads, 
that is, equivalent rolling-element loads. 

With rotation, each point of the rotating inner ring passes 
through the loaded zone. All points on the inner ring are thus 
equally stressed, but the loads on the rolling elements, and 
hence the stress amplitudes, vary cyclically with the rotation. 
For a load which varies periodically with time, introduce the 
cubic mean value as the approximate mean load 


where the angle y gives the position of the roll body. 

Each point of the stationary outer ring supports, under rota- 
tion, a constant rolling-element load and therefore a constant 
stress amplitude. The rolling-element load and consequently 
the stress amplitude are dependent upon the position of the point 
in the outer ring. The probability that the whole outer ring, 1 = 
x D,, will endure is the product of probabilities that the different 
sections of the ring will endure. Therefore it is found from Equa- 
tion [11] or [12] that 


1 D 
log — ~ — db = x D, [19] 
S, 2 
where the oe roll-body load 


Here 
w= pe... 


DETERMINATION OF EXPONENTS IN LIFE FoRMULA 


The exponents c, h, and e occurring in the formulas for life 
dispersion, Equations [11] and [12], can be regarded as material 
characteristics and determined experimentally. The exponents 
can be found by determining the exponent p in the life formula, 
Equation [15], the dependence of the basic dynamic capacity upon 
the bearing size (the exponent of D,, Formula [13] for point 
contact), and the dispersion of bearing life under uniform condi- 
tions of operation. 

The logarithms of Equations [11] and [12] for constant service 
conditions are 


Therefore the probability S, for a sufficiently large test series, 
gives the relative number of bearings which will endure L million 
revolutions. In a graph with co-ordinates log 1/S and L, set up 
on logarithmic scales, the life formula is represented by a straight 
line, whose slope gives the magnitude of the exponent e. 

Fig. 4 shows test series with self-aligning ball bearings,* and 
deep-groove ball bearings. The step diagram obtained with a 
finite number of bearings agrees very well in both cases with a 
straight line having the slope e = 10/9. 

Fig. 5 shows a test series for spherical roller bearings.® 
exponent e for this test series is 1.5. 

The dispersion in material strength characteristics can vary 
quite appreciably for different test series. Therefore it is quite 
natural that the exponent e may have appreciably different values 


The 


4 SKF, 1309. 


® SKF, I-37906. 
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for ball bearings than for roller bearings, as shown by the research 
results in Figs. 4 and 5. 

For the purpose of determining the exponent p for ball bear- 
ings, there arg at present available extensive results from tests 
with self-aligning ball bearings,‘ and deep-groove ball bearings.' 
In these test series, great care has been taken to see that the ma- 
terial and the manufacture in the different series are statistically 
similar. The test results are given in Fig. 6 where each point 
represents the median life of a group of 30 bearings. In this 
series the exponent, p = 3, corresponds to the solid line. For 
determination of the exponent p for roller bearings, no similar 
reliable test series is now available. The indications are, however, 
that the exponent p may be somewhat higher for roller bearings 
than for ball bearings. 

0 20 50 100 200 500. However, there would be very great practical difficulties if the 
L} exponent p were taken as different for peint and line contact 
Hence it seems justifiable from a practical viewpoint to calculate 
for all bearings with a common value, p = 3, without regard t 
- whether point or line contact is present. 

For determination of the dependence of the basic dynami 
capacity on the size of the bearings, the results from tests on ap- 
proximately 1500 bearings are given in Fig. 7. This shows that 
within the test range from D, = 1.5 mm up to 25 mm, the basi 
dynamic capacity C = FL‘/* can be taken as proportio 
D,)-8 corresponding to the solid line. 

In Table 2 respective values of the exponents corresp 
to e = 10/9 and 3/2 are given for p = 3 and an exponent 
for D, with point contact. For the assumed values of the ¢ 
nents in the life formulas by study of the dependence of ca 
upon the conformity between roll body and bearing rings, a 
ing to Equations [13] or [14] 7 


[ 
Q. = =— —) D, 


A 
D, r—R [ D, cos =| \d,, 


for point contact, and 

for different test series of the same bearing. To determine with le — ' 
certainty whether the exponent e is dependent on the bearing type ple 
or not, an investigation should be carried out with test series of ‘ae 208 d ia 
different bearing types in such a manner that the material in 
the different bearing types can be consideréd statistically similar. : 

N r for line contact where 
No such research series is as yet available. The available sta- - ee ey eee 
tistical material indicates that the exponent e has a lower value Bu tease 
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TABLE 2 RELATIONS BETWEEN EXPONENTS IN CAPACITY 


FORMULAS 
Point contact— -——Line contact—-~ 
‘ a h Pp exp Da p exp Da expla 
10/9 10'/s 21/5 3 1.8 
3/2 10'/; 21/3 1.8 3 1.07 0.78 


Fic. 7 


FL* 


200 500 WOO 


where k; and k, are proportionality factors. The probability Re - 
that the bearing will endure is found from the product law : 

: 


1 
log = +k) [27] 


where r is the raceway, and R the roll-body profile radius, D, and 
|, the roll-body diameter and contact length, respectively, d,, 
the pitch diameter of the roll-body set, a the contact angle, and 
Z the number of rolling elements per row; A is a material con- 
stant. The upper signs are valid for the inner ring, the lower 
signs for the outer ring. 

From the test series in Figs. 6 and 7 it is found that A = 10. 

For SKF steel with a hardness of 61.7 to 64.5 Rockwell C 
(i 825 Vickers), and with units in kilograms and mil- 
limeters, on the average 


A= 10, B = 60 


Figs. 6 and 7 show the comparison between theory and tests 
for self-aligning ball bearings (mark 0) and deep-groove ball 
bearings (mark x) where f, enters into the theoretical value. The 
solid line corresponds to the theory. The comparison shows good 
agreement between theory and experience. 


Basic Dynamic 

In the calculation of the basic dynamic capacity of the bearing, 
consideration should be given to the probability of fatigue in the 
different parts of the bearing. The basic dynamic capacity of the 
bearings is thus dependent on the capacity C; of the inner-ring 
contact, and the capacity C, of the outer-ring contact. 

The basic dynamic capacity C of the bearing is obtained from 
» ¢; and C, by the observation that the probability that a bearing 
will endure is the product of the probabilities that the various 
Parts will endure. If §, is the probability that the inner ring of 
the bearing will endure and S, is the probability that the outer 


ting will endure, then according to Equations [11] and [12] al 
abearingload 


If = land S,,S,, and S = 0.9, then F = C;,C,,andC. From 
Equations [26] and [27], it is found that 


E + 


For Swedish SKF steel, w = 10/3 and 9/2 for point and line con- — t 
taet, respectively. 
Thrust Bearings. A centric thrust-bearing load is distributed _ 
uniformly among the rolling elements for satisfactory operating 
conditions. for ‘Single-row bearings 


where Q.i and Qce are obtained from Equations [23] and [24] 
for point and line contact, respectively. 
One obtains for the following conventional bearing types: 


Thrust ball bearings, a ~ 90 deg 


C = fi cos a)? tg Z*/* 
Thrust roller bearings, a ~ 90 deg 
C = f, (i cos tg a Z*/* D,' 


Thrust ball bearings, « = 90 deg 
C =f, 


Thrust roller bearings, a = 90 deg 


where 7 is the number of active rows of rolling elements. 

For thrust bearings the higher values of f,, given in Table 3, are 
valid for centric load and uniform load distribution on the rolling 
elements. For a non-self-aligning thrust bearing, an eccentric 


7 = 
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TABLE 3 CONVENTIONAL BEARING TYPES 


Point Contact of Ball Bearings 


Line Contact of Roller Bearings 


Di* 


27; 


pay 


7, 27,—D,|°" 


Ve 27,—D, 


Radial Thrust Bearing 


Bearing + go 


| « = 90 


Thrust Bearing 
+ 90 


Radial | 
Bearing | 


D, cos « 


Ds 


D, cos a 
dm 


din 


(cos a)? | (cos tga 


36 — 60 


18 —-25 


29/27 


(1 — y) 


* Units in kg and mm 

bearing load is caused by a slight variation in the thickness of the 
bearing rings at the bottom of the groove, and, when the bearing 
is equipped with self-aligning support washers, by the frictional 
resistance to the alignment of the washer. An unequal load dis- 
tribution on the rolling elements can also be caused by eccen- 
tricity or out-of-roundness of the raceways. For most thrust 
bearings the theoretical value of the basic capacity must be re- 
duced, often to about 60 per cent, on the basis of unequal distri- 
bution of load among the rolling bodies. The lower values of 
fi, given in the tables, correspond to that reduction. 

Radial Bearings. With radial bearings the load distribution 
must be found among the rolling elements. For a single-row 
bearing with radial relative displacement of the rings 


0.419)Qci Z cos 


C, = (0.389 0.367)Qce Z cos a 


The former values are valid for point contact and the latter values 
for line contact. 
One obtains for the following conventional bearing types: 


Radial ball bearings 
C =f, (i cos 
Radial roller bearings 


C = f. (i cos 1,078... 


Also with radial bearings must be considered the faults 
bearings resulting from the manufacturing process. For 
‘bearing types, in particular multirow bearings, it is best to 
late with the lower value of fi, although the higher value 
For roller b 
the highest values may be used only if the rollers or races 
shaped as to avoid edge pressure. 


used for completely self-aligning bearings. 


This can be achieved, 
stance, by crowning the rollers and making the bearings suffi 
self-aligning. 

Of course for all kinds of bearings which are not com 
self-aligning, consideration must be given, in the calcula 
the bearing equivalent load P, to the moment loads arisi 
to deflections in shafts and bearing housings or due to im 
mounting conditions. 

In order for the basic dynamic capacity C to be valid wit 
0.9, that is, for 90 per cent of the bearings, deep-groo' 
bearings should be calculated with the maximum value 
groove radius. Thus r; max, 7 max, and Dy min Should be 
tuted in the formulas. 

If it is assumed that the material quality is constant, the 
of the value of coefficient f; depends on the bearing desi 
degree of precision. Since these factors differ greatly in di 
bearings and influence each other in a complicated manne! 
value of f; must be determined for each bearing entirely 00 ' 
basis of tests. ee 


ad | ou 
‘ 
— — 
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— | cose? tex]: | 
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After consideration of what is known concerning the average 
capacity of different bearing types and variations, the values given 
in Table 4 can be suggested. 

For some conventional conformity values, f, may be found 
from Table 5. 

Within the ordinary range of dimensions, the contact length 
|, of the rolling element can be estimated for conventional roller 
bearings by 


=), 1.2 1,%* mm [37] 
for bearings with grinding relief grooves and by 
= 09l,mm....... 


for bearings without relief but allowing for end radii. Here J, is 
the length of the rolling element. In certain bearing designs, for 
example, double-row spherical roller bearings with loose guide 
rings, a special calculation of /, is required. 


EQUIVALENT Loaps OF BEARINGS 


The bearing life for arbitrary conditions of load and rotation 
can be determined from the equation 


where C is the basic capacity of the bearing, and P is the so-called 
equivalent load. Since the definition of basic capacity differs 
for thrust and radial bearings, one should distinguish between the 
equivalent radial load P, and the equivalent thrust load P,. In 
this paper P = P, for radial bearings, and P = P, for thrust 
bearings. 
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TABLE 4 VALUES OF FACTOR fi FOR DIFFERENT BEARINGS 


A functional relationship exists between the equivalent loads Pe 
P,, P,, and the bearing thrust and radial-load components F,, 
F,, which gives a relation between the effects of F, and*F, on the 
equivalent life of the bearing. These functional relationships are 


clear from the solid-line curves in Figs. 9 and 10. ; 
Fig. 9 is valid for deep-groove ball bearings with nominal con- , -=¢ 
tact angle « = 0. The contact angle a assumed with load is | 


found from Table 6, where D and d are the bearing outer diameter 
and bore, respectively. 

The points marked with x are taken from four test series total- 7 : 
ing 210 bearings, carried out by SKF, Gothenburg, with deep- an _ 
groove ball bearings.’ In these tests special care was taken to e 
make the four series statistically similar in regard to both mate- 
rial and manufacture. The points marked with o come from test _ 


series carried out by SKF Philadélphia.? The agreement is ! 
satisfactory. = 
In Fig. 10 the dotted line represents a single-row bearing, the _ 
solid line a double-row bearing with point contact. For angular- — 
contact bearings the contact angle varies with the load so that 
cot a is found from Table 6. 
Both rows are loaded if 
~ 
2.00) F, tg @......... . . [40] 


for point and line contact, respectively. 

Only one row is loaded if F, is greater than that value. In that 
case the life for the double-row bearings can be calculated as 
well from the theory of single-row bearings as from the theory — 
of double-row bearings; Pn and P, are the equivalent loads if | 
the bearing is considered as single-row or double-row, respectively. __ 


7 With bearings of SKF type 6308. 


Angular contact boll bearings 
Thrust ball bearings, a= 90° ............ 


Rollers or raceways 


Self-aligning radial roller bearings.......... 
Self-aligning thrust roller bearings teteeees 


Bearing Type 
Single row deep groove ball bearings without filling slots ............. avawees 
Double row deep groove ball bearings without filling slots ..... 


Single row cylindrical roller bearings: Raceways and rollers cylindrical ........ 


Double row cylindrical roller bearings: Cylindrical rollers...... dcheassegeeennwe 
Rollers crowned ...... 

Tapered roller bearings: Raceways and rollers tapered ........ vecevguieeenes «od 


One race convex ... 


TABLE 5 VALUES OF f- FOR VARIOUS BEARING TYPES 


Bearing f, | y 0.02 | 0.05 0.1 0.2 
Type | & 
| 
| 
Self-aligning Ball Brg..| 4.1 | O54) — ° 1.26) 1.76) 2.36) 3.34) 
Deep-groove Ball Brg../ 3.9 | 0.52 0.52 3-65} 4.77] 5.67) 6.12 
Angular Contact Ball 
3-9 | 0.52 | 0.53 ; 3-35} 4-43) 5.39) 6.00 
Thrust Ball Brg. 6 0.545) 0.545) 4-19, 5.52] 6.79) 8.36 
Spherical Roller Brg. ..; 21 — | | o 7.05} 8.66) 9.94) 10.57 
Cylindrical Roller Bre. 20 | — | | | 6.71) 8.24) 9.47] 10.06 
Tapered Roller Brg. 20 | 6.71} 8.24) 9.47} 10.06 
Spherical Thrust Roller | | | , 
5° ° 17.9 | 21.8 | 24.5 | 25.$ 


we 
f 
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24 
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9.44) 10.29 ia 
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TABLE6 VALUES OFX, V, AND Y VALUES FOR CONVENTIONAL BEARING TYPES wa 
i.e Single Row Double Row Bearings 
wer | Por Bearings 
P,=XVF,+YF, “i | Fixed| Fixed| P, 2 VF, | P,=2VF,| P,s2VF, 
ant ye Load | Load cota cot a cot a 
Self-Aligning Ball Bearings..| 1...2 I I — a 0.6 0.7 I 0.5 7 
Deep Groove Ball Brgs. out 
Angular Contact Ball Brgs. res 
I 1.2 0.2 0.5 0.4 0.8 I 0.5 
Spherical Roller Brgs........}0.5...1 | 1 | 4.3] O48] 1 0.5 firs 
Tapered Roller Brgs. | | | res] 
| 6.3.| 0.5 | 0.8 s | os par 
Cylindrical Roller Bearings...| 0.5. ..1 | | I | ma: 
is 
Variation of Contact Angle with Load 
| 30° | 40° 
Deep Groove and l ‘| 
Angular } 
| | 0.2 0.4 o | 
Ball Bearings 
| 1.7 | 1.5 | 1.4 1.2 1.t | I.0 


*'Units in kg and mm. 


3,0 


Facotu 
Y; Prt 
Fic. 10 
For practical reasons it is better to calculate on the basis of the 
broken lines ABC in Figs. 9 and 10, in place of the solid curv® @ __ 
The calculation is done then according to the formula and value ' Pro 
in Table 6, where V is a factor which takes regard of the rotatio? Cont 
relations of the bearing; that is, a “rotation factor,” X is a “radis! the 
” . “ ” 3, 1948, 
factor,” and Y is a “thrust factor. Diser 
The values have been corrected with regard to combined loads. ASMR, 
The equivalent thrust load P, of a bearing is found from the until Ju 
Nore 
Underst, 
of the Sc 
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ay iA where P,is obtained from Table 6; is the thrus 


— _— Pictures of Impact Tests 


by Means of Photoelasticity. 


By LUDWIG FOEPPL,' MUNICH, GERMANY 


The experiments described in this paper were carried 
out in investigating the distribution of stresses and their 
variation with time in a test bar subject to bending stresses 
resulting from animpact. While a series of tests has been 
made, only two of them will be dealt with in detail. In the 
first test the impact is of moderate intensity, so that the 
response is entirely elastic. The test results will be com- 
pared with a theoretical treatise by St. Venant and Fla- 
mant published in 1889. In the second test the impact 
is strong enough to break the test bar. 


Test APPARATUS 


HE test setup for carrving out the investigation on the 
distribution of bending stresses resulting from an. impact 
is shown in Figs. 1 and 2. A bar consisting of plastic 


Fo. 2 Bar Wits Impact MEcHANISM IN PLacE BETWEEN 
PoLAROIDS 


“Dekorit” as used in these photoelastic tests is supported at the 
ends (see Fig. 1). Each support consists of a fork, in which the © 


over it to press the ends of the bar firmly against the support. 
This setup corresponds to a mild clamping of the bar ends. On 
the center of the bar supported in this way, a hammer falls from 
a height of 2 meters (6 ft). To the lower end of the hammer is at- 4 2 : 
tached a eylindrical cap of Dekorit, the axis of which is normal to 

the axis of the test bar, so that a uniform transmission of impact 

over the entire width is ensured. Thus a state of plane stress is 
produced in the test bar. This effect is made visible by placing __ 
the test setup betweerl the two polaroids of the photoelastic ap-_ 
paratus and sending light rays through it. In the figure two — 
vertical guide wires for the hammer and the releasing mechanism | 


f the 


Fie. 1 Test Serup 


rves. a FE can be seen. The dimensions of the test bar are length | = 28.5 — 
alues ' Professor of Applied Mechanics, Munich Institute of Technology. em (11.2 in.), rectangular cross section of b = lem (0.39 in.) ber; 
atio! Contributed by the Applied Mechanics Division and presented pier andh = 2cm (0.79in.) height. From the specific weight, a Pe 
adi! at the Annual Meeting, New York, N. ¥u November 28--December = |, 3 grams per cu cm, the weight of the test bar results as Or gs + 
3, 1948, of Taz AMERICAN SocteTy oF MECHANICAL ENGINEERS. Bi 
i. Discussion of this paper should be addressed to the Secretary, P =U-bh-y = 28.5-1-2-1.3 = 74 grams (0.163 Ib) e. 
i ASME, 29 West 39th Street, New York, N. Y., and will be accepted an = 
m the mai July ri. oo for publication at a later date. Discussion re- As shown in Fig. 2, the bar with the impact mechanism is ; 
after the closing date will be returned. bbs 
ull Statements and opinions advanced in papers are to be the polaroids ¢, and of the photoelastic 
. understood as individual expressions of their authors and not those US e concave mirror ¢ is an elliptical mirror produced in the 
ofthe Society. Paper No. 48—A-24. author’s laboratory. The curvature of the mirror could not be 
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(Continued) 


varied continuously. Therefore the curves visible in the mirror 
separate regions with different radii of curvature. These curves 
appear in the pictures of isochromatics, which will be discussed 
later, as circular arcs and should not be confused with the iso- 
chromatics themselves. 

At one focus of the concave mirror the electric are of an are 
lamp b is centered, while at the other focus, which is on the other 
side of the polaroids, the objective of the slow-motion camera is 
located (not visible in Fig. 2). 


First Test 


Illustrations from the first test are shown in Fig. 3. 


Impact weight Q = 60 grams (0.132 1b) 
Impact height H = 200 cm (6ft7 in.) 
Frame speed, 3020 frames per sec 


Frame 1 shows the test bar in its initial state immediately be- 
fore the impact. Between this view and the second one, the im- 
pact weight has begun to touch the test bar. The increasing trans- 
parency of the entire bar shows that meanwhile stresses due to 
the impact have appeared over the entire length of the bar. The 
distribution of isochromatics, characteristic for bending stresses 
(see frame 2) shows that the bending stresses are noticeable only 
tn the vicinity of the field of impact, while on both sides of the 
xls of symmetry the stresses rapidly decrease as indicated by 
he isochromatics turning toward the boundaries of the bar. At 
both sides of the axis of symmetry and at a distance approxi- 
mately equal to the double height of the bar, the bending stress 

Pproaches zero (frame 2). At a somewhat greater distance, 
he. where the wires guiding the impact weight appear as sharp 
uark lines in the picture, again a low stress is indicated by the 
“ochromatics at the lower and upper edges of the bar. This 

te must show a sign opposite to that of the stress arising in 
= ° central part of the bar, i.e., the line of curvature, while reach- 

Ng its lowest point in the center of the bar, reverses its concavity 
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downward at points farther away from the center. This experi- 
mental result agrees well with the theory to be developed later. 
Probably a great number of bending-stress waves run along the 
bar, are reflected at the ends, and are superimposed on the ini- 
tial waves. 

Frame 3 is especially interesting. A comparison with frame 2 
shows a relieving of the center cross section. The maximum 
bending stress here appears on cross sections of the bar located 
about one quarter of the entire length away from the center 
cross section, as indicated by the crowding of isochromatics in 
these cross sections. 

Frame 4 again shows an increase of bending stresses in the 
center cross section. This increase continues in frames 5 to 8. In 
frames 7 and 8 the number of isochromatics in the center cross 
section is approximately equal, as can be ascertained by enlarging 
the pictures. In frame 9 the number of isochromatics is on the 
decrease, so that the maximum is probably reached between frames 
7 and 8. At the same time, frames 4 to 7 show that zero points 
of moments, which in frame 4 are still about halfway between the 
point of impact and the supports, shift farther toward the sup- 
ports in frames 5 to 7. This phenomenon also agrees with the 
theoretical deductions, as will be seen later. The relieving of the = 
bar, i.e., its swinging back from its maximum deflection, can be 
observed in the decreasing number of isochromatics in frames 9 
to 13. Frame 14 shows the last phase of contact between impact 
weight and bar. Frames 15 to 19 correspond to free oscillations ; 
of the bar, free of external loads at different instants of this os- ; a 
cillation process. 

In order to prove that the stressing of the bar is elastic during 
the entire impact, frame 150 of this series is also shown, where the 
free oscillations have vanished. A comparison with frame 1 
demonstrates that the impact did not leave any residual stresses, 
and therefore there are no permanent deformations. 

We have conducted-several tests similar to the one described _ 
here, in which the impact weight, the impact height, and the bar 
height were varied. The corresponding series of pictures does _ 
not offer any new information, as compared with the first test. 

Frames taken from the second test are shown in Fig. 4. 


Bar length! = 28.5 cm (11.2 in.) 

Bar height h = 2 cm (0.79 in.) 

Impact weight, 240 gm (0.529 Ib) 
Impact height H = 600 em (19 ft, 8 in.) 
Frame speed, 1980 frames’per sec 


Seconp TEst 


In this test the impact weight is not shown in the illustrations 
since it does not consist of transparent Dekorit. Frame 1 shows 
the bar before the impact. In frame 2 there is already a great > 
number of isochromatics in the central part of the bar. Since ar. 
the number of ‘isochromatics is increasing rapidly, the separate 
isochromatics can be discerned only with difficulty. During this 
test, as well as during the first one, the slow-motion camera was ¥ 
adjusted to a time of exposure that amounted to '/, of the time 
interval between the separate frames. In frame 3 the number of 
isochromatics has further increased. In frame 4 the first signs 
of tearing at the tension side of the bar appear. The progress of 


rupture can be observed clearly in the remaining views. tS gt. 
THEORETICAL CONSIDERATIONS 


St. Venant and Flamant? dealt with the theory of a bar elasti- 
cally stressed by an impact at its center, as in test 1 of this paper. 
The solution as offered in this treatise will be given here. If y 
stands for the deflection and z for the cross-sectional co-ordinate, 


2 St. Venant and Flamant, Journal de l’école polytechnique, Paris, 
France, vol. 59, 1889. 
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Fic. 5 SuMMATION oF VALUES OF EquaTIon [1] By St. VENANT AND FLAMANT 


rt = 0 corresponding to the left support, the solution of the differ- 
ential equation is 


z x 
sin 2m - sinh 2m - 
l l 
cos m cosh m 
= pr } —— - sin m?-.... 
y 1 1 
m 


 cosh?m mQ 


where v is the velocity of the impact weight at the moment of 


impact, r is an abbreviation for 
piles rae & 
P ° 
4 lgEI 


where P is the weight of the bar, £7 its stiffness against bending, 
and g the acceleration due to gravity. The summation in Equa- 
tion [1] extends to all values m that satisfy the “period equation” 


0 = m (tan m — tanh m)............. [3] 


where Q is the impact weight. 

For the values of P/Q = '/s, 1, and 2, St. Venant and Flamant 
calculated the seven lowest values of m that satisfy the period 
Equation [3]. For P/Q = 1 they found the following values: 


m = 1.19161 my, = 13.42093 

m = ms = 16.55021 

m, = 7.18994 me = 19.68824 
m, = 10. 29839 ¢ 


In the present tests the weight of the bar is P = 74 grams 
0.16 lb). +, according to Equation [2], which represents time, 
tsults in the example as 


28.52 0.074 X 3 
4 28.5 X 27,000 X 2 X 981 400 


E is the modulus of elasticity of the Dekorit bar. Its value E = 
27,000 kg per sq em (390,000 psi) has been introduced from an 
tlastic tensile test. 
Inour first test P/Q = 74/60 = 1.23. 
St. Venant and Flamant calculated the functions of curvature 
a » (ae 


7 x 8 LO Lé 18 2.0 


y(a) at different times ¢ after the impact of the weight Q, by 
using Equation |1] and the first seven values of the period Equa- 
tion [3]. The results of their long calculations are represented in 
curves. For P/Q = 1 these curves are given in Fig. 5. They 
represent the summation values of Equation [1] without the fac- 
tor ur, i.e., they are pure numbers. The ratio x/(l/2) is used as 
abscissa. 

A comparison of these curves with the results of test 1 of this 
paper shows a good degree of conformity. Since in test 1 about 
3000 pictures have been taken each second, the time interval 
between pictures is '/3000 sec = '/75 7, if the value of 7, as pre- 
viously given, is used. In the discussion of test series 1 we have 
found that the maxintum bending occurred between frames 7 and 
8, i.e., approximately 7.5 frames after the impact. This would 
correspond to a t/r = 1 in good agreement with the bending 
curves in Fig. 4, as the St. Venant curves are based upon P/Q = 
1. There the maximum deflection occurs at t/r = 1.2. The 
curves further show that at ¢/r = 0.3 the initial curvature in the 
center cross section has almost vanished, and then again begins 
to increase. Also, this effect is clearly shown in the present photo- 
elastic tests. The reversal of curvature shortly after the impact 
can be found in the curves until t/r = 0.15. The gradual shift- 
ing of the zero point of moments toward the supports appears in 
these graphs as well. 

In concluding our evaluation, it may be stated that the results 
constitute an excellent verification of the mathematical deduc- 
tions of St. Venant and Flamant. 


RESULTS AND RECOMMENDATIONS 


The verification of the classical theory by photoelastic tests is 
an important result of this report. Theory and experiments 
indicate that shortly after the beginning of impact, an initial 
bending stress in the center cross section vanishes almost com- 
pletely. It is only at a later time that the bending stresses again 
increase. Just this effect should be more closely investigated 
by varying conditions of support of the bar. In this connection 
it also would be interesting to investigate test bars with variable 
height subject to impact tests. 
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The fracture of gray-cast-iron thin-wall tubes was in- 
vestigated, for various ratios of axial to tangential stress 
ranging from pure tension to pure compression, yielding 
data for some stress ratios not previously reported. 
Analysis of the results reveals that the present theories 
of fracture do not account completely for the data ob- 
tained, thus indicating the need for further investigations 
of similar materials. 


INTRODUCTION 


HERE have been numerous investigations of materials 

under combined stresses. These investigations have been 

concerned with state of stress, deformation to fracture, and 
theories of metal flow in general. Most of these studies have 
been limited to mild steel, and alloys of aluminum and magne- 
sium. Justifiably the emphasis has been on these materials be- 
cause of the applicability of the results to problems of working and 
forming these metals. However, data for the fracture of brittle 
‘bine 


Fracture of Gray-Cast-Iron Tubes 
Under Biaxial Stresses 


By R. C. GRASSI! ano I. CORNET,? BERKELEY, CALIF. 


matical expressions for the laws of behavior of metals under con. 
bined stress. These laws have clarified the dependence of frac. 
ture stress on stress state. The validity and applicability of thes 
fracture laws to brittle materials, such as cast iron, have not beeg 
determined. 

Studies of the fracture of cast-iron tubes under biaxial stres 
date back to the work of Cook and Robertson (1)* in 1911, and 
Ros and Eichinger (2) in 1926. The work of Siebel and Maier 
(3) in 1933, constitutes the latest data reported for the study 
of cast iron under combined stresses. 


PuRPOSE AND Score 


The purpose of this investigation was to extend the work o/ 
previous investigators on gray cast iron in the tension-compres 
sion quadrant, and to obtain for material from the same foundry 
heat data in the tension-tension quadrant. In addition, the data 
obtained were to be analyzed to determine the applicability and 
validity of existing laws of fracture for the brittle materi 


, 
\ 


materials subjected to biaxial stress are meager and inconclusive 
as to acting fracture law. Investigators have developed mathe- 


ait 
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OER 
Gray-Cast-IRoN FrRacTURE SPECIMENS 


studied. The gray cast iron used was of the followi ing com oe 
tion: C 3.48 per cent, Mn 0.52 per cent, Si 2.41 per cent, P0# 
per cent, and S 0.14 per cent. The data obtained repres® 
the result of testing 41 tube specimens and 7 solid cylin¢ 
specimens. 
PROCEDURE 
The specimens used are shown in Fig. 1. The tube speci 
was mounted in the grips as shown in Fig. 2, and stressed # 
ing to the desired ratio of axial to tangential stress (referre® 
as “stress ratio”) by the proper combination of internal pre 


3 Numbers in parentheses refer to the Bibliography at the e® 
the paper. 
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and axial tension or compression. The solid cylindrical specimens 
were tested in compression. 


A modified two-cylinder Diesel injection pump was used to 
produce the internal pressure. The pressure was measured by 
a calibrated Bourdon-type gage which was accurate to +!/) per 
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Fic. 2. Grip Sections ror Srupy or Fracture or Gray Cast 

Iron UnpER STRESS 

cent. The axial loading of the specimen was accomplished on a 
200,000-lb Southwark-Emery testing machine, using the 10,000- 
lb scale with a least division of 10 lb. 


The tube specimens were machined from cast bars 1.2 in. diam 
and 22 in. long, all cast bars being from the same heat. Three 
specimens were machined from each cast bar which had been 
previously given a 1-hr anneal at 1000 F (4). The specimens 
were drilled and reamed to produce the internal diameter, and 
then rough-turned. The blank was then mounted on a mandrel 
and finish-turned and threaded. A circular-radius tool was used 
for the finished cut, which produced a smooth surface with no 
discontinuity at the radii. 

The loading of the specimen, for both axial tension and com- 
pression, followed a schedule (refer to Appendix) in which prede- 
termined increments of axial load and internal pressure were used 
to maintain the desired ratio of axial stress to tangential stress. 
The specimen holder shown in Fig. 2 was used for axial tension 
and compression of the tube specimens. However, for axial 
compression, alignment of the tube specimen was controlled by 
means of a surface gage and dial indicator. For both axial ten- 
sion and compression, the technique used was such as to provide 
tests upon which there would be no effect of eccentricity. The 
solid cylindrical specimens were tested in a die set with polished 
anvils, designed to obtain axial loading; the ends of the specimens 
were lubricated, and the anvils polished to reduce friction effects. 

For some of the tube specimens tested, strain measurements 
Were taken at various stages during loading. The relatively small 
amount of ductility obtained, as revealed by these measurements, 
Will be referred to in the discusion. 
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RESULTS 


Values of true stress at fracture are plotted on Fig. 3. All data 
plotted in this figure are for the tube specimens shown in Fig. 1. 
Stress values are based on cross-section area at fracture. Per- 
tinent formulas are given in the Appendix. 

Except for stress ratios between —2.7 and —~@ the cast-iron 
tubes possess so little ductility that the cross-section areas at 
fracture are equal to the original cross-section areas, within limits 
of experimental error. Between stress ratios of —2.7 and —~, 
there is increased ductility, and the true stresses differ from nomi- 
nal stresses as much as 3 per cent. 

Shown in Fig. 4 are the fractures obtained under various stress 
ratios. Under pure tension loads and for stress ratios to approxi- 
mately +1.2, fractures occurred across the tube perpendicular to 
the axis of the specimen. From stress ratios of + 1.2 to —2.7, the 
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Fig. 4 Fractures OBTAINED IN Gray Cast IRoN UNDER Various Stress Ratios 


[n = true stress ratio = (axial stress) /(tangential stress).] 
*Note that these bars were broken apart on removing from grips. 


fracture pattern consisted of blowouts of sections generally 2 to 4 
times longer than their width, irregular in outline, and oriented 
with the length of the blowout fragment parallel to the length of 
the tube. At the stress ratio —4, fractures obtained were either 
longitudinal blowouts or an irregular diagonal crack in the tube 
which is shown in Fig. 4. All fractures discussed to this point were 
characterized by negligible ductility. The fractures at stress 
ratios of —9 and —= were preceded by uniform circumferential 
bulging at one end or at both ends of the tube, a short distance 
from the fillet. Failure actually occurred through the formation 
on the bulge of fine diagonal cracks, at approximately 45 deg 
with the axis of the tube. Fig. 5 shows the fracture condition on 
these bulges clearly. 

For pure compression, the average true stress for seven solid 
cylinders was 96,200 psi, as compared to a value of 89,700 psi for 
five tube specimens. The difference in averages was reasonable, 
considering the dissimilarity of the specimens. 

In general, data within the tension-compression field are much 
more reproducible than within the tension-tension field, as may 
be noted in Fig. 3. 
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DIscussION 


In the studies of the fracture of cast-iron tubes under biaxial $0 (90144 cylinder) 
stress, Cook and Robertson (1) subjected thick-walled cast-iron 91,000 pet. et 91i,$00 pes. 
tubes to the combined effect of internal pressure and compres- Tangential Stress: O pele 0 psi. 
sion. Ros and Eichinger (2) later obtained data for thin-walled 
cast-iron tubes subjected to internal pressure plus tension, which 
was followed by the work of Siebel and Maier (3), who also used 
thin-walled cylinders of gray cast iron. Research of previous 
investigators has been plotted in Fig. 6, based upon a manuscript 
of J. E. Dorn (5). These data are for different cast irons of un- The theories are expressed quantitatively in the Appendix of ths 
specified compositions. In general, these results have been inter- paper and are discussed at length (5, 7, 8). 

preted to conform to the maximum normal stress theory for frac- Reference to Figs. 3 and 7 reveals the inapplicability of th 
ture, with some reservation by Gensamer (6) and Dorn (5). Fur- hydrostatic tension theory to cast iron. In the tension-tensi® 
thermore, there are no experimental data given between stress quadrant the shear-stress and normal-stress theories cannot ™ 
ratios —land—o, differentiated. In the tension-compression quadrant, the ma 
The ideal theories most generally applied for fracture of metals mum-normal-stress theory is clearly distinguishable ‘from th 
der biaxial stress may be represented graphically as in Fig. 7. | maximum-shear-stress theory. The effec tive-stress theory is re 
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Fic. 6 Fracture or Cast Iron Unper BIaxtaL STRESS 
(Modified after J. E. Dorn, reference (5).] 


Symbols: 9 = 


data of Cook and Robertson 
data of Ros and Eichinger 


data of Maier 
assumed fracture in compression 


a= 
(Tdecr = critical fracture stress in simple tension 
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Fig. 7 


IDEALIZED Srress THEORIES FOR FrRacTURE OF METALS 
UNDER BIAXIAL STRESS 


resented by an ellipse circumscribed about the figure of the 
maximum-shear-stress theory. 

The normal-stress theory is not operative in the entire texsion- 
‘ompression quadrant because it does not provide for failure in 
‘ompression. The compressive strength of cast iron, which is 
25 to 4.5 times its tensile strength, precludes the applicability 

of the shear-stress theory for fracture unless the theory is modi- 
f fied. J. E. Dorn (5) and others have postulated that the maxi- 
hum-shear-stress theory holds for the stress ratios between pure 
‘ompression and the region where the normal-stress theory pre- 
Vails, as illustrated in Fig. 6. 

; The results obtained from this investigation, as shown in Fig. 3, 
that the fracture of thin-walled cast-iron tubes under 
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biaxial stress cannot be accounted for completely by the conven- 
tional fracture theories. A modified maximum-shear-stress 
theory for fracture, with a limiting condition represented by a 
line drawn from the stress value at pure compression at an angle 
of 45 deg with the axial stress ordinate, would not be in accord 
with the data obtained. The lack of agreement with a modified 
maximum-shear-stress theory for fracture may not be attributed 
to experimental error and therefore would point to the fact that 
the fracture of cast iron under biaxial stress departs from conven- 
tional fracture theories. Cast iron could be considered as a 
material composed of a matrix of carbon steel with interspersed 
graphite. It is possible that under comparatively low tensile 
stresses the graphite flakes would give rise to sharp notches which 
grow to cause brittle failure. Under high compressive stresses 
cast iron sustains loads approximately equal to those of a carbon 
steel. Cast iron is set apart from materials which have generally 
been studied under biaxial stress because of factors such as duc- 
tility, work hardening, ratio of compressive to tensile strength, 
and the like. 

There is sufficient ductility present, particularly at the stress 
ratios of —4, —9, and —~, to permit measurable deformation. 
The deformation present, which results in less than 2 per cent 
change in cross-section area, has little effect on the calculation of 
stresses. It is recognized that for the ratio of —9 and —@ the 
circumferential bulges result in tension stresses at the outer fibers 
and give rise to tension failure. For a representative bar at — 
stress ratio, the bulge diameter was 0.583 in., with a radius of 
curvature at the bulge of 0.61 in., and the diameter at the center 
of the gage length of 0.569 in. at failure. 

The local circumferential bulging of the tube specimen was 
not gradual in nature but appeared at stresses very close to frac- 
ture, and, for the stress ratio of —@, occurred at a stress which 
was within 2 per cent of the value obtained at fracture. Strain 
history of bars at representative stress ratios was obtained by 
measuring the diameter change of the specimen at various stages 
during loading. These were interrupted tests, but the data ob- 
tained therefrom were consistent with those from continuous 
tests. 

At the present time, some investigators (9) interested in the 
fracture of metals are beginning to approach the problem from a 
micromechanical viewpoint. It is believed that this trend of 
thought ultimately will yield theory more in accord with the data. 
Development of such theory will take time and necessitate 
further investigations. 

There is a need of data and theory, by the design engineer, for 
brittle materials under combined stresses. This is particularly 
evident when one considers the application of cast iron as pressure 
castings, cylinders, valves, fittings, and pipe. Such applications 
subject cast iron to combined stresses and may result in failures 
unaccounted for by published design data. Thus the fracture 
of cast irons for various stress ratios, particularly for those ratios 
not previously obtained, should be of great interest to the design 


engineer. 
CONCLUSIONS 


1 Fracture data are given for gray-cast-iron thin-wall tubes 
under tension-tension and tension-compression stresses, includ- 
ing stress ratios not previously reported. 


2 The type of fracture and ductility at various ratios of axial 


to tangential stress is reported. 

3 The fracture data may be explained in part by the maxi- 
mum-normal-stress theory, but cannot be entirely accounted for 
by present theories of fracture. 

4 The need for further investigations of similar material is 


evident if a comprehensive fracture law is to be established and 


necessary design information provided. 
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Appendix 


may be calculated by use of the following formulas: 


Q + «/4(d;2p) 


wen 
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Stresses, stress ratios, and loading schedules for the tube t tests 


p = pressure, psi 
oa = normal stress in axial direction 
o, = normal stress in tangential direction (circumferential or 
d; = inner diameter (initially 0.500 in.) 
d, = outer diameter (initially 0.560 in.) pera = wee a 
Then 


Fracture stress theories: 


= 


1949 
pd; 
where n is referred to as “‘the stress ratio” ra 
then 
Q+ 


For conditions of negligible ductility, d;, do, and A are known 
and the relationship between Q, p, and n is obtained 


Q = 0.785 p (0.538n — 0.25)............. [5] 


The last relationship permits the preparation of a schedule of 
axial loads and internal pressures for any predetermined stress 
ratio. 


Let 


o, = algebraically greatest principal stress 
intermediate principal stress 
algebraically least principal stress 


a 
ll 


Then the fracture stress theories discussed may be stated as 
follows: 


Maximum normal stress, = | 
hy afaly @ 

Maximum shear stress, = 


2 


Effective stress (quadratic invariant), og = 


(o;— + (02 — a3)? + (a; 


2 
Hydrostatic tension (linear invariant), ¢ = a 


These theories are generally called “fracture laws ”’ 
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A derivation is given for the strain energy of an isotropic 
elastic shell whose radii of curvature are sufficiently large 
that strains may be assumed to vary linearly throughout 
the thickness. The work of Love (1)? has been the only 
previous general investigation which expresses the strain 
energy in terms of the displacements of the middle sur- 
face. The effects of the tangential displacements upon 
the energy due to bending are found to differ appreciably 
from Love’s results in the first-order terms. As in the 
classical large-deflection theory of flat plates, quadratic 
terms in the derivatives of the normal deflection are re- 
tained in the strain tensor, but quadratic terms which in- 
volve the tangential displacements are neglected. Special 
forms of the general energy expression derived in this 
paper are given for shells in the shapes of flat plates, cir- 
cular cylinders, elliptical cylinders, ellipsoids of revolu- 
tion, and spheres. These applications, as well as certain 
intuitive observations, provide checks on the theory. = 


By H. L. 


INTRODUCTION 


HE undeformed middle surface of a shell is defined para- 
metrically, with respect to a given system of rectangular 
Cartesian co-ordinates X, Y, Z, by equations of the type 


X = X(z,y), Y = Y(z, y), Z = y)........ {1] 


The variables z, y are surface co-ordinates, since any pair of 
values of x and y define a point on the middle surface. The loci 
y = const, and x = const are curves on the undeformed middle 
surface, respectively, called the z-co-ordinate lines and the y-co- 
ordinate lines. The surface co-ordinates z, y, are selected in such 
a way that the co-ordinate lines coincide with the lines of prin- 
cipal curvature on the undeformed middle surface. The distance 
ds between two points on the undeformed middle surface, which 
have co-ordinates z, y, and (x + dz, y + dy), is then given by a 
differential quadratic form of the type 


de® = Edz* + [2] 


Here, E and G are each functions of z and y. 

The positive sense on a co-ordinate line is defined to be the 
sense in which its co-ordinate increases. Through any point 
P, on the undeformed middle surface, there pass three mutually 
perpendicular fixed straight axes, such that one axis is normal to 
the surface, and the other two axes are, respectively, tangent 
to the z and y co-ordinate lines. The tangential axes are given 

! University of Illinois. Mem. ASME. 

? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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-A Strain-Energy Expression 
Elastic Shells 


‘into itself. 


for Thin 


the same senses as the corresponding co-ordinate lines, and a posi- 
tive sense is arbitrarily assigned to the normal axis. The dis- 
placement vector of the point P is defined by its rectangular com- 
ponents (u, v, w), upon these axes. Then u and »v are, respec- 
tively, the displacements in the directions of the z and y-co- 
ordinate lines, and w is the normal displacement. 

For the application of the principle of virtual work or the prin- 
ciple of least action to problems of elastic shells, it is desirable 
that the strain energy be expressed as a function of the dis- 
placement vector of the middle surface, since there is no simple 
way to express the virtual work of the external forces, if a displace- 
ment vector is not explicitly employed. Also, the use of the dis- 
placement vector obviates the need for compatibility conditions. 
A general formula for the strain energy of an elastic shell, in 
terms of the displacement vector of the middle surface, was de- 
rived by Love (1). Love’s theory shows that the strain energy 
of a shell is a power series function of the thickness, in which 


_ only odd exponents occur. The linear term represents the energy 
due to stretching of the middle surface, and the third-power 
_ term represents energy due to bending. 


Higher-power terms 
are ordinarily negligible. Love has remarked? that his formula 
for the third-power term is not entirely satisfactory. 

Some intuitive considerations will disclose certain properties 
which should be anticipated in an expression for the energy of 
bending of an elastic shell. It is evident that displacements out 
of the original middle surface, due to the tangential displacements 
u and »v, are infinitesimals of higher order than u and v. Conse- 
quently, except for second-order effects, a displacement vector, 
for which w is zero, defines a deformation of the middle surface 
Bending of the shell, under this condition, can be 
attributed to two first-order effects. Any small element of the 
middle surface, with center at a point P, has its center displaced 
to a neighboring point Q on the original middle surface, and since 
the principal curvatures of the middle surface are slightly dif- 
ferent at P than at Q, the element experiences changes of curva- 
ture, i.e., the element is bent. Obviously, the bending-depends, 
in a finite manner, upon the tangential displacements u and 
v. It is less apparent that the bending also depends upon 
derivatives of u and v. This is most easily seen if we consider a 
particular point P on the middle surface, which remains fixed 
when the middle surface is deformed into itself. A small element 
of the middle surface, with center at P, then experiences bending, 
only as a result of rotations of normal sections of the element 
about the normal line through P. For example, a surface 
element of a cylinder is bent, if the element is rotated about 
its normal line and is simultaneously deformed, so that it 
remains in the original cylindrical surface. Rotations of 
normal sections of the middle surface about their normal 
line are determined solely by the derivatives u, and v,, and 
therefore these derivatives, but not the derivatives u, and 
v,, Should occur in the expression for the energy due to bending. 
This reasoning leads to the further conclusion that the deriva- 
tives u, and v, should vanish from the bending term if P is a 
spherical point (i.e., a point where the two principal curvatures 
have the same sign and magnitude), since, at a spherical point, 


3 Reference (1), art. 329. 
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rotations within the middle surface cause no changes of curva- 
ture, 

_ The foregoing discussion shows that Love’s theory (1) does not 
correctly express the effects of the tangential displacements upon 
the energy due to bending. Love’s tormula for the energy of 
bending, per unit of area of the middle surface‘ is 

We = 1/2 D + a)? — 2(1 — — 7?)]..... [A] 


in which D is the flexural rigidity of the shell, v is Poisson’s ratio, 
x1, ko, and are quantities defined by the following equa- 
tions :5 


+ VEG oy V/ Gey re 


v 


* 


E r; ox 


4 Here 7; and rz are the radii of curvature of normal sections of the 

undeformed middle surface in the directions of the x and y co- 

ordinate lines. The quantities ZH and G have been defined by 

Equation [2]. 
It is seen that Equation [B] contains the derivatives u, and vy 

and that these terms consequently enter into the expremion, 

_ Equation [A], for the energy due to bending. This is seem- 

ingly erroneous, since it has-been shown, by intuitive reasoning, 

7 that the derivatives u, and v, do not contribute to the energy of 

bending. Furthermore, Equation [B] contains the derivative 

v,, but not the derivative u,. Clearly, the derivatives u, and v, 

have similar effects, and an energy formula which contains the 

one derivative, but not the other, is of doubtfu! accuracy. Vari- 

ous special cases also discredit Equations [A] and [B]. For 

example, the deformation of a spherical surface into itself cannot 

entail banding, and therefore W, should vanish if Equations 

[A] and |B] are applied to a spherical shell, and w is set equal to 

zero. However, this is not the case. 

7 Aside from Love’s work, there have been numerous investiga- 

a tions of the general theory of shells. E. Trefftz (2) and E. Reiss- 

ner (3) have presented new derivations of the general differential 

_ equations of shells. W. Chien (4) has made an elaborate and criti- 

“9 cal study of the subject, which may serve as a gage for appraising 

special theories. However, recent investigators, unlike earlier 

writers, have not applied the variational principles of Bernoulli 

“si and Hamilton to the general shell problem. The work of Mar- 

a guerre (5) is an exception to this statement, but his theory is 

al restricted to the case of shells that are almost flat, so that the 

__ energy due to bending is approximated, with sufficient accuracy, 
by the flat-plate formula. 

a i This paper provides an analytical derivation of the strain energy 

of a thin isotropic elastic shell, in a form suitable for the applica- 

ae tion of the principle of virtual work and the principle of least 

action. The theory which is 8 developed i is avposutenste; | in fact, 


4 Reference (1), Equation [38]. 
§ Ibid., art. 326, Equation [26]. 


JOURNAL OF APPLIED MECHANICS JUNE, 1949 


duces a three-dimensional problem to a two-dimensional problem. 
The degree of approximation in the theory is of the order that is 
usual in the theories of beams and plates; accuracy greater than 
this seemingly leads to severe complications. 

RESULTS OF THE THEORY 

Since a detailed study of the theory is not essential for an 
understanding of the results, the mathematical developments 
are deferred to the Appendix. For the presentation of the results 
of the theory, some further geometrical considerations are re- 
quired. 

The direction of the normal to the undeformed middle sur- 
face is defined by a unit normal vector which is directed toward 
the side of the surface for which the normal deflection w is de- 
fined to be positive. 
X, Y, Z-axes are respectively denoted by a, 8, y. 
ponents are functions of the parameters x and y which have been 
defined by Equation [1]. The unit vector (a, 8, y) may be de- 
termined readily by the fact that it has the same direction 
(though not necessarily the same sense or magnitude) as the 
vector whose components on the X, Y, Z-axes are 


= 4 


The components of this vector upon the 
These com- 


Here, and elsewhere in this paper, the subscripts r and y denote 
partial derivatives. 

The Gaussian theory of surfaces rests upon the following funda- 
mental differential expressions 


X,? + Y,? 


aXy, BY,, + yy | 
alt a,? + B,2 + 
=a,’ + + 7,' 


MD a 


The general theory of surfaces supplements Equation [4] by three 
other differential expressions (usually denoted by F, f, and 5), 
but these are zero, due to the fact that the lines of principal 
curvature have been selected as co-ordinate lines. 

Equation [4] defines the quantities 2 and G, which determine 
the distance between two neighboring points of the undeformed 
middle surface (see Equation [2]). The angle d@ between sur- 
face normals erected at the points z, y, and (x + dz, y + dy) is 
given by the equation 


= + Gdy? 


Equations [2] and [5] show the physical significance of the quan- 
tities L, G, &, and G. In the present case, the quantities e and g 
may be interpreted by the fact that the curvatures of normal sec- 
tions of the undeformed middle surface, in the directions of the 
zx and y co-ordinate lines, are respectively 


= e/E, 1/r: 


The normal distance from the undeformed middle surface, 
measured positively in the direction of the vector (a, 8, 7), and 
negatively in the other direction, is denoted by z. Any point in 
the undeformed shell may be located by its distance z from the 
middle surface, and by the co-ordinates z, y, of the foot of the 
normal dropped from the point to the middle surface. Conse- 
quently, the variables (z, y, z) constitute a system of curvilinear 
space co-ordinates. These co-ordinates are employed exclusively 
in the subsequent development. It may be shown that the co- 
ordinates (x, y, z) are orthogonal, i.e., the three co-ordinate lines 
through any point in space are mutually perpendicular. This is 
a consequence of the fact that the co-ordinate lines on the unde- 
formed middle surface are lines of principal curvature. =| 
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B,, Ci, Ag, Bo, C:, GC oecupy a central 
position in the theory. These functions are defined as follows 


1=-=VE u, 
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The following additional notations are employed: 


uw = shear modulus of material 
v = Poisson’s ratio ut 
h = thickness of shell (not necessarily a constant) 

With the preceding notations, the strain energy due to stretch- 
ing of the middle surface of the shell is 


let @ "EG 


The strain energy due to bending of the shell is _ salen 
A.B, 


Equation [9] agrees completely with Love’s expression for the 
strain energy due to stretching of the middle surface, with the 
exception that quadratic terms of Equation [7] were not re- 
tained in Love’s theory. However, Equation [10] is different 
from Love’s expression for the energy due to bending. 

The quadratic terms in.Equations [7] and [8] are significant 
for some problems of flat plates. Flat plates are somewhat ex- 
teptional in their behavior, since membrane strains of the middle 


—v(e, + ¢,) 
= 


The expressions for e,, e,, and y,, in Equation [11] are purely 


a \ flat plate is a special type of shell which is characterized 
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plane are quadratic functions of the normal deflections. On the | . 
other hand, it is intuitively obvious that the membrane strains _ 
due to the normal deflections of the middle surface of a nonde- — 
velopable curved shell are ordinarily first-order quantities. — 
Consequently, the quadratic terms in Equations [7] and [8] 

are less important for curved shells than for flat plates, and it is 


frequently advisable to drop these terms. = a 
Also, in the interest of simplicity, it is usually advisable to dis- — 

card the terms (§ — 2e?/E) w and (G — 2g?/G) w in Equation 

[8]. These terms are of the order of the square of the curvature. - 

Their significance will be shown in the discussion of peor = 


shells. 

It is seen that the derivatives u, and v, do not enter into ae 
expression Equation [10] for the energy due to bending. In the 
introduction it was indicated that this is a necessary condition 
for a correct energy formula. Also, in accord with introductory : 
remarks, the derivatives u, and v, vanish from the bending term 
at any spherical point, since, by E quation [6], the factor (e/E — 

q/G) is zero at a spherical point. a 

The strains at any point in a shell consist primarily of - 
extensions, per unit length, in the z, y, and z-directions, and the | 
reduction of the angle between line elements initially in the z 
and y-directions. These quantities are represented, in the con- 
ventional manner, by e,, €,, €¢,, and y,,. In terms of thesfunctions 
defined by Equations [7] and [8], these strains are given by 


= Bz) 


ll 


| 
\ (11) 

2(EG) (C; + Cr2)(C, + C2’ 2) 


a2 

= 


geometrical, and therefore they are valid even if inelastic action _ 
occurs. 


Fiat PLates 


ele 


by the conditions 


The quantities Z and G depend upon the type of co-ordinate 
system that is established on the middle plane. No restriction 
is placed upon the co-ordinates other than that they be orthogo- 
nal. If rectangular Cartesian co-ordinates are used, FE = G = 1. 
Then Equations [7], [8], [9], and [10] yield the classical equa- 
tions for the strain energy of a flat plate with large deflections 
(6a). 

In the case of large axially symmetrical deflections of a circular 
plate, polar co-ordinates (r, @) are convenient, i.e., 2 = randy = 
6. Then = landG = r*. Due to symmetry of the deflection 
pattern 


=u(r),, »=0, w= 
Hence Equations [7], [8], (hand yield 


+ 2y(u/r)(u, 


w(r) 


2ru 


U; = 


+ 1/2w,?) 


U; = + w,2 + Qrw,rw,, | dr.. [13] 


The Euler differential equations for the integral U; + U2 are 
the same as the classical differential equations for large deflec- 
tions of a circular plate that is loaded by a constant bending- 
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moment ao and a constant radial tension on its pe- 
riphery (6d). 
CrrcuLAR CYLINDRICAL SHELLS 
For this problem, cylindrical co-ordinates (x, 6) are employed, 
i.e. 
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cylinder with major radius a and minor radius 6, parameters 
(x, 0) may be chosen in such a way that 


X =2, Y =acos0, Z = bsin 0 


Here, @ is written instead of y. It follows from these equations 
and Equation [4] 


X=z2, Y =acosé, Z =asin 
E = 1, G = a’ sin? + cos? 0 
Then, by Equation [4] a =0, 8 =bG-“*cos 0, y = 
=0,$=1 0, g abG 
Then, if jratic terms, 1 the terms (& 2e?/K 
in which a is the radius of the middle surface of the shell. Con- ven, if quadratic terms, and the terms ( . ) w and 


sequently, when third and fourth-power terms are neglected, 
Equations [7], [8], [9], and [10] yield 


i = E + a~*(ve + w)? + u,(ve + w) 
== 


+ — ») (v, + | hdxrd0........ [14] 


U, = 


(G — 2g?/G) w are neglected in Equations [7] and [8], there 
results 


A, = U, 


JG abw 


VG 


C, = '/a(ue + VG v,) 


b, 


Ar = 
U: = w,,” + + w)? + 2va~* w,, (wee 
— B 3a b( a?— 20 + (a? — b*) we . pe 
-§ 
2 Gi in 2G sin wee 
+ w)+ 2(1 — v) — 0,) (wre + a~'ug) dx dé. .[15] a6 


Equations [14] and [15] are general energy expressions for a thin 
circular cylindrical shell with small deflections. If u and v are 


in which L is the length of the cylinder. This is equivalent to 
the known formula for the energy of bending of a thin ring. In 
contrast to straight-beam theory, in which the curvature is the 
second derivative of the deflection with respect to the axial co- 
ordinate, the change of curvature of a circular ring (7) due to ra- 


—a b ug 


avo 


set equal to zero, and w is considered to be a function of 6 alone, 
Equation [15] reduces to e A The general strain-energy expression for a thin elliptic cylindrical 
: ~- es = shell with small deformations is obtained by substituting Equa- 
aps ., tions [18] in Equations [9] and [10]. 
12(1 — v)a* Jo [16] Ifu = 0, w = 0,» = v(z), and if the thickness is constant, 
418 Equations [9] and [18] yield 


= SVG 0,2 dz 


Since the circumference c of the cylinder is given me ii equation 


= de 


dial deflections is a~*(weg + w). However, if the radius of the Peciyetinis 
ring is very large compared to the deflection w, the term w in _ it follows m Ur = oh ofv,? dx ake) 

ae the This is the elementary expression for the energy of torsion of a 
sulting formula is equivalent to that for a straight beam. An cylindfical shell. 


approximation of this type results when the terms (6 — 2e?/E) w 
and (G — 2g9*/G) w are discarded from Equation [8], for then 
the finite w term disappears from Equation [15]. 

In the case of axially symmetrical deformation of a circular 
cylindrical shell, u = u(x), v = 0, and w = w(z). If these sim- 
plifications are introduced into Equations [14] and [15], and if 
the finite w term is neglected in Equation [15], the following 
differential equation for w may be derived by the principle of 
virtual work 


Weere + 12h-* — v»*) w = 6(1 — [17] 


Here P denotes the external radial load per unit area of the middle 
surface. Equation [17] is a known equation (6c) for symmetric- 
ally loaded circular cylindrical shells. It is noteworthy that the 
present derivation of this equation neglects the terms (& — 2 e*/ 
E) w and (G — 2g?/G) w of Equation [8]. If this approximation 
had not been made, the coefficient of w in Equation [17] would 
have been increased by the term a~‘, and the left side of the 


In this case there is also some energy of bending, since Equa- 
tions [10] and [18] yield 


= G-? VEG 
ff 


The existence of energy of bending is explained by the fact that 
an element of an elliptic cylindrical shell experiences changes of 
curvature when it is displaced circumferentially. It may be 
verified by Equations [6] and [18] that, if P and Q are two points 
on a cross section of the undeformed middle surface, which are 
separated by a distance v, then the aanEe of maximum norma] 
curvatures at P and at Q is B,/G. Since G dz dé represents 
an element of area of the middle surface, the preceding equation 
for Us is consequently correlated with the elementary formula 
for the energy of bending of a beam. 


G dx dé 


SHELL IN Form oF AN ELLIPSOID OF REVOLUTION 


i i ipsoi lution, 
hee ted by th 2 the middle surface of a shell is an ellipsoid of revol 
with axial length 2a and equatorial diameter 25, it is possible to 


4 choose parameters z = @and y = ¢, such that 


In the case of a shell whose middle surface is an elliptical X = bsin @cos ¢, Y = bsin @sin ¢, Z = a cos @ 


Then, | 
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Then, by Equation [4] 
E = a’ sin? 6 + b? cos? 6, G = b? sin? @ 


qa=a sin 6 cos ¢, 8 = a sin sin y = b 


e= = —abFE~"* sin? 6 


Then, neglecting quadratic terms, and the terms (& 


w 
and (G 


B, = + wsin 6] sin .. [19] 

(, =! AWE ug + bre sin bv cos 6} 
4, = '/, (a? — b?) [we — 3ab ul sin 20-- 
B, = E~'b? [we + '2(a/b)(a? — (1 a4 


— cos 26) u] sin 20 — weg 
(1 ab E~*) (ve sin @ 
+ wy cot — weg 


— (a/b) (1 — ab E-)ug + we cot 6 — wag 


v cos 6) 


Substitution of Equations [19] and [20] in Equations [9] and 
{10} yields the expressions for the energy of stretching and the 
energy of bending of a thin axially symmetrical ellipsoidal shell 
with small deflections. 

Spherical shells are included in the class of shells whose middle 

} surfaces are ellipsoids of revolution. For a spherical shell, a = 6; 


and consequently, FE = a*. Equations [19] and [20] then re- 
duce to 


A; = a(ue + w) } 
B, altg + ucos + wsin 6] sin@ }.. 


C, = '/,alug + resin 6 — v cos 6] } 
all 
C2 C,’ = Ws cot 6 — weg 


Since u and v do not occur in Equation [22], the energy due to 
bending depends only upon the radial deflection w. This is in 
agreement with the intuitive observation that small tangential 


displacements cannot contribute to the bending of a spherical 
shell, 
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Appendix 
DERIVATION OF Equations (8) 

Derivations of the general Equations [7], [8], [9], [10], and 
{11} are given in this Appendix. 


DISPLACEMENT VECTOR 


As a consequence of the orthogonality of the co-ordinates 
(x, y, 2), the metric tensor for these co-ordinates takes the fol- 
lowing form 


gir 0 0 l ‘dur 0 0 


0 92 0 g’ = 0 1 [23] 
It may be readily shown, by the methods of differential geometry, 
that the components of the tensor g,;; are expressed in terms of 
E, G,e,g, &, G by the equations 


Qn = E—2ez + §&2? 


gx = G—2gz2+ Gz? [24] 
Power-series expansions for the reciprocals of gi, and g22 yield 
gi = E-'4+2eE-*z+.... 


where here, and in the following, power series are cut off after the 
linear terms. 

With Equations [24] and [25], the following expressions for 
the Christoffel symbols are derived directly 
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All other Christoffel symbols of the second kind are zero. 
The covariant displacement vector is denoted by u;. The 
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components of this vector are functions of (z, y, z). The signi- 
ficance of the vector u; is that the scalar component of displace- 
ment in the direction of any unit vector £* is u; £. 
The general strain tensor is 


= Uy, + U5 + Umi Un,;) eee 


Here, commas signify covariant derivatives. Equation [27] is 
taken from the general theory of elasticity. This equation has 
been derived, for the case of rectangular Cartesian co-ordinates, 
by Love (la). Since Equation [27] is a tensor equation which 
reduces to the proper form for rectangular Cartesian co-ordinates, 
it is valid for arbitrary co-ordinates. When the quadratic terms 
are retained in Equation [27], the magnitudes of the displace- 
ments and the rotations are unrestricted, provided that the 
strains are small. The significance of the strain tensor is that 
the extension, per unit length, of a line element with the initial 
direction of any unit vector £ is e;; & @. Also, it may be shown 
that the angular decrement (shearing strain) between two line 
elements with initial directions of two perpendicular unit vec- 
tors & and is 2 & 

It is assumed, as in the theories of beams and plates, that the 
shearing stress upon any plane element parallel to the middle 
surface of the shell is negligible. Since the shearing stress is 
proportional to the shearing strain, this condition is expressed by 
the equations 


€i3 = €33 = 0 [28] 
Equations [27] and [28] yield 
= (1 +g"! Uri) + Usa (1 + s,s) + g?? = } [29] 
(1 + + Us2 (1 + uss) +g" w,2 = 0 
The quadratic terms in Equation [29] are of the type which are 
neglected in plate theory, and it’is assumed that they are neg- 
ligible in the present case. Then Equation [29] become 
U2,3 + Us2 = 0 
Equations [26] and [30] yield 
€ & 2e 
du, /dz + Ou;/dx + 2m | 
if E 4 E? [31] 
G G G? 


*y Equation [31] may be solved by power series in z. To this 
end, it is convenient to set 


Then, in view of the physical significance of the vector u,, the 
; variables (u, v, w) are the rectangular components of the dis- 
a placement of a point of the middle surface upon the orthogonal 
+ triad of straight axes which are respectively tangent to the 
% y, and z co-ordinate lines at the given point. In view of 
Equations [32], the vector u, is represented by the following power 
series 


U=wtret+.... 


Substitution of Equations [33] in Equations [31] gives directly 


= uW EB — + w,2+. 
— + w,)z + 
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Covariant differentiation now yields, with the aid of Equations 


[26] 
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It is assumed that quadratic terms involving the derivatives 
of the tangential displacements u and v may be discarded frou 
the strain tensor. This approximation has been previous! Then 
used to obtain Equations [30]. Accordingly, Equation [27] # 
approximated by 
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When Equations [35] are substituted in Equations [36), and the 
result is compared with Equation [37], it is seen that A,, Bi, and 
C, are given by Equations [7], and that the coefficients P, 9. and 


R are given by F) 

P=— = 4 — — ¢, — + + 
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Equations [25] and [37] yield the following mixed form for the 
strain tensor 


«! = E-1A, + E-\(2eE-'A, + 
e? = G-'B, + + Q)z+.... [39] 
e! = + + Rozt+.... | 
e? = + + R)z+.... 
These equations are of the form 
qi2 (A, + +....) 
e? = G-'(B, + Boz [40] 


When Equations [38] and [7] are substituted in Equations [39] 
and the results are compared with Equations [40], it is seen that 
A:, Bo, C2, and C2’ are given by Equations [8]. 

Equations [7], [8], and [40] determine completely the mixed 
form of the strain tensor. The extensions, per unit length, 
(physical strains), in the x and y-directions are 

1 


This is seen from the fact that the extension, per unit length, in 


any direction £ is ¢,;£"¢. If the direction £& is tangent to the 
z co-ordinate line 
s l av Ju V9 @ & 
Then 


Asimilar derivation applies for e2°. 
It is assumed, as in the theories of plates and beams, that the 
normal stress on any surface, z = const, may be neglected. It 
then follows from the stress-strain relations of classical elasticity 


€, 


a 


in which «, is the extension, per unit length, in the z-direction, 
and » is Polsson’ s ratio. Consequently, by Equations [41] 
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The angular decrement between the x and y-directions (physi- 
al shearing strain) is 
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For, if & and 7 are unit vectors, respectively, in the z and y- 
directions 
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Yey = = =2 V 12 
= tf 4 911922 


2 V V = 2 V 


It follows from Equations [40] and [43] 


= V(C, + Cxz)(C, + C2'2) 


This relation has been given in Equation [11]. 


Strain ENERGY 


The classical theory of elasticity provides the following invari- 
ant formula (1b) for the strain energy per unit volume of the 
material 

Here u represents the shear modulus, and v is Poisson’s ratio. 
By Equation [28] «' = «? = 0. Hence with the aid of 
Equation [42], Equation [44] reduces to 


V = 


Substitution of Equations [40] in Equation [45] yields __ 


V= = 2v — thes 
+ + EG + 2 
+ 2» — EG + 2(1 — 
+ a linear term in z........ [46] 


The linear term in z is irrelevant, since it cancels out of the sub- 
sequent equations. The quadratic term in z is important, for it 
accounts for the energy of bending. This term is approximate, 
since it is derived only from the products of the linear z-terms in 
the strain tensor. Quadratic z-terms in the strain tensor, which 
have been neglected for the sake of simplicity, would also give 
a small contribution to the quadratic z-term in Equation [46]. 
However, the nonlinearity of the strain distribution throughout 
the thickness of the shell will have a negligible effect upon the 
strain energy, if the radii of curvature are large compared to the 
thickness. 


The element of area of the middle surface of the shell isV EG 
dz dy. Hence the total strain energy of the shell is approxi- 


mately 
h/2 
v- f fv BG ay 
h/2 


in which h is the thickness of the shell. If Equation [46] is sub- 
stituted in Equation [47], integration with respect to z may be 
carried out, and the linear term in z disappears. In view of the _ 
form of Equation [46], the strain energy splits into a sum of two = 


terms, U; and U2, in which U, contains A to the first power, and 
U: contains h to the third power. When integration with respect 
to z is performed, Equations [9] and [10] are obtained. 
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A machine, consisting of rotating tuned pendulums free 
to oscillate in planes containing the axis of rotation, is 
proposed as a dynamic absorber for linear vibrations. The 
influences of size, exactness of tuning, and damping are in- 
vestigated and curves for evaluating the effectiveness of 
the machine are shown. 


INTRODUCTION 


HE use of centrifugal pendulum vibration absorbers for 
the elimination of torsional vibrations in internal-combus- 
tion engines has been very successful.? Not only have they 
been useful in the reduction of torsional vibration stresses in 
engines of the conventional type but their use has permitted the 
design of gear systems which could not be expected to be reliable 
were the torsional vibrations not reduced. These benefits have 
been obtained with a relatively simple attachment which does 
not add appreciably to the cost and weight of the power plant. 
Since the torsional pendulum absorbers have proved so success- 
ful, the question naturally arises as to whether the same prin- 
ciple could not be applied to the reduction of linear vibrations. 
Since most objectionable linear vibrations are set up by some 
machine, it might be possible to drive some type of pendulum 
absorber by the machine which would by the action neutralize 
the forces which the machine generates. 
It is the purpose of this study to investigate the characteristics 
and the effectiveness of such an absorber. 


DEVELOPMENT OF CHARACTERISTICS OF LINEAR PENDULUM 


ABSORBER 


The device proposed is expected to absorb vibrations acting in 
the direction of the axis of rotation. It is mounted on some 
structure which is subjected to a harmonic force generated by a 
machine which will allow the absorber to be rotated at a speed 
which bears an exact predetermined ratio to the frequency of 
the force. This study will show that the absorber will behave as 
a large mass which, if rigidly attached to the point of action of 
the force, will by its movement absorb a large portion of the ex- 
citing force; or, if located at a point remote from the exciting 
force, will tend to reduce the vibratory motion at the point of 
attachment to zero. 
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The absorber consists of two or more pendulums, each free to 
oscillate in a plane containing the axis of rotation. The pendu- 
lums are identical and are so disposed about the axis that the cen- 
trifugal forces will cancel. The shaft with its attached pendulums 
rotates at some multiple n of the frequency of the vibrating force. 

In order to analyze the behavior of the absorber it is necessary 
to define quantities which characterize the elements of the sys 
tem. Adiagram of thisisshownin Fig.l. 


Fic. 1 ELements oF THE ABSORBER SYSTEM 


Let each pendulum be characterized by the following: 


m = mass of pendulum 

r = distance of center of gravity of pendulum from pivot a 

I, = moment of inertia about axis 1 parallel to pivot axis throug! 
center of gravity 

I, = moment of inertia about axis 2 which passes throug! 
center of gravity and pivot axis and is perpendicular "i 
pivot axis 

I; = moment of inertia about axis 3 which is perpendicular ® 
axes 1 and 2 

R = distance of pivot axis of pendulum from axis of rotation 


Choose a cylindrical co-ordinate system, letting z be the moti! 
of the center of gravity of the pendulum in the direction of the 
axis of rotation, taking the positive direction downward, and th 
base z = 0 corresponding to the position of the pivot axis whet 
the time ¢ = 0. Let @ be the angular motion of the pendulut 
measured from the plane of rotation of the pivot axis, with 0 
positive direction giving a displacement of the center of gt’ 
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opposite to z. Equation 2; = 2 sin wt represents the motion of Let a set of pairs of forces and moments represent the reactions 

the plane of the pivot axes. at the pendulum pivot; F, the forces in the z-direction, F, the 
Fig. 2 illustrates the co-ordinate systems. The co-ordinates _ radial forces, F, the tangential forces, and M; and M; the torque 

of the center of gravity of the pendulum are as follows reactions. These reactions are shown in Fig. 3. 

: Applying dynamical laws to the pendulum gives the following 


(1) equations for translation 
- [2] —F, = m (a +1 sin 06% — r cos 06).......... [4] 
(3) —F, = m[—r sin 06 — r cos 067 — (R + r cos 0)n*w*]... . [5] 
—F, = m(—2r sin [6] 
eee -C The following are equations for rotation 
Ane — (13 — I2)n*w? sin cos = F,r cos 6 + F,r sin 6... [7] 
is = 2 e 
| & —I; nw 6 sin + — sin = M; + F,r...... 
y | e. ic Equations [6], [8], [9] would be used for determining the bearing 
. ' 4 reactions and would not be of particular interest in this study. 
| ~ P or Eliminating F, and F, from Equation [7] by use of Equations 


y (1, + mr?)6 + (13 — I2)n*w? sin 6 cos 6 
+3 


Fig. 2. Co-OrpinaTe System 
(a, Top view. 6, Side view in plane of pendulum.) 


This equation is difficult to integrate as it stands. By restrict- 
ing @ to small values (i.e., @ < 10 deg), the equation simplifies to 


= I, I; — 


Since z; has a circular frequency of w, the solution of this equa- 
tion is 


If now the element in the brackets be made equal to zero, then 
2x, should be zero for any finite value of 6, and the device under the 
conditions assumed will prevent any longitudinal movement of 
the rotating axis. 

There is a definite relationship between 6 and F,, the force 
acting on the absorber, which may be determined from Equation 
[4] which, since z; = 0, may for small angles be written as 


= 


or 


6= sin wt 


It is proper to say that the force exerted by a perfectly tuned ab- 
sorber in the absence of damping is 


= mrw? Omax [14] 
aeting in a direction opposite to 2. 


EFFEcTs OF DAMPING AND OF INEXACT TUNING ON ABSORBER 


The practical absorber could not be perfectly tuned and would 
contain some damping. The practical effects of each should be 
considered. 

Damping may be considered to exist as a torque proportional 
to the angular velocity of the pendulum. Considering this pro- 
portionality factor to be c, Equation [7] would be modified to in- 
clude the damping torque 


Bia. 3) Reactions at Penputum —I,6 — (Is; — 12)n*w? sin 4 cos @ = F r cos @ + F,r sin @ + 
4, Forces and torques on pendulum carrier. 6, Forces and torques on 
pendulum.) 
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Substituting the values of F, and F, and restricting the motion 
to small angles, this develops to 


I; I; — Ie R 
mr mr mr r 


By Equation [4], the force exerted by the absorber, being 
equal and opposite to that exerted on it, is in the direction of 
minus z and is equal to 


[16] 


F = ma 
or for small angles att: 

To ascertain the value of F it is necessary to find @ in terms of 


x; by solving Equation [16]. To simplify the development con- 
sider two nondimensional quantities 


T= a tuning function = — | + 1 

4 - c 


6 = Osin(wt—¢) and 2=2 sin wt 
Equation [16] becomes J 
® 
6 + Cc? = — tan = T 


F = 2 sin wt + 
4 E 


: r It is apparent from this that the neutralizing force is not in 
phase with the displacement when there is damping present. 
Therefore it is necessary to consider the response of a more com- 
plete system to the stimulus of an imposed force when it is fitted 
with the absorber. 

Consider therefore a mass M, connected to a fixed point by a 
spring of stiffness K, which is fitted with an absorber of the char- 
acteristics considered and is subjected to a harmonic force 
Po sin (wt + y) of such amplitude and phase that the resulting 
motion of the mass is Zp sin wt, as shown in Fig. 4. 


la 
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of 


Po sin (wt + y) — F — kr = mi. ines. 


The equation of motion of the mass is 


Upon substitution of the force from the absorber and the ampli- 


tude of motion this becomes 


Po sin (wt + y) + mw? E sin wl + (wt 
2 


— kzo sin wt = —Mw*x sin wt......... 


When this equation is solved for zo, the following value is ob- 
tained 


Po 


% = = (22 


yo 


T? + 4 T? + 4 


To simplify the considerations of this equation, introduce tw 
more nondimensional quantities 


w IM +m 
8 — frequency ratio = =w 
m 
S — a size function M 
Then 
Po 1 


[2 T2 4 (2 


The maximum value of zo will occur at a value of 8 such t 
the first bracket in the denominator is equal to zero 

"3 + C2 
T?2+C2+ ST 


= 


and will have an amplitude 


(M + m)w? SC mw? 


This indicates that in the absence of any other damping, some 
damping is necessary in the absorber to secure a finite amplitude 
in the mass. However, if the tuning is perfect (7'=0), this res 
nance would occur at 8 = 0; if not perfect, the resonance wil 


occur at a value of 


The minimum value of zo at a given value of T will be secured 
where = at which’point 


The significance of these equations is most easily shown by tht 
plots in Figs. 5, 6, 7, 8, 9, and 10. 

It is necessary in designing an absorber of this type to hart 
some concept of the magnitudes of the tuning and damping fume 
tions which it is possible to obtain. Consider first the tunilé 
function 
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Of the quantities involved in this function, n is exact as set by the 
speed ratio between the absorber and the source of the disturb- 
ance; mand r may be obtained by careful weighing of the com- 
pleted pendulum; /; may be obtained by finding the period of the 
pendulum in a gravity field; J: and J; in the actual application 
would be approximately equal and could be calculated with rea- 
sonable accuracy; FR is a measured value which should also be 
obtainable with a high degree of accuracy. Furthermore, it 
should be possible to tune the pendulum to a specific application 
by the addition or subtraction of small weights. A pendulum 
carried by antifriction bearings, if once accurately tuned, should 
remain in tune indefinitely. 

The same degree of control is not available for the damping 


constant 
c Friction torque 


mrrw mrrw? 


C= 


By loading a facsimile of the pivot bearing with loads corre- 
sponding to the centrifugal force of the pendulum and rotating 
the bearing at different speeds, it should be possible to obtain 
an accurate value of c and hence of C. 

Another estimate of the value of C can be obtained by a com- 
parison with the pendulum acting in a gravity field. 
case it can be shown that J ao 


In this 


. 


Ratio, 
where p is the radius of gyration about the pivot; r is the distance a 
of the center of gravity from the pivot, as before; 6. is the ampli- 
tude of vibration at the nth swing. ; 
Since p is probably not very different from r, it willbe seen that = ‘ 
if the amplitude of vibration is reduced to '/; of its original ampli- \ 
tude in 50 cycles, C would be approximately 0.0044; if 100 cycles 2 > 
were required to cut the amplitude in half, C would be approxi- = 
mately 0.0022. A simple experiment will show that a relatiyely 
light pendulum fitted with ball bearings will oscillate 50 times 
for a 50 per cent reduction, and that the number of cycles will 
increase appreciably as the size is increased. Damping functions 
‘C of from 0.0050 to 0.0005 seem quite within the region of 


probability, and experience may indicate that lower values are 

tly APPLICATIONS = 


If an absorber of this type is to have any application, some 
estimates of the size and complexity of the mechanism, as ap- __ 
plied to actual applications, should be made. In general, the 


details of the absorber will be set by considerations of particular a 
design application, but it is possible to outline briefly what might — 

be determined by the first considerations of particular applica~- _ e 
tions. The applications are applied to a ship, since the ship vibra- 7 a8 


tions excited by the propeller are difficult to reduce. 
CaseI. A large passenger ship is subjected to an undesirable vi- 


bration excited by the propellers. Let it be assumed that each 
of the two propellers puts a harmonic force into the ship of ae 
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an 


100,000 lb, having a pemions of 500 vibrations per min., and the 


amplitude over the propellers due to the action of each is 0.10 in. 
(or a total in-phase amplitude over the propellers due to the ac- 
tion of both is 0.20 in.) when at a natural frequency of the hull. 
It is desired to reduce this vibration to '/, of its present value by 
the use of a pendulum absorber located over each propeller. 

Let it be assumed that a damping constant of C = 0.001 can 
be obtained. Tuning the absorber to 7 = 0.001 results in a 


value of 


Po 
m 


10 
For a value of Zomax = and Py = 100,000 Ib 


2.82 lb-sec /in. 
1090 Ib 


Limiting max 6 to 10 deg gives 
Tmin = 105 in. 


This radius would appear large for the weight, and so design: 
considerations would probably act to reduce the radius to, say, 


60 in. Then, with the same damping factor, the amplitude Bis alie weapon 


Zo would be reduced to 0.143 in., and the total weight of the pen- 
dulums would be increased to 1900 lb. This would be divided 
among at least two pendulums and probably three or four or 
even more, depending upon the details of the design. It is diffi- 
cult to estimate the total weight and space requirements of such 
an absorber, but a rough estimate might give a weight of from 5 
to 10 tons and a space requirement of 300 to 500 cu ft. Hull 
stiffening and connecting shafting should be added to these 
figures. The advantage of this type of absorber would lie in its 
ability to neutralize the propeller forces at all speeds and thus 
the amplitude of vibration at every .resonant speed. However, 
the forces involved in an absorber of this size become of such 
magnitude that a much more complete study would be required 
to ascertain whether an application such as this is practical. One 
element which should be considered is the reduction in Po, which 
is caused by the lowering of the resonant frequency. 

Case IJ. The towers on a re being remote from the 
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hull are found to vibrate excessively, making it difficult to use 
the range finders and other sensitive apparatus. 

The amplitude of motion is measured and is found at the worst 
location in the operating range to be 0.15 in. at a frequency of 600 
vibrations per min and is found to be composed of the propeller- 
blade frequencies from the two propellers, i.e., at times it adds up 
and then cancels as the blade forces come in and out of phase. 
By tests with a vibration generator it is found that a harmonic 
force of 1000 Ib with a frequency of 600 vibrations per min at one 
of the uppermost points on the tower will give a similar vibra- 
tion pattern having an amplitude of 0.07 in. It is desired to re- 
duce the maximum vibration amplitude to 0.02 in. using pendulum 
absorbers. 

Two absorbers would be required, one connected to each shaft 
through an alternating-current motor and generator. Since the 
absorber would not. be very large take C = 7’ = 0.003. 
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> 


0.006 


Tomax = 
1000 X 0.006 
600 = 0.0762 
eo X 0.02 


=204lb 
0.02 a 


~ 0,003 


If 6 is limited to 10 deg = 


= 4.71 in. 


0.169 radians, then r would be 


= 


This would indicate an absorber some 6 ft diam, whose weights 
are only 30 lb. A more practical design would have a larger 
pendulum weight and a smaller size. If the tuning and damping 
constants be kept the same, and the weight increased to 50 |b, 
then 2 max Would be lowered to 0.0118 in., providing a steadier sup- 
port and the necessary radius would be decreased to 16.5in. The 
optimum weight-size ratio would be determined by the over-all 
design characteristics. It would appear that the weight of the 
absorbers and their equipment, particularly topside weight 
would be appreciably less than the stiffening which might other- 
wise used. The pendulum absorber would seem to be 
admirably suited to an application of this type. Another ad- 
vantage would arise from the characteristic of the absorber which 
reduces the resonant frequency. It is not possible to calculate 
the new resonant frequency without an elaborate consideration 
of the particular system, but the drop in resonant frequency 
alone should be of great value. 
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By E. P. 


An investigation of supersonic diffusers was conducted 
for conditions wherein a boundary layer was present at the 
diffuser entrance. The pressure rise obtained from a shock 
in a constant-area tube was measured, and the measure- 
ments compared with values computed from a simple one- 
dimensional analysis. For the range of Mach numbers 
covered (1.8 to 4.2), separation of the stream from the tube 
wall was always induced by the shock. The length of the 
separated region was from 8 to 12 tube diameters. The 
results of the tests on shocks in a constant-area tube were 
utilized in the design of several types of diffusers for which 
test data are reported at Mach numbers ranging from 2 to 
3. The most efficient diffuser tested consisted of a con- 
traction to a minimum starting area followed by a con- 
stant-area tube approximately 10 diam long. The tube was 
in turn followed by a subsonic diffuser. Only diffusers of 
constant geometry were considered. 


NOMENCLATURE 


The following nomenclature is used in the paper: 
om 


0.240 Btu/(deg F) (Ib) 


= cross-sectional area, sq ft 

= specific heat at constant pressure, 

= diameter of test section 

= acceleration given to unit mass by unit force, fps? 

= enthalpy, ft-lb per lb 

= number of ft-lb in 1 Btu = 778.3 

= ratio of specific heats, 1.4 

= length of test section 

= Mach number = 

= pressure, psia 

= temperature, deg F abs 

= mean velocity of fluid stream at given cross section of test 

section, fps 

» = diffuser efficiency, work of isentropic and adiabatic com- 
pression between initial condition and final pressure 
divided by kinetic energy expended (see Appendix) 

Subscripts: 

1 refers to state of fluid stream upstream of a ‘‘transverse”’ 
shock where velocity is supersonic, and sometimes refers to 
diffuser entrance 

2 refers to state of fluid stream downstream of “‘transverse’”’ 
shock where stream is subsonic 

i tefers to state of fluid stream after diffuser where velocity is 
approximately zero. 

‘otefers to stagnation state of fluid stream at entrance of ac- 
celerating nozzle 
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, refers to state of fluid stream at Mach number of unity 

Superscripts: 

’ (prime) refers to minimum cross section or throat of super- 7 
sonic diffuser 7 

" (double prime) refers to minimum cross section or throat 
of supersonic diffuser when this section is elongated and of 


constant area 


INTRODUCTION 


The most important single factor contributing to the large _ 
power requirement of a supersonic wind tunnel is the irrever- — 
sibility encountered in the wind-tunnel diffuser. For example, 
if the diffuser efficiency of a tunnel operating at a Mach number 
of 2 is increased from 80 to 85 per cent, the power required to _ 
drive the tunnel is reduced by 30 per cent. 7 

The primary object of the investigation reported in this paper 
was to use simple small-scale apparatus to obtain information _ 
that would aid in the design of an efficient diffuser for a wind 
tunnel. A secondary object was to obtain information that i. 
make possible the design of diffusers for air intakes on missiles _ 
or on aircraft traveling at supersonic speeds, and of diffusers for — 
rotating machinery. 

In the case of supersonic intakes, air usually enters the diffuser ; 
passage with little or no boundary layer. Under these condi- — 
tions, the analytical design of the passageways is reasonably | 
satisfactory since here the assumption of no boundary layer is — 
more tenable than in the case of a wind-tunnel diffuser. 

However, as a first step in the design of a wind-tunnel diffuser, | 
the assumption can be made that no boundary layer is present, 
and a simple one-dimensional analysis can then be undertaken. 
For a wind tunnel of the steady-flow type, the design of an efficient 
accelerator or nozzle of the Laval type is practicable. The pres- | 
sure drop across this nozzle is not much different from that com- — 
puted if reversible flow is assumed, that is, the irreversibility _ 
introduced in the accelerator is small. Although this might seem — 
to indicate that a similar passage introduced in the reverse direc- — 
tion would serve as a satisfactory diffuser, such is not the case — 
because of the effect of the transverse pressure shock that is — 
formed at the accelerator throat when the tunnel is started. As — 
the downstream pressure is reduced, this shock will move down- | 
stream to higher Mach numbers. The process involved in the | 
shock is irreversible, the degree of irreversibility increasing as — 
the Mach number at which the shock occurs increases. It can _ 
be shown readily that the minimum possible cross-sectional area _ 
of the stream after the shock must be greater than the minimum 
cross-sectional area in the accelerator. Since the area of the dif- 
fuser throat must be greater than that of the accelerator, a re- 
versed accelerator, identical with the first, will not function as a 
diffuser. In other words, if an irreversible effect between the ac- 
celerator and diffuser (i.e., the transverse shock) must accom- 
pany the starting process, the state at the accelerator entrance 
cannot be re-established. If, however, it were possible to devise a 
mechanism that decreased the area of the diffuser throat after 
the shock had passed by, a reversed Laval nozzle would function 
as a diffuser. Should such a device be used, it would still be neces- 
sary to provide a pressure ratio for starting, equivalent to the 
total pressure loss that would be obtained if the only irreversibility 
during deceleration occurred in a shock at the Mach number pre- 
sent at the diffuser entrance. . 

If a transverse shock during the starting process is assumed to 
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be inevitable, the pressure ratio at which a wind tunnel will start 
can be computed. These computed values, subject to the limita- 
tions imposed by a one-dimensional analysis that neglects fric- 
tion, are presented in Fig. 8 for Mach numbers from 1.0 to 3.0. 

The results of the one-dimensional analysis may be summarized 
as follows :* 

(a) For starting conditions, the minimum pressure across a 
wind tunnel (nozzle plus diffuser) must be equal to the loss in 
stagnation pressure across a shock at the test-section Mach num- 
ber. 

(b) For operating conditions, the minimum pressure across a 
wind tunnel must be equal to the loss in stagnation pressure across 
a shock at the Mach number in the diffuser throat 


These conclusions must be accepted with reservations since it 
has been assumed that no boundary layer is present and that the 
only possible transition from supersonic to subsonic flow during 
the starting operation is a transverse shock. The assumption of 
no boundary layer, i.e., no wall friction, ignores irreversibilities 
which are actually present, whereas the assumption of a trans- 
verse shock may assume greater irreversibilities than are actually 
necessary. In addition, the expedient of decreasing the area of 
the diffuser throat after the shock has passed through would per- 
mit reversible operation in the absence of friction. 
THE TRANSVERSE SHOCK 

Transverse shocks, which seemed to be inevitable in a super- 
sonic diffuser, were studied experimentally in a constant-area 
tube by means of pressure measurements and also by schlieren 
observations. The arrangement of the test apparatus is shown in 
Fig. 1. 

Figs. 2(a) and (6) are schlieren plates of a shock in a constant- 
area passageway. Note in Fig. 2(a) that the influence of shock 
extends some distance downstream from its point of inception. 

3 See Appendix for formulas used. 
Gp 
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Fic. 2(a) ScHLIEREN PLATE oF SHocK REGION IN CoNSTANT-AREA TUBE 
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(Light vertical line shows end of nozzle. 


Fic. 


2(b) 
(Note repetition of transverse shock. Flow is from left to right. 
fuser; isdeg wedge angle; width of passage before diffuser = 1.292 in.; 
dicular to plane of view = 1.292 in.; exposure time, 5' microsec. ) 
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Fig. 2(b) shows a transverse shock in the constant-area section 
which follows the contraction in a supersonic diffuser. 

Figs. 3 and 4 show pressure measurements taken at the wall of 
a constant-area passage. The lower curves sloping gradually up- 
ward and to the right represent the conditions when supersonic 
flow fills the entire tube. The steeper curves represent pressure 
measurements for different positions of the shock region in the 
constant-area passageway. The curves at the top part of the 
diagram sloping downward and to the right represent pressure 
measurements for the case where the stream again filled the 
passageway and friction causes a pressure drop in the direction 
of flow. In Fig. 3 are shown runs A and B, These runs are for 
identical pressure and temperature at the entrance to the ac- 
celerating nozzle. The slight discrepancy between runs A and B 
can probably be ascribed to the fact that humidity of the air 
supplied to the compressor varied between these two runs. 

The pressure measurements, Figs. 3 and 4, and schlieren plates, 
Figs. 2(a) and (b), indicated that the idealized transverse shock 
assumed in the one-dimensional analysis was never obtained 
Instead, the interaction of the shock and boundary layer caused 
separation of the stream from the tube wall. Once separation 


Flow is from le ft to right. Mach number = 2.06; depth on 
width of constant-area section = 0.919 in.; ERS. 0.9 
exposure time, 5 microsec. ) 
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ing from 1.8 to 4.2. The length of shock region is defined as the 
distance from the point of inception of the shock to the point 
downstream at which the maximum pressure was recorded. The 
value of this length, as determined from Figs. 3 and 4, agrees rea- 
| sonably well with measurements obtained from high-speed 
(*/290,000 Sec) photographs taken in conjunction with a schlieren 
apparatus. For the schlieren photographs, the test section had 
a rectangular cross section (see, for example, Fig. 2a). 
Fig. 6 compares the measured values of the efficiency and pres- 
| Sure rise across a shock with the corresponding values computed 
| from a one-dimensional analysis. The good agreement between 
measured and calculated values, a maximum departure of 5 per 
cent, indicates that the wall forces in the separated region are 
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small. 
s Some measure of the effect of boundary layer on length of 
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run C. In runs J and B, for ee 26 diameters of straight 
tube preceded the shock at a Mach number of 2.6; whereas, in 
run C, 21 diameters preceded the shock at the same Mach num- 
ber. The length of shock was the same for both cases. Keenan 
and Neumann‘ indicate that it is necessary that a distance of be- 
tween 30 and 50 tube diameters precede the shock before a 
developed velocity distribution is obtained. 


Supersonic DirrusER 

4 In order to establish a standard of comparison between the 
various diffusers to be studied, the diffuser in Fig. 7 labeled type 
I, a type commonly used for supersonic wind tunnels, was tested. 
The efficiency of this diffuser is appreciably lower than is predicted 
by one-dimensional analysis. 

When it was observed that separation accompanied a shock, 
but that the change in state across the separated region was ap- 
proximately the same as that predicted by a one-dimensional 
analysis, the diffuser shown as type II in Fig. 7 was designed 
and tested. In the same illustration, measured and calculated 
values of the diffuser efficiency are shown. For the type II dif- 
fuser, the ratio of measured to calculated value of efficiency is 
approximately 0.97 for a range of Mach numbers from 2 to 3. 
This efficiency (n) is defined as the ratio of the isentropic increase 
in enthalpy to the change in kinetic energy in the diffuser. The 
isentropic increase in enthalpy is computed between the state 
preceding the diffuser entrance and the pressure after the exit to 
the subsonic diffuser. The change in kinetic energy is computed 
between the entrance and exit states. The efficiency may be 
expressed in terms of symbols as follows: 


In order to measure the effect of cross section on performance, 
a type II diffuser with a square cross section was tested at a Mach 
number of 2.46. As is shown in Fig. 7, there is little difference in 
efficiency between the square and the circular-cross-section dif- 
fusers. Note also that the diffuser with the square eross section 
was preceded by a scale model of a supersonic wind tunnel. 

To obtain the maximum operating efficieney predicted by one- 
dimensional analysis, it is necessary to have a contraction to 
minimum area in the supersonic diffuser. The type III diffuser 
of Fig. 7 was designed with this minimum starting area, i.e., 
a(D’)?/4. The experimental results obtained with this diffuser 
indicate a slightly better operating efficiency than that obtained 
for the type II diffuser. However, schlieren observations indi- 
cated that the shock at the minimum-area section was separating 
from the passage wall much in the same fashion as in the type I 
diffuser, except that the point of separation occurs at a lower 
Mach number for a given entrance Mach number. 

To increase the operating efficiency, a diffuser, shown as type 
IV in Fig. 7, was designed and tested. The only departure from 
a design indicated by a one-dimensional analysis was an elongated 
throat or minimum-area section, which should permit the sepa- 
rated region to again fill the passageway before it is introduced into 
the subsonic diffuser. The ratio of measured to computed effi- 
ciency for stable operation was 0.92 at Mach numbers of 2.32 and 
2.99. A higher efficiency, indicated by the solid dot in Fig. 7, 
could be obtained with this type of diffuser under unstable con- 
ditions. For this less stable case, the ratio of measured to com- 
puted efficiency was 0.94. 

In the case of this diffuser, the minimum area for starting is 


*“*Measurement of Friction in a Pipe for Subsonic and Super- 
sonic Flow of Air,’”’ by J. H. Keenan and E. P. Neumann, JourNaL 
or AppitieD Mecuanics, Trans. ASME, vol. 68, 1946, p. A-91. 
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greater than the minimum value computed from a one-dimen- 
sional analysis which does not take into account friction in the 
elongated throat during the starting process. For example, the 
experimental value of the ratio of the diffuser-entrance area to 
the throat area for a type IV diffuser was 0.757 at a Mach num- 
ber of 2.99; whereas, a computed value of 0.719 was obtained 
when reversible conditions from entrance to throat were as- 
sumed. If friction in the 10.9 diam of straight section is taken 
into account, a computed value of 0.761 is obtained. The 
friction coefficient was computed from the Kaérmdén-Nikuradse 
relation between friction coefficient and Reynolds number. The 
computed value of diffuser efficiency used in obtaining the ratio 
of measured to calculated efficiency was based upon the actual 
minimum starting-area ratio of 0.757, rather than on the com- 
puted minimum value of 0.719. For the types III and V dif. 
fusers, the value of the throat area for starting which was con- 
puted when reversible conditions from entrance to throat were 
assumed, agreed with the measured value within the precision of 
measurement of the throat area. 


CONSIDERATION OF STARTING CONDITIONS 


The comparison between measurement and theory has been 
made on the basis of conditions obtaining after the diffuser has 
started, that is, after supersonic flow has been established at the 
throat or minimum-area section. Often, the maximum pressure 
ratio available, rather than the power available, is the determin- 
ing factor in defining the Mach number possible for a given super- 
sonic tunnel. A better criterion than the operating efficiency is 
then the minimum efficiency during starting, or the maximum 
pressure ratio po/ps needed to establish supersonic flow at the dif- 


fuser throat. 

Again, simple one-dimensional considerations indicate that the 
pressure ratio necessary for starting is that obtained across 4 
shock at the test-section Mach number and a reversible subsor 
diffuser after the shock. This condition appears to be pres 
even if a variable geometry type of diffuser is used. 

In the case of the types I and II diffusers, the starting a 
erating conditions are identical. The type IV diffuser 
higher operating efficiency and a lower starting efficienc’ 
does the type II. For example, the pressure ratio (p;/p:) ot 
during starting is 10.6 for the type IV diffuser and 11.0 
type II diffuser. 

In an effort to improve the starting characteristics of th 
IV diffuser and at the same time to maintain high operating 
efficiencies, the constant-area throat section was given a slig 
divergence in order to compensate for the effect of friction whe 
subsonic flow is present during starting. A type V diffuser 
designed in this manner, was built and tested. As indicated 
Table 1, the starting characteristics were improved at the e 
pense of a small decrease in the operating efficiency over that 
tained with the type IV diffuser. 


TABLE 1 DIFFUSER STARTING CONDITIONS AT M = 2.99 
Pressure ratio obtained across 
Diffuser type Starting Operating 
I 8.53 8.53 
10.99 
13.66 Unstab! 


@ Fifteen diameters of straight tube preceded the diffuser entrance for the 
conditions tabulated. 


DirFrusER ENTRANCE SuHape® 
An investigation was conducted to determine the best int 


5 The test results presented here were obtained by Angus N. Mae 
Donald in a thesis submitted to the Department of Mecham 
Engineering, Massachusetts Institute of Technology, June, 1s 
“An Investigation of Supersonic Diffusers for Wind Tunnels.” 
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included angle for the convergent portion of the diffuser. These 
tests covered only diffusers with a rectangular cross section. 
The apparatus used to study this variation in entrance angle is 
shown in Fig. 9. The entrance angle was varied between 10 and 
50 deg at a Mach number of 2.55, and the effect on efficiency was 
measured. 

In all of the tests, the contraction to minimum starting 
area was followed by a constant-area passage approximately 
7 hydraulic diameters in length, and a subsonic diffuser of 
square cross section with walls at a 6-deg included divergence 
angle. 

The test results are shown in Fig. 10. The best diffuser effi- 
ciency was obtained with the smallest entrance angle tested, 
namely, w = 10 deg. A smaller inlet angle might have shown a 
slight additional improvement in efficiency. However, tests at 
smaller angles were not attempted because an increase in length of 
the apparatus would have been necessary, and the resultant in- 
crease in frictional area would probably have offset the gain ob- 
tained by the smaller wedge angles. 
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Appendix 


All calculations used in this report were based upon a one- 
dimensional analysis of the flow. The velocity and pressure were 
assumed to be uniform across any cross section in the tube. The 
‘nergy, momentum, and continuity equations were used to ob- 
tain the state of the fluid from pressure measurements made at 


* Measurements of Diffuser Efficiency of Supersonic Pressure 
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the walls of the tube. Air was assumed to be a perfect gas 
with k = 1.400and R = 53.35 ft/deg F. 
The pressure rise across a transverse shock was computed 


from the foliowing equations 
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and the definition of Mach sensor into Reuntion [3], we obtain 


The calculations for the minimum diffuser throat area for start- 
ing were made assuming an isentropic expansion to M = | after 
a shock at the entrance to the diffuser. The contraction ratio 
a;/a’ can be found from the stagnation pressure after the s! 


by means of the usual isentropic flow equations 


1 b-1 
P20 Po 


where zo is the stagnation pressure after the shock and ps, 
pressure obtained if the fluid after the shock is accelerat 
0.255804 


versibly toM = Since k equals 1.400 
P20 Po 


The pressure re ratio and efficiency for the minimum-thro: 
fuser were calculated by assuming an isentropic compr 
from conditions before the diffuser to the diffuser throat, fol 
by a transverse shock at that point and a reversible subsor 
diffuser after the shock. For the theoretical calculations, the 
velocity was assumed to be zero. In the actual cases the k 
energy at the exit was between 0.5 to 1.2 per cent of the 


aby, 


2 1 gkRT, 
W 
I,’ 
This is illustrated in Fig. 11. | 
5 H } 4 


Vibrational characteristics of elastic bodies are altered M/a = MI,/I the new moment which can be obtained by modi-— 
by discontinuities in stiffness resulting from narrow fying the original loading. 
grooves or cracks. This paper presents a theoretical This concept can be extended to vibration problems where 
method for determining the effect of such discontinuities the change in stiffness is due to a narrow slot of width c a distance 
on the flexural, longitudinal, and torsional vibration of 


slender bars. 
= 


The following nomenclature is used in the paper: a 


N@ivation of Slender Bars With 


Discontinuities in Stiffness 


By W. T. THOMSON,'? MADISON, WIS. 


a from one end of the bar, as shown in Fig. 1(a), 


NOMENCLATURE 


A = cross-sectional area a 
A’ = reduced cross-sectional area 7 
I, = moment of inertia in bending a 
I,’ = reduced moment of inertia ; 
I, = polar moment of inertia 
I,’ = reduced polar moment ofinertia 
d 0 p 
E = modulus of elasticity 
G = shear modulus ofelasticity LLL LA (c) 
p = density, lb/unit volume s | 
U = longitudinal strain <7 (a) 
y = flexural displacement 
M, = moment ata Fia. 1 Mopirrep Loaps FOR AN Bourvatanr Unirorm Bar 
P, = axial force ata ; FLEexuRE, TENSION, AND TORSION 
T, = torque ata 
Letting A, Io, and I be, respectively, the cross-sectional area, hs 
and moment of inertia in bending and torsion with correspond-— 
= Lap oh s ye oo ing primed symbols for the reduced section, the slotted bar can — 
Bp = (= ) (= ) (=) be replaced by a uniform bar w ith the following modified loads as a 
El,/ \Eg/ shown in Fig.1(6, c, and d): 
length of bar Flexural vibration 
m = mass per unit length of beam 1 abe 
he 
Hetényi? has shown that the statical deflection of beams of ras BAL i ls 
varying cross section can be determined by considering the beam : Pe a= 


to be uniform with a modified load. The fundamental equation 
forsuch problems can be written as Longitudinal vibration 


(1 


- where Ely i is the stiffness of the equivalent uniform beam, and 
' Associate Professor of Mechanics, University of Wisconsin. 
*“Deflection of Beams of Varying Cross Section,” by M. Hetenyi, 

Journal or AppLiep Mecuanics, Trans. ASME, vol. 59, 1937, p. 
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— as individual expressions of their authors and not those 


Actually, this simple concept is an iaiaibiitian os ina much 
of the material adjacent to the slot is ineffective in carrying the 


ety. Paper No. 48—A-17. load, and just how the equivalent slot varies with the width and 


0 
Bs 
if- 
on 
ed 
tic 
ial 
a is 
: 
= 


depth of cut must be established by experimentation. Kirmser,’ Its transform can be obtained by substituting the transform of 


using @ static curve and Rayleigh’s method, has found for the each term in the foregoing relation and using L’ Hospital’s rule El 
flexural problem that the computed natural frequencies of ee ‘ait meters 
beam with a slot at mid-span agreed with the experimental values —as 
rte Lu,(z — a) = lim =e 
when an equivalent slot width of 5 times the actual width was c—>0 cs 
used. However, even a casual inspection of the problem would Pree a 
indicate that, in general, such a simple relationship could not Unit Doublet. The unit doublet ua(z — a) shown in Fig. 4 wh 
exist as the amount of ineffective material adjacent to the slot _ en. ‘at 
must vary with the depth of the slot, with the width of the slot 1 ajc  , * uo 
The operational method based on Laplace transformations 
offers a convenient approach to problems with concentrated 
forces and moments, and hence some basic concepts of the 
The Laplace transform F(s) of a function f(z) ‘is define des ake Evs 
lows 4 aL RePRESENTATION oF a Unrr Dovunt 
F(s) = £f(2) = de. is obtained from the limit 
. u(x —a) — 2u(x —a —c) + u(x —a — 2 
Of particular interest to this problem are the transforms of the «a(t — a) = lim = 
following types of functions: elite and 
Unit Function. The unit function u(z — a) is the basic build- 
ing block for other functions. ‘As shown in Fig. 2, it is equal For determining its transform, we use the same procedure as fo y= 
the unit impulse, the indeterminate form after two applicatior 
of L’Hospital’s rule becoming ( 
—a) = lim = ™ 
ee 
Tue SraticaL PROBLEM 
Fig. 2. GrapHicaL REPRESENTATION OF A Unit FUNCTION Consider the problem of determining the statical deflection with 
: of the beam in Fig. 5, with a crack at a distance a from the left secoe 
to,unity for x greater than a and zero everywhere else. The ond. The beam can be treated as a uniform beam with a positive will } 
Laplace transform for such a function is doublet M’u,(z — a) and a negative doublet —M’u,(z — a vides 
a e~* lem. 
—a) = 0-e~ ** dx + l-e~* dr = of loa 
Unit Impulse. The unit impulse ui(z — a), shown in Fig. 3, ‘ 
where 
Sul 
i 
| ' ' Where 
| strain 
sidera 
defined by the following limit Fie.5 Beam Wits Repucep to Unirorm Beam WitH 
y B Mopiriep Loap We 
u(x — a) — u(x —a— ce) crac] 
u(s — 4) = [7] a8 the modified loading. The differential equation for the los or tho 
ing can then be written as 
with the added restriction that 
El,— = — Q[u,(z — 6) + —1 + b)] + 4) 
— a) dz = 1 dr lee 
0 — ing 


uF *“The Effect of Discontinuities on the Natural Frequency of . 
- Beams,” by P. G. Kirmser, Proceedings of the ASTM, vol. 44, 1064, Letting Y be the Laplace transform of y, the transformed equ 
p. 897. tion becomes 


— 
f 
3 
: 
sre 
4 
iss 
> 4 


0 —bs —(l—b)e 
8 s* 


e—(ate)s 


where y(0) and y’’(0), representing the deflection and moment 
. atz = 0, are zero. Taking the inverse transformation of Equa- 
tion [12], we obtain 


3 
Ely = ETo | ve + y’’"(0) (x — 6)? u(x — 6) 


M’ 
+ —1 + 6)? u(x —1 + + — a) 


—(z —a —c)u(z —a—oc)]........ [13] 


Evaluating y'(0) and y’’’(0) from the boundary conditions y(l) = 
(3) 0 


Elyy’*’ (0) Q 


M’' 
Eloy’ (0) b(l — 6) — [2e(l — a) — c*] | [14] 


and the final equation for the deflection becomes 


Q 


y= — 


(z — a)? — a) 


The first part of Equation [15] is the deflection of the beam 
without the crack, and it will depend on the type of loading. The 
second part represents the contribution due to the crack, and it 
will have the same form regardless of the type of loading, pro- 
vided the boundary conditions are thé same as that of this prob- 
lem. Thus the statical deflection of the beam for any type 
of loading can be written as 


where y, is given by the second part of Equation [15]. 
Substitution of Equation [16] into the expression for the strain 
energy, results in the relation 


1 
0 


where the second part is the contribution of the crack to the total 
strain energy of the beam. This relation can also be obtained by 


inspection of the M/(EI) diagram and the moment-area con- 
sideration. 


VIBRATION OF Beams Witu a Crack 


We will consider here the vibration of the free-free beam with 
&crack at a distance a from one end. The differential equation 
for the loading then becomes 


El, 
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the transform of this equation is 
M ] k y(0) + sty 19) 


where y’’(0) = y’’’(0) = 0. Applying the inverse transforma- 
tion, we obtain the deflection equation 


tleosh — a) — cos 8 (2 — a)]u(e — a) — 


[cosh B(x — a — c) u(t —a—c)} 


-feosh Bx + cos Bz] —— sinh Bx + sin Bz). 


Letting y(0) = 1, and eliminating y’(0) from the two equations 
resulting from the boundary conditions y’’(l) = y’’’() = 0, we 
obtain the frequency equation 


{cosh gl cos Bl — 1] = {{cosh 8(1 — a) — cosh 8 


(l — a — cc) + cos — a) — cos B (l — a — c)] [cosh Bl 
— cos + [sinh (l — a —c) — sinh + sing 
(l — a) — sing(l — a — c)] [sinh Bl — singl} 


: 
28°ET, 


[21] 
Substituting 
M’ = M, (. 1) 
= 
M, 1 /d 
= \ dz? /z =a 
and assuming c to be small, the frequency equation can be sim- aa : 
plified to the final form 
1/1 
[cosh cos — 1] = 4 (Z —1 (sl) [cosh Ba 
a 


inh in 
cos Ba] — + = ] [sinh 8a —sin Ba] 


X {{sinh — a) — sin — a)][cosh Bl — cos 
+ [— cosh — a) + cos 8 — a)}[sinh sl — sin 


Equation [22] is a function of three dimensionless parameters, 
namely, 8l, 8a, and [(1/a) — 1](c/l). The depth and width of 
the slot is described by the quantity [(1/a) — 1](c/l), while its a 
position along the beam is specified by 8a. 

Equation [22] must reduce to the frequency equation for a 
uniform beam, cosh 6! cos sl — 1 
is reduced to zero. Examination of the equation shows that this 
condition is satisfied when 


cos pl 


ec = 0 (width of slot = 0) e 
a = 1 (depth of slot = 0) 7 
a = 0, orl (position of slot is at either end of beam) 7 


@ 


Numerical computations for a slot at mid-span (a = 1/2) were in 


‘carried out and each side of Equation [22] was plotted as func- his 


tion of sl in Fig. 6 for various values of the slot parameter — 
[(1/a) — i](c/l). Since this quantity appears only as a factor —— 
in the right side of the frequency equation, the variation in the %. 
slot dimensions for any given position a can be obtained from a 


single curve with different values of the multiplier [(1/a) — __ 


1} (c/l). 
Examination of Fig. 6 indicates that minute cracks in beams 


= 0, when the 


Pate 
= 
= 
ve 
M.2 
a 
oad: 
{11} 


[Right side of Eh 22 


( Cosh @l Cogat+ 1) \ \ 


Fig. 6 VIBRATION: PLoT oF FREQUENCY Equation [22] 
FOR a = 1/2, AND VARYING VALUES OF THE SLOT PARAMETER [(1/a@) 


—1)(c/l) 


have only a small influence on the natural frequencies. 
deeper slots, the quantity : 


(5-1) 


incre neces quite rapidly and the change in the natural frequency 
due to a change in the slot dimensions becomes considerably 
larger. For higher modes, the trigonometric terms become 
negligible compared to the hyperbolic terms and 


cosh sl & sinh = 


3 
The right side of Equation [22] then approaches zero while the 
curve for the left side is nearly vertical. It is evident then that 
the effect of the slot on higher modes is negligible. 


& LONGITUDINAL AND TORSIONAL VIBRATION OF Bars 


For the longitudinal vibration of a bar with a narrow slot of 
width c, a distance a from one end, the equivalent uniform bar 
must be loaded with axial loads 


at z = aandz =a+ec. Assuming harmonic motion, the dif- 
ferential equation for this case becomes 


where the concentrated loads are represented by the unit impulse. 
The transform of Equation [23] is 


e~@ +c)s sU(0) 


U'(0) 
s? + 6? 
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where 


Performing the inverse transformation, we obtain the following 
equation 


AEB [sin B(2 — a)u(z — a) — sin B (x —a—c) u 


U(z) = — 


j 


—= sin Az.... 


(x —a—c)] + U(O) cos Br + 


For a free-free bar U’(0) = U’(l) = 0, and letting U(0) = 1, 
the frequency equation from the second boundary conditions 


AEB [cos B, (l — a) — cos Bil 


becomes 


Since P, is the axial tension just to the left of the crack, we 
) = AEB sin Ba....... 
z=a 


Substituting Equation [27] in [26], and assuming c to be s 
the final form of the frequency equation becomes 


sin pl = (: (sl) sin Ba sin B(l — a)... . [28 
For 


Equation [28] also reduces to that of the uniform rod, whe 
slot dimensions approach zero, or when its position appro: 
either end of the rod. If.the depth of cut is extended complet 
through the rod, 1/a = ©, and we obtain the frequency ¢ 
tion sin Ba = 0 and sin B(l — a) = 0, corresponding to the | 
ral modes of the two severed rods. 

Numerical computations from Equation [28] are again carr 
out for a slot at mid-length (a = 1/2), and the plotted curve i1 
Fig. 7 shows that the natural frequencies are lowered by the slot 
as expected. Modes of vibration with a node at the center are 
course not affected by the slot at a = 1/2. Unlike the flexura 
case, the influence of the slot on the higher modes is*greater that 
for the lower modes. F 


% 2 
0.10 Bl Sin’ Ble 
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Fic. 7 LONGITUDINAL oR TorsIONAL VisRATION: oF FRE 
quency Equation [28] ror a = 1/2, anp PARAMETER {(1/a) 
—1)(c/l) = 0.10 
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Since the differential equation for the torsional vibration is the 
same as that of the longitudinal vibration, Equation [28] also 
applies for the torsional case with free ends provided 


B (2 ) j 

CONCLUSION 


A procedure is developed for the determination of the vibra- 
tional characteristics of slender bars with discontinuities in 


whe 
VE 


stiffness due to a narrow slot or crack. Interpretation of the re- 
sults is illustrated by the numerical computation of the natural 
frequencies for a speciat case of a = 1/2. No attempt is made 

to determine the equivalent slot accounting for the ineffective _ 
material adjacent to the slot. This the author believes can be 
carried out experimentally by vibrating bars in flexure, torsion, — 
and longitudinally with various width and depth of slot at vari-— 
ous positions a along the beam. It would also be of interest to 
obtain the same reduction in cross section by different means 


such as drilling holes instead of cutting — apeddahe’, 


— 

| 


of Tension Creep Tests With Tests 


This paper shows that analytical solutions to the bolt 
relaxation problem, based upon empirical creep-data 
equations may be obtained by direct substitution, rather 
than by differentiation and integration, as was done by 
Soderberg, Popov, and Housner. altos 


N order to predict relaxation rates from tension creep data, 
Soderberg? has presented the following analysis of the prob- 
lem: The bolt is assumed to be originally tightened on rigid 

flanges, so that 


* 


. (1) 


where e* is the initial elastic strain. The elastic strain at any 


time ¢,, is given by 


where E, the elastic modulus, is assumed constant. The plastic 
strain ¢,, is assumed from creep data to be a continuous function 
of stress o, and of time ¢, of the form 


but which is handled as a single variable. 
Equation [1] is differentiated to give 


Equations [2] and [3] are then differentiated at substituted 
into Equation [5], giving 
e7/81 | 
1 + Te?/* 
1 Division Engineer, Process Division, Research and Development 
Department, Elliott Company. Mem. ASME. 


2 “The Interpretation of Creep Tests for Machine Design,” by C. 
R. Soderberg, Trans. ASME, vol. 58, 1936, pp. 733-743. 


de = 


. [6] 


By IRVING ROBERTS,' JEANNETTE, PA. 


isnot 


Soderberg states that this differential equation cannot be 
tegrated readily, and numerical integration is suggested. 

In a recent paper,’ Popov has made a thorough comparis 
the methods which have been proposed for solution of th: 
laxation problem, including not only Soderberg’s analy 
method, but also arithmetical and graphical methods based up 
various assumptions, notably that of strain-hardening. | 
using Soderberg’s method, Popov also states that Equation {6 
cannot be integrated readily, and he uses numerical integrati 
for his comparison. It is of interest that the numerical integ: 
tion of Equation [6] is found to be in good agreement with the 
results given by the strain-hardening method. 

In his discussion of the Popov paper, Housner* states th: 
has integrated Equation [6] obtaining 


T = 


where go is the stress at 7’ = 0. Housner also integrates : 
ferential equation given by Popov for the case of relaxation \ 
elastic follow-up. 

The author wishes to point out that it is not necessary to pro- 
ceed through differentiation and integration to obtain a solutio 
to this problem. Since both e, and ¢, are assumed to be continv- 
ous functions of o and ¢ (or 7’), Equations [2] and [3] may | 
substituted directly into Equation [1], giving 


31 
— 
E ( 


1) T = e* 


Remembering that 


Equation [7] is obtained directly. The other solutions given by 
Housner may be obtained also by simple substitution in the same 
manner. 

With this simplification, it is possible that Soderberg’s analyt- 
cal method may find wider application in the solution of problems 
of a similar nature. 


“Correlation of Tension Creep Tests With Relaxation Tests. 
by E. P. Popov, JournaL or Mecuanics, Trans. ASM} 
vol. 69, 1947, p. A-135. 

4 Ibid., discussion by G. W. Housner, p. A-352 
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on the Bending of 


Plates of Variable Thickness 


In a recent paper’ a solution was given to the problem of 
a symmetrically loaded circular plate with a central hole, 
the thickness of the plate at any section being proportional 
to the distance of the section from the center of the plate. 
A very simple solution can be obtained for another varia- 
tion of thickness of which the foregoing is a special case. 


N this problem, making the usual assumptions, the differential 
equation to be solved is 
d ( 


r\dr r 


where D is the flexural rigidity, ¢ the slope of the middle surface 
at radius r, and Q is the shearing force per unit circumferential 
length of plate. Many variations of thickness can be represented 
approximately in the form D Dor™ where Do and m are con- 
stants. Using this variation of flexural rigidity, Equation [1] 
becomes 


dp 


dr 


1D 
au 


d 


do 
—— 1) 
dr? dr 


Q 


r 
Dor™-? 


—(l— = — {2] 
For a load P uniformly distributed around a central hole, this 
equation becomes 

dg 


r ” ) — 
dr? 4 dr 


nviod = 


[3] 


(1 — ») 


the general solution of which is 


2a—m la 
” 


+m 


= Ar 2 [4] 


where 4a? = 4—- 4my + m*. The constants A and B are then 
obtained from the boundary conditions in the usual manner, and 
the stresses and deflections found. 

As an example, the case of a plate with the external edge 
clamped and supported and the internal edge clamped, may be 
considered. Denoting by a and b the external and internal radii, 
respectively, the constants A and B are 


—Pa'te 


~ — ») 


' Professor of Mechanics, Cornell University. Jun. ASME. 
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lar 


where 2p = 2a + m, 2g = 2a— m,andn = a/b. 
Hence 


P 
= r 
2rDom(1 — ) 


~ — 1) 


[pa** + qr=* (nP-! — 


dp 
dr 2xrDem(1 — v) 


(1 — 


The bending moments calculated from the well-known equa- 
tions 


are then given by 


P J 


M, = 


-m +p + 


— 1) 


2a)\).> 


— — 1) + (gq + — n 


(5) 


P 


2rm(1 — v) 


l 
(n2@ —1) 


The positions of the maximum stresses calculated by the use of 
Equations [5] will vary with the value of the constant m and are 
best found by graphical methods. 

For a linear variation of thickness, m = 3. 
Poisson’s ratio is '/;, Equation [5] becomes 


+ 1)(8a — Snr) — r(5a? + n?r?) 
a*r(n? +n + 1) 


Me = — mv +v+ 
ra 


+ 1) a?@ — 1) + (vg — (ne! — 


Assuming that 


f 2a*(n + 1)(3a + 2nr) + r(4a? + 3n?r?) 
127 a’r (n? + n + 1) 


M, = 


Me = 


(6) 


Integrating Equation [4] and finding the new constant of in- 
tegration from the condition of zero deflection at the outer edge 
of the plate, the maximum deflection is 


Pa?-™ 
2xDom(1 — ») 

q+1 


Placing m = 3 in this equation and assuming that Poisson’s ratio 


— } 


m—2 


= 


p—l1 


is 
dr r tes 
Ve = v( + 4 
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is '/; and that the thickness at the outer edge is H, the maximum do 


r? + (m+ 1)r dr —(1— m)¢ = 


deflection is 


4Pa? (n — The general solution of this equation is 
Wmax n? + + 65600668 2a—m (** 4 *) W 
= Ar 2 B 2 
2Dor™—! is — 3m + m 


For the « case of a plate: subjected to a uniformly distributed load 


= rdr 
r b wrd * aed welt The expressions are seen to be rather cumbersome, and there is 
no particular value in obtaining expressions for the deflections 


and Equation [1] becomes andstresses with otherboundaryconditions. = 1 
infi 
| 
»« 
T 
F 
dieu 
Fig 
Scie: 
vol. 
ers,” 
Gerr 
j 


. 
| 
ad 


Stresses and Displacements in a Semi-Infinite | 


Elastic Body With Parabolic Cross Section 
Acted on by Its Own Weight Only 


By R. J. HANK! ano F. H. SCRIVNER,? AUSTIN, TEXAS 


ips 


The earlier solution for the stress distribution in a semi- 
infinite elastic wedge is compared with the solution for a 
Displacement diagrams 
for two extreme values of Poisson’s ratio are given for the 


x 1898, Levy,’ and in 1912, Fillunger‘* published the solution 


cross section of parabolic shape. 


parabolic sect ion. 


for the stress distribution in a semi-infinite elastic wedge. 
The solution was discussed at length by Terzaghi.® 
The present solution is similar to the wedge solution but applies 
tocross sections of parabolic shape. 7 


Fig. 1 represents the cross section of the body, taken perpen- 
dicular to the z-axis. All cross sections taken from z = 
z= +o are assumed identical, and the problem of stress deter- 


STATEMENT OF THE PROBLEM 


—o to 


Fig. 1 


“ 


Semi-INFinirs Bopy WitH BounDARY EQUATION, y = az? 


mination is one of plane deformation. Gravity acts in the posi- 
tive direction of the y-axis, and no other forces act on the body. 
The equation of the boundary is 


where a is an arbitrary constant. 
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Tue Stress 

Employing the methods outlined by Timoshenko,® it can be 

shown that the boundary and all other conditions required by 

the theory of elasticity are satisfied if the Airy stress function 
@¢, is taken in the form 


where w = weight per unit of volume of the material. 


STREssS AND DISPLACEMENT EQUATIONS 


The components of stress corresponding to Equation [2] are — 


= 


and the associated displacements are 


—w(1 + 1) E — ») | 
3E 2a 
where 


= horizontal normal stress 
= vertical normal stress 


= shear stress in rz- and yz-planes 
= displacement paralleltothez-axis == 


displacement parallel to the y-axis 


= Poisson’s ratio 
DISPLACEMENTS AT CERTAIN LOCATIONS WITHIN Cross SECTION 


= Young’s modulus 


Equations [4] lead to the following conclusions: 


1 A plane surface containing points of zero horizontal dis- 
placement passes through the body. Its equation is 


Horizontal lines located above this plane are shortened; those 
below it are lengthened. 
2 A curved closed surface, containing points of zero vertical 


¢**Theory of Elasticity,’’ by S. Timoshenko, McGraw-Hill Book 
Company, Inc., New York, N. Y., and London, first edition, 1934, 
pp. 12-51. 
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displacement, lies within the upper portion of the body. It is 
given by 

ut — (1 — u*)z* [6] 


All points enclosed by this surface move downward during de- 
formation. All points outside the surface move upward. 

3 A plane surface of zero vertical strain passes through the 
body. Its equation is 


Vertical lines above this plane are elongated; below it, they are 
shortened. It can be seen by comparing Equation [7] with Equa- 
tion [5] that the planes represented by these two equations coin- 
cide when Poisson’s ratio is !/2. 

For Poisson’s ratio » = 0, surface, Equation [6], becomes 
imaginary; surface, Equation [7], ceases to exist; and surface, 
Equation [5], exists only at an infinite distance below the ori- 
gin. 


DISPLACEMENT DIAGRAMS 


Fig. 2 illustrates the displacements in the upper portion of the 
body when the value of Poisson’s ratio is 1/2. The length of each 


~ ° 10 20 30 40 50 60 70 be concluded that the conditions necessary for the existence of 
horizontal elastic foundation are absent. 
10 and according to the princi- 
:.. ae ple of Saint Venant, it may 
20 be concluded that the solu- 
. 
tion could be legitimately 
- applied only to a limited re- 
= : a gion in a cross section having 
40 The same restriction of course 
ge / applies to the solution for 
/ / = the triangular cross section, fy¢.4 Bopy Witt 
Fig. 4. Bounpary Equation, y = + at 
Comparison SoLution ror Exastic WEDGE 
Y 
Tun. 2: The similarity of the foregoing solution to that for the elastic 


(OBC is surface of zero vertical displacement; 
zontal displacement and zero vertical strain.) 


Fic. 3 DiIsPLACEMENTS FOR Porsson’s Ratio = 0 


DE is surface of zeroZhori- 
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arrow in the figure is proportional to the magnitude of the dis- 
placement of a point located at the feather of the arrow, while 
the direction of the arrow is the direction of the displacement. 

Fig. 3 shows displacements when Poisson’s ratio is zero. 

For both figures, the factor w/F, in the displacement Equa- 
tions [4], was set equal to 0.004, while the constant a, in the 
boundary equation was assigned a value of 0.01. Thus the 
differences in magnitude and direction of arrows, representing 
corresponding points in the two diagrams, result solely from the 
differences in the assigned values of Poisson’s ratio. 


APPLICATION—CONDITIONS AT FOUNDATION R. 


Conditions at a rough rigid boundary, parallel to the x2-plane, 
would require that (0v)/(O0x) = 0 and that u = 0 for all points on 
this boundary. From the second of Equations [4] 


From Equation [5] 


Equation [8] precludes the existence of the exact conditions 
necessary for a rigid boundary, as might have been expected. 
Also, from the principle of the uniqueness of the solution, it may 


wedge may be seen by comparing Equations [2] and [3] with the 
_ following equations which apply to the wedge, Fig. 4 
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Vibration of a Cantilever Beam 
With Prescribed End Motion’ 


R. V. Cuurcuiti.2. The author presents an interesting and 
accurate analysis of the transverse forces occurring at the mova- 
ble end of a cantilever beam when that end is made to move in 
certain prescribed ways. The three types of end motions which 
are considered are simple ones related to physical applications. 
His examination of conditions under which the end force under- 
goes a reversal in sign is especially pertinent. The details of his 
mathematical analysis are presented clearly and concisely. 
Readers not familiar with the modern form of Heaviside’s opera- 
tional calculus will need to do some collateral reading to follow 
the steps; but, to some degree, this situation is bound to be un- 
avoidable. The assumption in problem D that 2 #/d ¥ q,? was 
not explicitly pointed out. In case 2x/d is equal to one of the 
numbers q,, & new type of term is involved in the series which 
represents the end force; but this special case seems to have no 
very great significance. 


AUTHOR'S CLOSURE 
Professor Churchill’s comments are appreciated. In problem 
D, the inequality to which he refers is indeed necessary for the 
solution as presented. However, the values of d for which the 


2x 
curves of Fig. 8 are plotted are such that q < qm so that the 


inequality is satisfied. 


Centrifugal and Thermal Stresses 

in Rotating Disks’ 
BuckLANp.2. The method described in this 

aper seems to be a handy scheme for calculating stresses, but 

ertain parts of the paper need to be clarified. 

In the introduction it is stated that the radial temperature 

pradient may be expressed as kr®. Radial temperature distribu- 

ion is what is meant. 


FLorence F., 


The nomenclature lacks several important symbols, including 
andt. Also ¢ is used for temperature as well. Y and Z do not 
heed to be included, except for saying Y, Z, M, F, h, p, w, and y 
redefined where they occur. 

| The tabular form sheet starts with 25,000 psi radial rim stress 
hich may be assumed to mean only two significant figures. 
he numerical operations performed end up with five and six 
ignificant figures. 


This is an example of the unnecessary pre- 


ision of « calculating machine giving results which are by no 


eans jus ified by the primary data. 
It would be helpful to know the constants in the equation for 
mperature distribution given in Fig. 3. 


‘By G. A. Nothmann, published in the December, 1948, issue of 
or Apptiep Mecuanics, Trans. ASME, vol. 70, pp. 327- 

' By W. R. Leopold, published in the December, 1948, issue of the 
PuRNA'L OF APPLIED Mecuanics, Trans. ASME, vol. 70, pp. 322-326. 
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Discussion « 


R. A. Srrus.* The method or calculating thermal stresses im 
disks presented in this paper has the advantage of being simple — 
but is limited to a given type of temperature distributions. How- 
ever, this limitation is wide enough to permit the calculatign of 
thermal stresses in most cases encountered in turbine disks. A 
generalization can, however, be reached if the temperature gra- 
dient of each elementary ring is taken as a constant. The radial 
temperature distribution in the disk can then be split up into 
elements of straight lines. The true temperature distribution is 
thus approximated by a polygonal line. When proceeding thus, 
the functions Y and Z will have a discontinuity each time the 
temperature gradient changes. The graphical method for the 
computation of s and t developed by R. Grammel can still be 
used, and the condition Ac, = » Ac, remains unchanged. 

Such a procedure will give a sufficiently accurate result for the 
field of thermal stress due to any temperature distribution. 

A somewhat similar method can be used in introducing the 
radial and tangential thermal stresses due to a constant gradient 
of temperature, and for the following boundary condition at the 
inner radius of each elementary ring ¢, = 0; o, = 0. The corre- 
sponding stresses at any radius of the elementary ring are given by 


in which p is the ratio of any radius to the inner radius of an ele- 7 
mentary ring and f the temperature at the inner radius, the ele- 
mentary distribution of temperature being given by ¢ = fp. 
The method described by R. Grammel for centrifugal forces only 
can be used for determining s and ¢ and the stresses given by the 
foregoing relations are added at the outer diameter of the ele- 
mentary ring. The boundary conditions at the inner diameter 
are unaffected. 

A somewhat similar method has been developed by the writer 
in an unpublished work, ‘A General Method of Calculating Me- 
chanical and Thermal Stresses in Disks and Tubes.” The method | 
is semigraphical and makes use of elements consisting of conical _ 
convergent and divergent disks and introduces the variation of 
the modulus of elasticity and of the coefficient of linear thermal 
expansion with temperature. 


J.T. Wana.‘ This is a brilliant paper except that a revision 
is necessary in the viewpoint of the distribution of temperatures = 


the axis of the disk, the differential equation of temperature dis- 
tribution symmetrical with respect to the axis is 


o% 


The solution of the differential equation is 


[(t, — t,) log r — (te log a — t, log b)] 


log - 
a 


t= 


3 Research Mechanical Engineer, E. I. du Pont de Nemours & © 
Company, Inc., Belle Works, W. Va. > Ph 
4 Professor of Machine Design, University of Chekiang, China; = = © 

Visiting Consulting Engineer, Allis-Chalmers Manufacturing Com- ian, 
pany, Milwaukee, Wis. 
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TABLE 1 
3 1 7 8 a 
Sect. r Siwty? Bw?r- Z 
1 12.5 156 6.41 35100 20200 0  —83800 
11 121 8.26 27200 15700 4080  —27800 
9 81 12.35 18250 10500 10100 17850 
7 49 20.4 11000 6350 16200 — 3980 
4.5 20.25 49.4 4550 2620 20000 27400 . 
2.75 7.58 132 1705 983 0 87000 a 


By using this expression of temperature instead of t = t, + kr® as 
proposed by the author, we have, instead of his expressions of Y 
and Z, the new expressions 


a\? a\? b 


2 log - 1—{- 
a b 
{a\2 2 
E (t ) log b log at+ log 4 
Z=— (logr +1 


2 
a b 


By this rational method, the results of analysis of the same prob- 
lem illustrated at the end of the paper is shown in Table 1 
herewith. Comparing it with the author’s original solution, the 
difference in the maximum stress is about 25 per cent. The 
representation of the temperature gradient by the author’s for- 
mula is, in fact, impossible. A better form of the equationis t = 
t, + K(r—vr,)". Nevertheless, the rational formula is no more 
complicated than the empirical. The use of the latter is there- 
fore not justified particularly with the view that the values of n 
and k will vary with each particular case. The rational formula 
will give a completely determined temperature gradient as soon 
as the boundary temperatures are known. aa 

In the preparation of this paper, the terms “gradient’”’ and 
“distribution” were both considered for the expression kr*. Both 
appeared correct from dictionary definitions, but the term 
gradient was chosen since it seemed to connote more accurately 
the author’s intended significance of the expression. Inasmuch 
as the choice of words does not affect the meaning or the method 
proposed in the paper, the choice remains with the reader. Since 
the temperature curve in the sample calculation was an arbitrary 
assumption for purposes of illustration, the values of the con- 
stants were not given. Any one of several well-known methods of 
determining such constants will show that n = 5 and k = 
0.001805. 

The author agrees with the assumptions that Mr. R. A. Strub 
suggests. However, it is believed that the method proposed in 
the paper is more accurate without the addition of serious com- 
plication of computations, especially in the case of a rapidly 
changing temperature curve. The method proposed by the 
author is limited to temperature curves which continually in- 
crease or decrease for exact analysis. However, in the case of 
rotating disks, this type of temperature curve is a generalized 
case rather than a limited one. If however, a temperature curve 
which does not continually increase or decrease is encountered, 
several fairly accurate methods are available which transform 
these curves to the type of expression used by the author. The 
resulting expression is of course approximate, although a high 
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10 11 12 13 14 15 lt 
— Ay 
u + Ay or As o 710 or 
25000 6900 6560 25000 
0 2000 
0.200 36980 7400 2220 16600 17320 940785 
— 290 2290 
—~0.167 60640 — 10100 $0380 32680 30660 55740 
— 987 2913 
—0.250 64117 — 16000 4800 47473 44340 56430 
— 2063 4107 
—0,.200 51195 — 10240 3072 84925 81900 = 47000 
— 5720 8520 
— 2716 169600 166150 0 
— 15810 20110 


degree of accuracy still exists. This type of transformation al- 
lows the method proposed to be used in almost any problem en- 
countered. 

The comments of Professor Wang are interesting, although 
quite misleading. The differential equation proposed by Pro- 
fessor Wang is obtained by neglecting several terms from the 
following differential equation 


oT or? r? Or r2 
where 
T = time 7s 
Z = axial axis a 7 


@ = angular displacement of a point on disk 


Since a steady-state condition is assumed of/07' = 0. Further 
since the disk is subjected to a uniform temperature distributior 
circumferentially 


= (0 


However, by neglecting the term 0*/0Z?, Professor Wang as 
sumes that no heat transfer takes place through the sides of 
disk, which of course makes his expression very limited in ay 
tion. The method proposed by the author assumes that tr 

can exist through the sides of the disk, but assumes that 

the axial dimension is small, the stress resulting from a gr 

in that direction is negligible. 

The author has taken the liberty of plotting the tempe 
gradient obtained from the equation proposed by Pr 
Wang. Fig. 1 of this closure shows the resulting tempe 
curve, as well as the one used by the author in the sample pri 
The difference between the two curves results in the 25 pe 
increase in maximum stress as reported by Professor Wang. Th 
versatility of the method proposed by the author is again illus 
trated since, by using a value of n = 0.156, k = 1730, Professor 
Wang’s curve is duplicated, and the stresses Professor Wang 
predicts with his temperature-curve result. 

In defining temperature gradient in the paper, the gradient was 
stated to exist from the absolute center of the disk to the rim an¢ 


PROFESSOR WANG'S ASSUMPTION 
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hence the equation t = ¢; + kr" does exist. 


Since the tempera- 
ture gradients in a disk with a central hole have a small change of 
slope at the hole, the error introduced by neglecting the r, term 
proposed by Professor Wang is negligible. 

It is evident from Professor Wang’s comments that the fact of 
this method’s, being general for any temperature gradient actually 
existing in the disk was not clearly presented. These various 
gradients can exist from heat transfer through the sides of the 
disk, various types of cooling, predictions from previously meas- 
ured data or calculated by other means. For these reasons, a 
theoretical expression as suggested by Professor Wang was not 
used as it is too limited in scope. It is hoped that the foregoing 
has clarified this point. 


Stress-Strain Laws of the Mathe- 
matical Theory of Plasticity— 
A Survey of Recent Progress’ 


R. Hitu.2. The author has given a comprehensive and ad- 
mirably lucid survey of the stress-strain relations which have been 
suggested by various writers for a plastically deforming metal. 
As he has mentioned, there are, broadly speaking, two main 


types of stress-strain relations, which have been designated by, 


Ilyushin flow and deformation theories, respectively. It would 
be preferable to speak rather of differential and finite strain 
theories, since ‘“‘flow’’ has a special significance in metal physics, 
connoting deformation brought about by thermal activation 
under constant external stress. It appears inappropriate to ap- 
ply it to describe a theory for a work-hardening metal in which 
plastic deformation under constant stress is not possible, and 
where the element of time is absent. 

In the differential-strain theory (typified by the Reuss equa- 
tions) the ratios of the components of the plastic-strain increment 
(or velocity strain) are directly related to the ratios of the com- 
ponents of the current stress, while the increment of stress enters 
only in determining the magnitude of the strain increment 
(through the rate of work-hardening). The differential relations 
between the plastic-strain increment, stress, and stress increment 
are nonintegrable, and there is no unique relation between the 
current stress and the total strain (which may be of any magni- 
tude). In the finite-strain theory, typified by the Hencky equa- 
tions, the total strain (always assumed small and defined as in 
elasticity) is directly related to the current stress. The finite 
strain theories, in their present form, are not applicable to prob- 
lems where the strains are large, for example, in most mechanical 
working processes. 

It is easy to see that a finite-strain law is inappropriate for 
representing the observed behavior of a metal. Suppose an ele- 
ment of metal has been plastically deformed in some way, and 
then unloaded. If the element is now reloaded, under a differ- 
ent system of combined stresses, until it is again on the point of 
Yielding, the change in strain during the unloading and reload- 
ing is purely elastic (secondary effects such as the hysteresis loop 
are disregarded in present theories). However, according to the 
finite-strain theory, a different plastic state of stress implies a 
different state of plastic strain. Consequently the finite-strain 
theory is not in agreement with observation. 

The author refers to a similar objection raised by Handelman, 
Lin, and Prager with regard to neutral changes of stress, where 
the stress is changed in such a way that the element is kept just 
on the point of yielding. Differential-strain laws are free from 


‘By W. Prager, published in the September, 1948, issue of the 
OURMAL OF Apptiep Mecuanics, Trans. ASME, vol. 70, pp. 226-233. 
Cavendish Laboratory, Cambridge, England. 
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these objections, as the author mentions. In the specia] case 
when the loading is such that the deviatoric stress components 
are increased proportionately, it is easy to show (as remarked 
in particular by Ilyushin) that the Hencky and Reuss laws agree 
in predicting the same process of deformation. In general, how- 
ever, the finite- and differential-strain theories lead to different 
conclusions, especially when the change of stress tends to be 
nearly neutral. 

A rather interesting comparison of the Hencky and Reuss equa- 
tions is provided by the behavior of a thick-walled closed tube, 
expanded under internal pressure. Both theories agree in pre- 
dicting that, with increasing plastic distortion, the axial stress 
tends to the mean of the radial and circumferential stresses, 
everywhere throughout the wall. Hence the Reuss theory im- 
plies that the successive increments of axial plastic strain tend 
to zero, so that the total axial plastic strain (of elastic order of 
magnitude) tends steadily to a maximum value. The Hencky 
theory, on the other hand, implies that the total axial plastic 
strain itself-is finally zero, and thus that it reaches a maximum 
and then diminishes. It would be interesting to test this experi- _ 
mentally, the axial strain being measured of course between _ 
two sections well away from the ends. 

In view of the shortcoming of finite-strain theories, it is a little 
surprising that they have been so much used in applications. 
There seem to be three possible reasons for this: (1) their mathe- 
matical convenience in small-strain problems, (2) their approxi- 
mate agreement with experiment when the material is never 
unloaded and the stress changes are far from neutral, and (3) _ 
the lack of experiments specifically designed to discriminate _ 
between the two theories. It is, in a sense, unnecessary to per- 
form such experiments, since the outcome of the unloading and 
reloading process mentioned previously is of course known. © 
On the other hand it is not surprising that for certain loading __ 
paths the Hencky equations may give results more in agreement — 
with observation than the Reuss equations. This was so, for ex- 
ample, in the experiment of Hohenemser, where a tube was 
twisted and then extended, while the twist was held constant. 
Since the theories can be compared only when the strains are 
small, a significant comparison is largely prevented by secondary — 
effects (anisotropy, rounding of yield point, creep, and elastic — 
after-effect), disregarded in both theories. The significance of _ 
Hohenemser’s or similar experiments lies much more in a test of. 
the Reuss equations. These are known not to be strictly accurate 
when the stress increment is negligible, owing to the deviations 
from the Lévy-Mises relation observed by Lode, and by Taylor 
and Quinney. 

The author has discussed more general differential-strain theo- 
ries which take these deviations into account. However, there 
is also the possibility that the stress increment may affect the 
ratios of the components of the plastic-strain increment. This 
possibility is not taken into account in present differential-strain 


theories. Its effect would be most pronounced where the 
elastic- and plastic-strain increments are comparable in 
magnitude. 


On the general question as to what theory is best suited for 
practical applications, there seems no doubt that when the 
strains are large the Reuss theory is satisfactory. The error 
due to neglecting deviations from the Lévy-Mises relation is 
probably smaller than the accuracy required in most practical 
applications, particularly in view of random variations in the 
material itself. The inclusion of work-hardening within the 
framework of the Reuss equations, either by the concept of a 
generalized stress-strain curve, or by the equivalent assumption 
that the hardening is a function only of the plastic work, appears 
reasonably well confirmed so long as appreciable anisotropy is 
not developed during the straining. When an especially high 
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accuracy is required, and is justified by experimental technique, 
the Reuss equations will have to be replaced by some more gen- 
eral differential-strain theory of the type mentioned by the au- 
thor. At the moment, however, theory has here outstripped ex- 
periment. 
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W. P. Roop.* The papers on the flow and fracture and the 
theory of plasticity of metals which were brought together at the 
Applied Mechanics Conference of June, 1948, were even more sig- 
nificant as a group than singly. Taken together they offer a 
stimulating résumé of the subject at its present stage. The 
author! referred to two ways in which progress is to be made: by 
(a) critical discussion of the laws and their general consequences, 
and (b) the solution of concrete problems. The question of 
priority between these is that around which the main contrasts 
of thought turned, and the writer wishes to offer herewith some 
detailed comment bearing upon this question. 

The separation of these two points of view is only for conven- 
ience in thinking about them. Even the most refined theories 
cannot cut loose entirely from the background of experience, 
and not even the grossest empiricism can get along without ideas 
which have at least some shred of truth. The octahedral theory 
takes a middle path; it is assuredly inadequate in generality, but 
it is also regarded by certain men able to build excellent struc- 
tures as too theoretical for any use. Both of these objections 
are valid, but instead of condemning this theory for both of two 
opposite reasons, the writer prefers to extract from it all the 
guidance it can give in practical design, without ignoring the 
limitations which the philosophers see so clearly. 

Let us consider four reports referring mainly to experimental 
work, i.e., those of S. J. Fraenkel,‘ of Julius Miklowitz,® of 
H. E. Davis and E. R. Parker,* and A. Gleyzal.’ All four relate 
to phenomena of flow in simple geometries, all make use of grids, 
and give more or less attention to questions of strain distribution, 
all use medium steel in the ductile mode, all took data pertinent 
to the validity of octahedral theory. Yet in addition to the dif- 
ference in geometries, each exhibits a different attitude with 
respect to the purposes for which the data were taken and the 
conclusions to be drawn from them. 

In Fraenkel’s work,‘ a specific effort was made to explore the 
effects on strain of varying the intermediate principal stress 2 
from equality with o, to equality with o;. Octahedral theory 
is an approximation which assumes that the Mohr circles of 
stress and of strain are similar in form,® ignoring the position of 
the origin of co-ordinates on the stress circles, or otherwise 
stated, using the Mohr circles of the stress deviators. What will 
be called the “eccentricity” of the circles of stress is the departure 
of o: from the mean value (0; + ¢3)/2. To make this difference 
dimensionless, it is divided by the semidiameter of the outer 
circle (¢; — o;)/2 to give a coefficient of eccentricity of stress u 


3 Structural Research Laboratory, Swarthmore College, Swarth- 
more, Pa. 

‘ “Experimental Studies of Biaxially Stressed Mild Steel in the 
Plastic Range,” by S. J. Fraenkel, published in the September, 1948, 
issue of the JouRNAL oF APPLIED Mecuanics, Trans. ASME, vol. 70, 
pp. 193-200. 

5 “The Influence of the Dimensional Factors on the Mode of Yield- 
ing and Fracture in Medium-Carbon Steel—I,’’ by Julius Miklowitz, 
published in the September, 1948, issue of the JouRNAL oF APPLIED 
Mecuanics, Trans. ASME, vol. 70, pp. 274-287. 

6 “Behavior of Steel Under Biaxial Stress as Determined by Tests 
on Tubes,” by H. E. Davis and E. R. Parker, published in the Sep- 
tember, 1948, issue of the JouRNAL or APPLIED MEcHANics, Trans. 
ASME, vol. 70, pp. 201-215. 

7 “Plastic Deformation of a Circular Diaphragm Under Pressure,” 
_ by A. Gleyzal, published in the September, 1948, issue of the Jour- 
NAL OF APPLIED Mecuanics, Trans. ASME, vol. 70, pp. 288-296. 
 § “Stress and Strain in Plastic Flow,’’ by W. P. Roop, The Welding 
_ Journal, vol. 25, September, 1946, pp. 799-823. 
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Strain with that of stress holds also for all other values of u. Ii 
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as defined by the author. This also may be expressed as the 
difference between the two minor.shear intensities, 7; — 1, 
measured by the semidiameters of the inner circles, divided by 
the major shear vz, measured by the semidiameter of the outer 
circle. In dealing with these shear intensities it is better to think 
in terms of absolute values and ignore sign. 

Now plastic flow is the response of a ductile metal to shear 
stress, and in a polycrystalline material with random orienta- 
tions enough single crystals will have their planes of weakness 
near the plane of maximum shear 7, to cause slip in a@ zone in- 
cluding this plane, regardless of what happens in the planes of 
minor shear 7, and 73. These minor shear-stress intensities vary 
in such a way that one is at least and the other at most equa' to 
half ro, and at the limit both have this same value, and the stress 
In this case the shear strain is in fact 


eccentricity is zero. 
greatest in the plane of 7., 
shear strains will be equal, and their sum equals the major strain, 
the eccentricity of strain vy must also be zero. For similar reasons, 
when one of the minor circles has shrunk to zero and the other 
has expanded to coincide with the major circle, the index of ec- 
centricity for stress u, and also that for strain v, both will reach 
the value unity, and thus again equal each other. 

Octahedral theory assumes that this equality of eccentricity of 


but since by symmetry the two minor 


the ratio of 72 to y2 be regarded as a plastic modulus A, varying 
with the stress level roct, then at any given Toct it will also be true 
that 71/71 = 73/ys = A, regardless of the value of roct. The modu- 
lus ) is in effect the ratio of any dimension on the stress circles to 
the same dimension on the strain circles, and thus also the ratio 
of octahedral stress to strain. 

It comes now to a question of the nature of the error in infer- 
ences from the octahedral theory if this assumption of equality 
is incorrect. Some evidence exists in this paper and in its refer- 
ences, to show that the index of strain eccentricity is reluctant 
to follow the stress eccentricity as it departs from the zero valu 
at which the two are in any case equal. Only as 7; (or 13) ap 
proaches rz in intensity does y, (or ys) follow it’in the assumed 
ratio. It is possible that in some geometries or patterns of load 
this might make a decisive difference, although no such cas 
occurs to the writer. 

Similar comment may be made on the data relating to 
significance of path. The example, shown in Fig. 11 of th 
Fraenkel paper,‘ is not strictly one of neutral loading in the at 
thor’s (Prager)! sense, which would require o, to diminish * 
o: increases, so as to maintain constant octahedral value. Hovw- 
ever, there is no reason to suppose that the result would have 
been notably different if this condition had been exactly satit 
fied. 

In the Miklowitz paper on the flat tensile bar,® the descriptiv 
data relating to the highly nonuniform action of the later stage 
of flow marks a start along a path which has already been {0 
lowed much further in connection with the round bar. With 
notable differences, this case has some interesting similarities 
that of a meridional slab cut from the round bar. A point of 
semblance lies in the combination, in transverse sections, of col 
cavity toward mid-length near mid-length, with convexity # 
greater distances. In no other way can the presence of greate! 
axial strains at mid-width than at the edges in the sections ne 

mid-length be reconciled with the greater over-all length of tl 
sinuous line at the edge as compared with the straight line at th? 
axis. A point of difference lies in the absence in the flat bar of 
the counterpart of the hoop components of stress in the r0 
bar. A significant query may be made whether the crossed * 
gions of high strain shown in Fig. 16 of the paper,’ have analof 
in the round bar. ' 
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The flat tensile bar, however, has an importance of its own.® 
The dimple which develops at the center of the cross is in effect 
a plastic notch, and the fact that e; at this point has a maximum 
value which depends not at all on the width of the plate and only 
a little on thickness, Fig. 15,5 is new evidence that the ductile 
behavior of a flat plate in tension has a stable character of the 
sort that makes this type of specimen a good indicator of how 
a given material will act in an assembled structure. By placing 
a machined notch at the point where the plastic notch would 
otherwise develop, we come closer to the conditions of service 
without losing the advantage of this stability. 

Fig. 15° also shows that the octahedral strain at fracture in the 
dimple rises with decreasing thickness and (below about five 
thicknesses) with decreasing width. The additional data on dis- 
tribution of residual strain in Figs. 17 to 21 of the same paper, if 
brought together in a contour chart like that in Fig. 20, but in 
terms of octahedral strain, would come close to giving a true 
picture of energy distribution. To carry through such a reduc- 
tion, even on a single specimen, would be a big job, and for all 
18 of them hardly practicable. However, the average of the unit 
energy absorption, in inch-pounds per cubic inch, taken over the 
whole of a region, say, two widths long, could be taken out at mod- 
erate cost; comparison with the maximum values in the dimple 
could then be made. The writer is of the opinion that this ratio 
of maximum to average unit energy may be greater in these un- 
notched plates than in those with notches. Might we infer from 
such a conclusion that to increase the gross energy absorption of 
an extended structure we should put holes in it? 

More nearly amenable to analytical study is the question of 
strain ratios ‘in the range of uniform straining, as in Fig. 10.5 
It is usual to assure that a length of not more than 10 widths 
is needed to obtain a uniform distribution in the mid-section of a 
tensile specimen. The ratio of 5 in this case, combined with 
generous fillets in both width and thickness, should have come 
near the mark. A further assumption widely accepted is that 
even in a long specimen a high ratio of width to thickness increases 
transverse constraint, reducing ¢: from equality with e; in narrow 
widths toward zero in great widths, the condition of plane strain 
in the length-thickness section. Fig. 10 shows the stages through 
which this transition passes. Even at the low strain level at 
which the effect is the greatest, and at the highest width-thick- 
ness ratio tested, namely, 10, the ratio ¢2/e; has hardly more than 
a good start toward the zero value. On the reason for such a 
state of affairs the theory of plasticity seems thus far to be silent. 

Easier to theorize about are the two remaining cases, of tubes 
and diaphragms. The tube tests are considered by Davis and 
Parker® to give general confirmation to octahedral theory. Even 
in the single case in which stress ratios were varied, the octahedral 
Stress strain reasonably falls in with the curves at constant 
ratio. Predictions of strain ratios drawn from similarity of 
strain with stress circles are reasonably confirmed and this oc- 
curs also in the one case at low temperatures in which a ductile 
strain of 50 per cent was followed by cleavage fracture. In 
addition, these authors give, with almost no comment, some dis- 
tribution data. In specimens 1, 2, and 3, a condition like that 
of plane strain in the peripheral-radial section was achieved 
over a fair part of the length, with hoop strain of about 25 per 
cent and near-zero axial strain. The inverse condition of load 
Which would produce zero hoop strain was not used. 

In the case of the diaphragm, with its polar symmetry, Dr. 
Gleyzal’ offers a complete analytical solution in open form for the 
‘Wo components of stress not zero, for the two independent 
Components of strain, both as functions of the radius; and also 
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a series of deflection profiles at a series of assigned pressure values; 
all by direct inference from octahedral theory with appeal to 
experiment only for the functional relation between octahedral 
stress and strain. Agreement with observation lies within the 
limits with which the stress-strain curve is defined. 

It would be difficult to trace the details of this calculation 
or to paraphrase the processes of thought by which the 7 
different relations between the ten independent quantities as 
listed were established. Dr. Gleyzal states, in notes to Figs. . 
to 10, that his solution is based only on the “equilibrium are 


tions, strain-displacement relations, and plastic stress-strain 
laws.”’ It would be useful to follow more closely the process by 
which the form of the stress-strain curve acts in controlling . 
radial displacements u which, in turn, are associated with the | 
radial distribution of thickness h. : 

For a simple numerical check of Fig. 5,’ the writer has evalu- 
ated t/ho at the center point, where e- = eg, for the Saeeies.. 
curve r = 48.4 y'/*, and finds the numbers reasonably confirmed. — 
However, since eg falls away from equality with e, at the center to | 
zero at the rim, is not the upper half of Fig. 5 in which «9 > e — 
superfluous? ad 

It is noted that although the strains in Fig. 5 are carried only 
to values of 0.05, the calculated strains in Figs. 6 and 7 of the same _ 
paper,’ go up to 0.09 and the rupture point in Fig. 1 is at a strain 
of not less than 0.40 octahedral value, or 0.14 linear value. If 
the stress-strain exponent is '/,, differentiating Dr. Gleyzal’s 
formulas gives a maximum of t/ho at e = 0.10, and of ¢ at about © 
= 0.18, where = er = 

So far as the writer is aware, this is the first complete solution | 
proposed for the circular diaphragm. It is hoped that it can be 
reduced to somewhat more tractable form and especially that — 
questions of stability may be studied further. In any case, — 
however, it offers a good example of what the octahedral theory 
can do for us. 4 

To balance our discussion, take now the three papers presented ~ 
in quick succession by J. E. Dorn and A. J. Latter,” E. A. 
Davis," and Professor Prager.' The intent of all three of these, 
again is the same, to find a middle path between the nominal 
formulas which have the merit of giving useful numerical pre- 
dictions in, special cases and a more generalized analysis whose 
merit lies in complying more rigorously with basic requirements. 
All three make use of the concepts and nomenclatures of the 
theory of elasticity, moving thence toward broadened ranges of 
application. 

In the ordinary elastic case the stress-strain relation is that of 
simple proportion, the strains are infinitesimal, the action is re- 
versible. Between load and deformation the correspondence is 
unique regardless of path of loading, a condition which is de- 
scribed'? by referring to the existence of a valid “deformation 
theory.” Whether or not it is possible to imagine exceptions 
axes of elastic strain are usually parallel to those of stress, and 
when load patterns are held constant, with changes only in 
intensity, ratios of principal stress deviators to each other and 
to principal strains remain constant, and their axes remain fixed in 
the body. The distributions, i.e., the variations from point to 
point in the body of intensity, orientation, and ratios of compo- 
nents, are determined uniquely by the geometric condition of ‘‘com- 


1° “Stress-Strain Relations for Finite Elastoplastic Deformations,” 
by J. E. Dorn and A. J. Latter, published in the September, 1948, 
issue of the JouRNAL oF APPLIED Mecuanics, Trans. ASME, vol. 70, 
pp. 234-236. 

11 ‘A Generalized Deformation Law,”’ by E. A. Davis, published 
in the September, 1948, issue of the JouRNAL or APPLIED MeE- 
CHANICS, Trans. ASME, vol. 70, pp. 237-240. 

12 ‘General Stress-Strain Laws of Elasticity and Plasticity,” by 
A. Gleyzal, JourNAL or Appiiep Mecuanics, Trans. ASME, vol. 69, 
June, 1947, p. A-167; comment by William Prager. 
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patibility,” the dynamic condition of equilibrium, 
throughout the interior of the body, and the restraints or 
face tractions” applied at the boundaries. . 

Given ingenuity and patience enough to follow through the 
necessary process of search and confirmation, every specific 
problem in elasticity is soluble, and examples of success are 
found in other parts of the program of the conference. 

With such precedents it is natural to wish for a correspondingly 
complete theory of plastic behavior. It is clear that under given 
conditions the problem still has a unique solution, namely, that 
found by the metal itself, which shows no signs of doubt as to 
patterns of deformation. But it is equally clear that none of 
the three conditions used in calculations in the elastic range is 
now applicable. The stress-strain relation is discontinuous, the 
strains finite, and loading and unloading must be handled sepa- 
rately. How can we make assumptions of a more intricate 
nature that will lead to calculated results reasonably correspond- 
ing with the facts? 

One such assumption is so naive that it is not even mentioned 
by any of our four authors,!)!%"! although it underlies work which 
has been prolific in solutions of practical value. It is that after 
the elastic limit has been left behind locally, for moderate further 
advances in load level the strain pattern persists, with only the 
change in stress, its local peak values are cut down to yield point 
intensity. Whether or not this violates conditions of equilibrium 
and compatibility, it does lead to approximations for observed 
values of load-bearing capacity which are useful in design (van 
den Broek, Hrennikoff, Wang), and these have led to efforts to 
provide for it a more rigorous basis (Osgood, Shanley). Ductility 
does not come in question since the method at best is still limited 
to small strains. 

Such a direct treatment of plastic as an extension of elastic 
behavior is not contemplated by Professor Dorn,’ although the 
word “elastoplastic’”’ occurs in his title. He is seeking principles 
of more general validity and the question with him is: What 
concessions are to be made for what benefits? The benefits are 
those of a more specific recognition of the difficulties in prin- 
ciple, and for this we must give up the hope of early solution 
of specific problems on the more rigorous basis proposed. 

The difficulty in principle which is chiefly discussed is that 
caused by strain being no longer infinitesimal, and the remedy 


applicable 
“sur- 


proposed is that of proceeding by a series of increment® - dt 


as in his Equation [10].!° In addition to integration with respect 
to space co-ordinates, solution of a particular problem will also 
require integration with respect to t. This variable might, in a 
simple case, be time, but more generally it represents “the 
extent of the deformation.” However, like time, presumably, it 
is independent of the space co-ordinates, so that any particular 
value of t applies equally to all parts of a body. 

To make such a procedure at all feasible, further concessions 
are necessary. Professor Dorn," in Equation [12] accepts the 
idea that elastic and plastic strains can be separated and super- 
posed. It is noted, however, that the step from superscript Z 
to superscript P will occur at different values of ¢ in different 
parts of the body. He also accepts in the plastic range the con- 
stancy of volume and the sufficiency of the second invariants, 
71 and 11. His Equation [15] makes the ratio of the strain 
increment to the stress deviator the same for each of the prin- 
cipal axes. 

The writer ventures to describe this as octahedralism, coupled 
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with the reservation that plastic strain must be taken in incre- 
ments. Thus is it not a suitable compromise between pure de- 
formationism and the flow theory? 

What worries Mr. Davis!! is something quite different, not 
deformationism, with which he is quite content, but the per- 
verseness of eccentricity of strain in not always equaling that 
of stress. He proposes to allow for this by introducing into 
his otherwise purely geometrical Equation [5] the quantity f, 
which refers to the stress components. Quantity f is called 4 
distribution function; not that it has anything to do with space 
co-ordinates, but because, as in Equation [23], it determines the 
partition between y; and y; of their sum yz. If u = », this fol. 
lows the proportion of the shear stresses, but if not, then it is no 
longer true that 7:/y: = t2/y2 = 13/73, and the value of you 
as in his Equation [8] is changed in consequence. Quantities / 
and ¥ can then be independent of each other only if the change 
is such as to leave F unchanged by the shift of f to something 
different from simple equality with u. Substitution of the values 
in Equation [18] in Equations [3] and [8] seems to indicate that 
this condition is met, since f drops out of the expression for §. 
Whether in fact this is true or not, the formulas are useful if they 
permit prediction of the change in principal strains caused by 
a given deviation of v from xu. 

Professor Prager’s broad résumé! speaks for itself. The 
is sure he would not like to be called an octahedralist but it 
is also sure that Professor Prager has a clear idea of the condi- 
tions under which octahedral theory forms a valid approximation 
Isotropic incompressible material monotonically loaded is 
that was assumed by Mr. Davis,'! the avowed octahedralist 
Professor Prager’s Equation [19] excludes strain-hardening, but 
this restriction is lifted in his Equation [30]. Neutral changes of 
load, in which the ratios of the principal stresses change without 
affecting the octahedral value, are related to variations in pat! 
of loading. The question as to what then really happens is st 
unanswered, but octahedral theory claims nothing more than 
that octahedral strain also remains unchanged. Parallelism of the 
axes of principal strain with those of stress and the equality of the 
ratios of the principal strains to the corresponding stress devia- 
tors are conditions which are satisfied approximately in a wid 
variety of practical cases. 

It has often been observed that it is not easy to design experi- 
ments which will furnish conclusive data on the effect of de 
partures from the assumptions mentioned in actual materials 
ordinary geometries, and common load configurations. As 4 
designer the writer is quite willing to wait for such errors 
make themselves felt; so long as he retains a mind open enoug! 
to recognize them when they do appear, he does not feel obli- 
gated to go in search of them. Es deals =e 


The author greatly appreciates the interest which the discusser 
have shown in his paper. The objection which Dr. Hill raises 
against Ilyushin’s terminology (‘flow’ and “deformation 
theory) is doubtless a valid one. On the other hand, Dr. Hills 
term “‘finite-strain law’’ might prove somewhat confusing becaus 
these theories are not necessarily concerned with finite (as opposed 
to infinitesimal) strains. Moreover, any finite stress-strain rele 
tion can be written in differential form. The important fact ® 
that a differential law in the sense used by Dr. Hill, cannot b 
integrated to yield a finite law. It seems to the author that 
really adequate terminology suggesting all these facts is missitg 
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The Propagation of Plasticity 25 50 
Uniaxial Compression’ | 


D. 8S. Ctark.? The authors in their paper state, “No experi- 
mental data exist on compression impact, at least in cases where 
the type of behavior is expected to differ fundamentally from that 
observed in tension.”” The authors are referred to an investi- 
gation on compression impact by P. E. Duwez, D. 8. Clark, and 
H. E. Martens.$ 

In these studies of compression impact, static stress-strain 
curves for several materials were determined on specimens for 
which the //d ratio was 2. These results are shown in Figs. 1 and 
2 of this discussion. In comparing these curves with Fig. 1 of 
the paper, it is to be observed that there is no well-delineated 
inflection point, and that the slope of the stress-strain curves is 


1 By M. P. White and LeVan Griffis, published in the September, 
1948, issue of the JouRNAL or AppLieD Mecuanics, Trans. ASME, 
vol. 70, pp. 256-260. 

* Associate Professor of Mechanical Engineering, California Insti- 
whe of Technology, Pasadena, Calif. 

“The Propagation of eg Strain in Compression, " by P. E. 

D. 8. Clark, and H. E. Martens, NDRC No. M-302, 
OSRD No. 3886, 1944. 
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essentially constant over a large range of st rain. 


In these investi- 
gations on compression impact, particular interest centers about 
the results obtained with specimens of lead. The specimens were 
12 in. long and */, in. diam impacted at one end for different 
durations of impact. The condition of typical specimens after 
impact is shown in Fig. 3 herewith. The strain distribution as 
a function of distance along the specimen for different impact 
velocities is shown in Fig. 4. 

It is to be noted that three kinds of behavior are observed 
which, in the author’s terms, are: (1) the elastic portion; (2) the 
plastic portion; (3) the flow portion. It is to be noted that case 3 
proposed by the authors is not evident in the results of these ex- 
periments. The question arises, does the constant slope of the 
stress-strain diagram over a large range of strain, in contrast to 
the well-defined point of inflection indicated by the authors, 
account for the absence of any indication of shock-wave behavior 
proposed by the authors. From what has been proposed by the 
authors, it is not quite understandable why step 3 is not observed 
in the experimental results if steps 1, 2, and 4are observed. Some 
clarification of these points would be appreciated. 

Attention is directed to the importance of the variation in the 
character of stress-strain diagrams in compression which are 
highly dependent upon the I/d ratio of the specimens. There 
does not appear to be any strong evidence of stress-strain curves 
that have such a sharp discontinuity. or well-defined inflection 
point as indicated in Fig. 1 of the paper. The authors fail 
to indicate the 1/d ratio of the specimen on which Fig. 1 is 
based. 

E. H. Les.‘ Associated with uniaxial plastic compression in 
a rod, lateral expansion occurs of about one half the longitudinal 
strain magnitude. Thus a true shock wave would involve an 
instantaneous change in section with consequent infinite lateral 
accelerations. This difficulty does not arise in the associated 
problem in gas dynamics, for there the problem of uniaxial strain 
is considered rather than uniaxial stress, and lateral motion does 
not occur. The need for large lateral accelerations will tend to 
smooth out the shock condition, but high shearing stresses will no 
doubt occur in such regions, nevertheless, due to the abrupt change 
in section. This nonuniform stress and strain distribution will 
lead to a less efficient application of deformation to produce the 
increase in section than occurs in uniform compression, just as 
wire-drawing involves a larger expenditure of work to produce a 
change of section than simple tension. Such considerations may 


play a part in the different condition of the material after being 


subjected to shock, compared with simple compression. Since, 


in such plastic problems, large strains often occur, the change i in aeal 


section may be an important factor. 

Some information on this matter was obtained through calcu- 
lation and experimental work carried out in England during the 
war, which is to be published shortly. This work consisted of a 
theoretical analysis and experimental check of the dynamic 
vield-stress test suggested by G. I. Taylor. This test consists of 
firing a cylinder of the material to be tested at a hardened steel 
target, and deduction of the dynamic yield stress from the result- 
ing “mushroom” deformation of the cylinder. A calculation of 
the deformation for velocities well in the shock-wave region was 
carried out, based upon the interaction of the plastic shock wave 
and the unloading elastic waves, emanating from the free rear end 
of the cylinder. A series of abrupt changes in section was de- 
duced. The fired cylinder exhibited a smooth strain variation in 
close agreement with the calculated stepped curve in average 
magnitude and distribution of strain. Thus in this particular 
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case, the shock waves were smoothed out, but strain magnitudes, 
calculated on the basis of uniaxial compression, were in good 
agreement with experiment. 


Professor Clark offers experimental data from compression im- 
pact tests on lead specimens at velocities up to 144 fps. He 
states that these specimens show evidence of (a) elastic behavior 
at very low velocities, (b) normal plastic behavior at moderate 
velocities, and (c) flowing deformation at the highest velocities, 
Claimed to be missing is shock-wave behavior, which should 
occur at velocities between (b) and (c). Professor Clark raises 
the question whether or not this is due to the fact that the 
stress-strain diagram of lead (Fig. 2 of his discussion) contains a 
region of constant slope extending over a considerable range o{ 
strain. 

The authors do not agree that shock-wave behavior is shown 
not to have occurred in Professor Clark’s tests. Shock-wave de- 
formation simply implies that the deformation waves have very 
large gradients of stress and strain. The gradients of permanent 
strain shown in his Fig. 4 are certainly large enough to result 
from shock waves, especially at the higher impact velocities. 

The two highest-velocity tests made by Professor Clark (132 
and 144 fps), appear to show evidence of flowing deformatior 
This behavior (if it really is flowing deformation) occurred ut 
much smaller impact velocities than is predicted by calcul 
based on the static stress-strain curve (Professor Clark’s Fig. 2 
Calculation by use of Equation [5] of the paper gives 27( 
Similarly, according to Equation [3] shock-wave behavior s! 
begin at about 135 fps. 

The dynamic behavior of this material has been predicted 
the static stress-strain relation by the methods of this and 
reports. The results are presented in Fig. 5 herewith 
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shows the relation between the impact velocity and the strain 
produced at the point of impact. The x’s in that figure are e 
perimental values from Professor Clark’s Fig. 4. It is apparent 
that there is considerable discrepancy especially at the two higher 
velocities. The strain observed is always smaller than that 
predicted. 

This discrepancy is believed to be due to differences betwee? 
the measured and the actual stress-strain relations. The speci- 
mens used for static measurement had //d = 2, while the dy namic 
specimens had much larger I/d’s. Moreover, lead is able to re 
crystallize at room temperatures. Presumably, more rec rystal 
lization would occur in the static than in the dynamic tes’ 
Finally, it is possible that the stress-strain relation change 
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as soon as shock-wave behavior bezins.° 


All these factors un- 
doubtedly help to cause differences between observed and pre- 
dicted behavior. 

It must also be emphasized that the original paper was con- 
cerned only with the steady-state behavior during impact. As 
has been pointed out elsewhere,® this analysis does not describe 
the initial stages of the impact process (before the steady state is 
attained). Moreover, as was shown by the authors in connec- 
tion with tension impact,’ it is very dangerous to assume that a 
specimen is instantaneously frozen at the instant the impact 
ends; a good many things can happen to a specimen after the 
impact force disappears. Correct comparison between theory 
and experiment requires either the making of instantaneous 
measurements during the impact, or the extension of the theory 
to predict the final state after impact. The latter has been done 
for low impact velocities but not for high. 

Professor Clark mentions the effect of the //d ratio of com- 
pression specimens, pointing out that the stress-strain relation 
found experimentally will depend on this ratio. In their analysis, 
the authors were concerned with the behavior of very long speci- 
mens, for which 1/d would be infinite. The authors’ Fig. 1 
(stress-strain curve for copper in compression) was obtained by 
calculation from a tensile stress-strain diagram on the assump- 
tions that the volume of material remains constant during plastic 
flow, and that strain-hardening depends on the natural strain 
(loge 1 + €). The curve obtained is not considered to be par- 
ticularly exact, but was adequate for the authors’ purpose, 
namely, illustration. 

The authors are grateful for the remarks of Dr. E. H. Lee 
who was responsible for a large part of the important contribu- 
tions to the problem of propagation of plasticity that were made 
in England during the war. The authors hope that the English 
work will soon be published. 


Gyroscopic Effects on the Critical 
Speeds of Flexible Rotors’ 


A. M. G. Moopy.? While this paper is not of much direct 
value to the designer, its indirect value should not be overlooked. 
The effect of so-called gyroscopic stiffening can be of controlling 
importance. Unfortunately, it is difficult to analyze. The 
author, by using a number of ideal assumptions, is able to carry 
out some analysis, but to apply this to an actual machine is quite 
difficult. 

Take, for example, the simple case of a single overhung wheel, 
such as a supercharger impeller, having a spline mounting on the 
shaft. When the wheel is running at full speed, the bore is 
larger than the shaft, and we can no longer assume that the plane 
of the wheel is normal to the axis of the shaft. We cannot, how- 
ever, assume that it is completely unrestricted, since the increase 
in diameter of the bore may be slight at one point on the axis 
and larger elsewhere. The axial variation of stress’along the 
hub of a rotating centrifugal impeller is something which cannot 


*“On the Impact Behavior of a Material With a Yield Point,” by 
M. P. White, JounNaL or AppLiiep Mecuanics, Trans. ASME, 
vol. 71, 1949, p. 39. 

‘The Force Produced by Impact of a Cylindrical Body,” by M. 
P. White, NDRC Report, A-157. 

™The Permanent Strain in a Uniform Bar Due to Longitudinal 
Impact,” by M. P. White and LeVan Griffis, JovrNat or APPLIED 
Mecuanics, Trans. ASME, vol. 69, 1947, p. A-337. 

"By R. B. Green, published in the December, 1948, issue of the 
or AppLiep Mecuanics, Trans. ASME, vol. 70, pp. 369— 


* Elliott Company, Jeannette, Pa. 
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ordinarily be determined analytically to any reasonable degree 
of precision. 
Thus, as just mentioned, the author’s work is of little direct 
value in this case. But it has considerable indirect value. It . 
permits the determination of a limiting value of critical speed. — 
If, by making one set of assumptions, we can find a higher — 
for critical speed, and by making another set, a lower limit, we 
shall be considerably better off than if we know only one of these. | 
Referring to the simple case just discussed, a test made by Mr. | 
A. W. McClure and the writer should be of interest. A calcula- — 
tion of critical speed, assuming full gyroscopic effect, i.e., wheel — 
rigidly mounted on shaft, gave a value some 40 per cent higher © 
than that obtained by neglecting gyroscopic stiffening. A test 
showed a 25 per cent increase. This inglicates that the departure | 


between the ideal analysis and the actual situation is considerable, — 
but it also indicates that a knowledge of the upper limit is of real 


value. 
The detailed solutions for the st 


STEPHEN H. CRANDALL.? 
cal frequencies which the author has given for the several special — 
cases are interesting and will undoubtedly be useful. It should | 
be noted that this same class of problems has recently been dis- 
cussed by J. L. Bogdonoff* who also solves the cantilever disk — 
problem in detail and gives a general method which is equivalent _ 
to that employed by Green, namely, the use of the auxiliary dia- — 
grams, e.g., Figs. 2, 5, and 7 to construct the critical speed — 
diagrams, e.g., Fig. 4, 6, and 8. 

It would have been interesting to investigate the mode — 
for the more complicated systems. The nomenclature of Fig. 3 
is not clear. The words positive and negative seem to refer to — 
the direction of the resultant moment on the disk rather than to 
the direction of precession. The highest and lowest curves of 
Fig. 4 have the mode shape (disposition of and ¢) as sketchedin 
Fig. 3(c) while the inner two curves have the mode shape sketched _ 
in Figs. 3(a) and 3(6). 


AUTHOR’s CLOSURE 


_A. M. G. Moody adds considerably to the design value of the 
paper by practically evaluating the assumption of rigid disk 
mounting. The numerical values are of particular interest. 

Bogdanoff* presented a very general mathematical analysis of 
this class of problems and outlined a method of solution. He 
carried through one solution, namely, for the simple cantilever 
system, and presented that solution directly on dimensionless co- 
ordinates proportional to those of Fig. 4 of the paper, plotting a 
family of curves for varying D;. His general solution was thus 
given there instead of on a diagram such as Fig. 2, which he did 
not use. 

Professor Crandall properly interprets Fig. 3 of the paper, in 
which the words positive and negative refer strictly to the quan- 
tity (2h — 1) rather than to h, the ratio of rotation velocity to 
whirl velocity. In Fig. 2, Fig. 3(a) refers to those curves below 
the ordinate 1, Fig. 3(b) to those between 1 and 4, and Fig. 3(c) to 
those above 4. 

The mode shapes for common whirl in a simply supported sys- 
tem with two disks at quarter points (Figs. 9 and 11 of the paper), 
are as follows, referring to Fig. 1 of this closure: 

(a) Negative precession: dotted Jines Fig. 9 of paper; lines two 
and six from the top, Fig. 11. 


* Assistant Professor of Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. 

4 “4 Method for Simplifying the Calculations of the Natural Fre- 
quencies for a System Consisting of n Rigid Disks Mounted on an 
Elastic Shaft,’’ Journal of the Aeronautical Sciences, January, 1947, 
vol. 14, no. 1, pp. #-18. 
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nels in rotating elements, such as centrifugal-pump or compressor 
wheels, 

nin : Certain aspects of secondary flows in rotor wheels of turbo- 
(a) (b) machines have been studied by the author and a paper, “Second- 

my ary Flows in Rotating Passages at High Reynolds Numbers” 

presented at the VII Congress of Applied Mechanics in London, 
f = England, in September, 1948, which will be published in the Pro- 4 


ceedings of that Congress. 


- Theory of the Damped Dynamic 
‘Vibration Absorber for _ 


Inertial Disturbances 


C. F. GARLAND? AND F. M. Saver.* The results of a similar 


analysis of the dynamical vibration absorber, together with ey- ies 
- : perimental data, are included in a paper by the writers.‘ A com- rea 
x peiginn parison of the writers’ analysis with that of the author, indicates eat 
Fic. 1 a discrepancy in the expressions for the optimum damping in the abe 
“Lancaster-type” absorber, It is believed that the author's $8 
: = A : Equation [345] is incorrect and that the optimum damping for this are 
All precessions. equals 8, Fig. 9; lines three and eight, should be \ 
k ig. ll. 8a) 
(c) Lower negative precession. K;? below 1, Fig. 9; line five, h of 
(d) Positive precession. A;? between 1 and 4, Fig. 9; line four, Lon), wines The 
bo Fig. 11. The author’s Equation [34b] leads to a corresponding distortion " 
(e) Higher negative precession. Ks? above 4, Fig. 9; linesone f curve 3, Fig. 6 of the paper. It is noted that curve 1 in Fig. 6, on 
and seven, Fig. 11. is not in agreement with Equation [34]. clea 
The mode shapes of the other systems are not too difficult to AuTHOR’s CLOSURE proj 
visualize, once those of the two systems described are under- Professor Garland and Mr. Sauer give the correct form of pm 
stood. Equation [34)] and note that curves 1 and 3 of Fig. 6 are no poe 
consistent with the correct formulas [34] and [34b] which they pi 
I i i » 8 se ~present. teful to them for correcting 
nvestigations of the Flow in Curved supposed to represent. gra 
~ Ducts at Large Reynolds Numbers Also the author would like to point out that the express ste 
rewt* appearing in Equation [45] of the paper and two i 
.W. E. Trumpter.? The instructive convey- garlier should read rcwt*?. This oversight does not affect 
ing the exact nature of flow in curved passages. Such presenta- pape 
coe tions are of great help to engineers in hydraulic machines, where tenti 
; 7 : flow losses generally are lumped together in a percentage and 1 By J.E. Brock, published in the March, 1949, issue of the Ji 
. or Mecuanics, Trans. ASME, vol. 71, pp. 86-92. 
; little is known of its real nature. It would be of further advan- - “ ; i H 
re . . Pega 2 Associate Professor, Department of Mechanical Engi: 
> tage if such an investigation could be extended to curved chan- [University of California, Berkeley, Calif. Mem. ASME. 
Instructor, Department of Mechanical Engineering, A Hi 
1 By J. R. Weske, published in the December, 1948, issue of the of California, Berkeley, Calif. Jun. ASME. Int 
JouRNAL or APPLIED Mecuanics, Trans. ASME, vol. 70, pp. 344 ‘**Performance of the Viscously Damped Vibration Absorber Aj 61/ 
348. plied to Systems Having Frequency-Squared Excitation,’’ by C. ! 
2 Chief Engineer, Centrifugal Compressors, Clark Bros. Company, Garland and F. M. Sauer, published in this issue of the Journal! 
Inc., Olean, N.Y. Mem. ASME. Mecuanics, pp. 109-116. H 
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Applied Scientific Research 


Apptiep ScrENTIFIC Research. Reports published under the aus- 
pices of three societies for applied science and engineering in Hol- 
iand. Vol. 1A, No. 2, Mechanics, Heat. Paper, 6!/4 X 91/2 in., 
168 pp., figs.; Vol. 1B, No. 2, Electrophysics, Acoustics, Optics. 
Paper, 6'/, X 9'/2 in., 148 pp., figs. Published ieee, Martinus 
Nvhoff, The Hague, Holland, 1948. 


REVIEWED BY J. P. DEN 


“HIS new publication, entirely in the English language, ap- 
pears in two series: A, mechanics, heat; and B, electrophys- 
ies, acoustics, optics; so that series A is of particular interest to 
readers of this JouRNAL. It appears in sections of about 80 pages 
each, to form a volume of 480 pages, which is estimated to take 
about one and one-half years, and the subscription price is about 
$8 per volume. The printing, illustrations, and quality of paper 
are excellent. 


We have before us the second issue, pages 81 to 168, containing 
8 articles on a variety of subjects. The first article is on the flow 
of a viscous fluid through a porous mass with application to oil 
cracking, where oil or gas passes through a bed of porous catalyst. 
The second article deals with abrasive action of various tooth 
powders and pastes on teeth, reporting on an interferometer 
method whereby very small changes in the tooth surface can be 
clearly demonstrated. 


There are two articles on thermodynamic 
properties of substances under high pressure and temperatures. 
There is one article in soil mechanics on the resistance of a steam 
roller when rolling down a roadbed, : 
in the process. 


ind on the energy dissipated 
Another paper deals with the buckling of pipes 
standing vertically in water or in another fluid medium with 
application to a mine shaft and still another with the vibration 
of a beam on elastic foundation with damping, subjected to an 
arbitrary force. ‘The last paper deals with a near vector theory of 
involute Judging from the range and quality of the 
papers in this issue the new publication deserves the serious at- 
tention of workers in the field. 


gearing. 


Historical Appraisal of Mechanics’ 


A Historica, oF Mecuanics. By Harvey F. Girvin. 
International Textbook Company, Scranton, Pa., 1948. Cloth, 
X 9'/qin., ix and 275 pp., $3.25. 

Revirwep sy H. O. Fucus? 


THs compact volume will be welcomed by all those who see 

in mechanics a branch of human thought and growth, rather 
than just a collection of recipes. Interest in history is a necessary 
part of our urge to seek understanding of the world; the history of 
mechanics will be more interesting than any other to readers 
of this JourNaL, because here we are best equipped to see each de- 
velopment in perspective, in its relation with others, its contrast 
with current views, and its effect on applications. 

Too many libraries have no books on the history of mechanics; 
‘ofessor Girvin’s book can, and should, fill this gap where it 
exists. It can be recommended to all students curious to see 
whether knowledge was developed as logically as it is deduced in 


m Professor of Mechanical Engineering, Massachusetts Institute of 
echnology, Cambridge, Mass. Mem. ASME 
Assistant Chief E ngineer, Preco, Inc., Los Angeles, Calif. 
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the textbooks (it was not). Engineers interested in the develop- 
ment of their profession will also want to read this historical ap- 
praisal. 

In this brief volume the author gives the dates of the most im- 
portant discoveries in mechanics, sketches of the lives of outstand- 
ing men, some reflections on the philosophy of the subject, a brief 
history of engineering education, and a bibliography. No deduc- 
tions or explanations of mechanical theorems are given; the 
reader is assumed to be familiar with elementary mechanics. 

The text is divided into three parts: 
others, sections on Aristotle, 
Bacon. 


Part 1 includes, among 
Archimedes, the Moors, and Roger 
Part 2 is mainly concerned with the development of 
classical dynamics from Leonardo da Vinci to D’Alembert. One 
chapter of this part is devoted to Galileo, another to Newton. 
Part 3 is titled Mechanics of Materials; it takes us from Galileo 
and his theory of cantilever beams on to current literature such 
as, for instance, Van Den Broek’s Theory of Limit Design. On 
the way we find such interesting items as the very slow develop- 
ment of the concept of “neutral axis’”’ by Hooke, Mariotte, 
Coulomb, and Young, and the purely mathematical derivation of © 
beam deflections by Bernoulli and of column stability by Euler— 
both without benefit of neutral axis or Young’s modulus. Part 3 
also includes a chapter on the history of engineering education 
with data on the earliest schools, on early textbooks, and on the 
organization of engineering courses. 

Obviously so brief a volume on so large a subject is bound to be 
uneven. Professor Girvin probably is receiving scores of letters 
from readers who have suggestions for improvements. By pub- 
lishing the volume as it is, the author has performed a valuable 
service. - If the book has the circulation which it deserves, a 
second edition will become necessary, and the author will no 
doubt be able to refine his work with each edition. wy al 

Combustion Engines 
ComBusTIon Enoines. By Arthur P. Fraas. 
~ Company, New York, N. Y., 
$5.50. 


McGraw-Hill Book 
1948. Cloth, 6 X 9 in., vii and 428 


Reviewep By A. R. Rocowsxk1® 


HIS book is a general college text on internal combustion 

engines and as such must touch upon the theoretical and 
practical as well as the purely descriptive aspects of a wide range 
of subject matter. To achieve a balance between these categories 
which will satisfy all readers is obviously impossible. My per- 
sonal feeling is that Mr. Fraas has done particularly well in his 
treatment of the practical and descriptive aspects of the internal- 
combustion engine and its accessories, but that he leaves some- 
thing to be desired in his development of basic theory, and in 
bringing out its direct application to the calculation of engine 
performance. 

The book starts with a chapter on engine types and construc- 
tion. This is brief but well done with many fine illustrations. 
In fact, the photographic reproductions throughout the book are 
of exceptional clarity with none of the usual loss of detail. There 
follows the usual chapter on the theoretical air cycle with a short 
discussion of other approximate cycles. Mean effective pressure 


3 Associate Professor of Aeronautical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. 
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is introduced as a constant hypothetical pressure, but the more 
useful concept of mean effective pressure as the number of inch- 
pounds of work done per cycle per cubic inch of displacement 
volume, is not used. In the next chapter, the use of the air tables 
of Keenan and Kaye is explained, and about ten pages are de- 
voted to the use of the thermodynamic charts of Hottel. The 
Hottel charts are probably the most useful tool we have for es- 
timating the effects of engine variables on cyclic pressures, tem- 
peratures, and efficiency. The discussion of these charts seems to 
me totally inadequate and confusing. I would recommend going 
back to the original charts and discussion of Hershey, Eberhardt 
and Hottel. (Reference 5). 

There follows a chapter on combustion which contains the ex- 
cellent schlieren photographs of normal combustion and detona- 
tion taken by Mr. C. D. Miller at NACA. 

Actual cycles and the effect of various engine variables are then 
covered in some detail. Carburetors are discussed fairly well, 
with the aid of one page of simple theory. Fuel injection is 
covered in a general way with some fine spray photographs and 
pictures of injection pumps and nozzles. 

The chapters on Ignition, Fuels, and Lubricants are excellent 
and contain much up-to-date material. The chapter on lubrica- 
tion would be improved by the inclusion of the simple Petroff re- 
lationships for plain bearings. 

The chapter on cooling has much useful information. The 
cooling theory might have started with the effect of Reynolds 
number; leading to Equation [15] and following through to the 
same end results without using Campbell’s semirational for- 
mula. 

Supercharging is covered briefly, and there is a good chapter on 
performance. 

Chapters on the gas turbine, overhaul, and maintenance com- 
plete the book. 

There is almost no discussion of the two-stroke engine, al- 
though this type is widely used in large sizes for marine and sta- 
tionary power plants. There is no mention of the application 
of the principles of similitude to engines, so that the effect of size 
and inlet Mach number are not considered. 

The lists of references and the problems at the end of each 
chapter add greatly to the value of the book. 

The author has apparently had wide practical experience and 
keeps up with American developments. He is usually 100 per 
cent right about what an engine will do, but sometimes wrong 
about why it does it. Some examples are the discussions of the 
“Ricardo” head, the effect of residual gas on volumetric efficiency, 
and the best economy fuel-air ratio at part load. 

I would say that this is a better than average engine book 
whose place is somewhere between the books on maintenance and 
construction and the more scholarly texts such as Taylor and 
Taylor or — 

(ue Fuicut or Brrps. By John H. Storer. Bulletin No. 28, Cran- 


brook Institute of Science, Bloomfield Hills, Mich., 1948. Cloth, 
6 X 9in., xv and 94 pp., illustrated. $2.50. 


< . 

; Sar _ | T becomes evident after reading this book, that the engineering 
; tasks attempted with varying degrees of success by Icarus, 
* Vinci, and other pioneers: (legendary or otherwise) in the 
. field of aeronautics would have been furthered had they studied 
ar i: problem of bird: flight with the thoroughness of Mr. Storer. 
Man’s earliest attempts to fly have been based on efforts at 
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REVIEWED By G. S. CHERNIAK‘ 
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simulating the mechanism and equipment of birds. Until fairly 
recent times, aeronautical engineers have looked down upon this 
early approach in the belief that the modern airplane bore but a 
slight and exceedingly fundamental relationship to a bird. Mr. 
Storer’s book indicates that this is far from being correct. 

By dint of painstaking observation and some first-rate photo- 
graphic records of birds in flight, the author has succeeded in 
producing a technically plausible analysis of the bird as a flying 
machine. The book is divided into three main sections dealing 
with the aerodynamics of flight, the flying equipment of birds, 
and an analysis of various aspects of bird flight such as control, 
take-off, landing, soaring, manueverability, etc. The technical 
reader will probably be irked by the occasionally awkward or 
inaccurate terminology; however, this does not appear to detract 
materially from the data presented, as for example in tables of 
speed and wing loading where the latter for various species is 
expressed in sq cm per gram. 

The author brings out the fact that in general a bird combines 
the features of the fixed wing, rotary wing, and cycloidally 
propelled wing. Specialized types have evolved such as gliders 
and soarers (condor, albatross), helicopters (humming bird), 
speed fliers (duck hawk, eagle), formation fliers (pelican, goose), 
as well as birds adapted for special take-off and landing condi- 
tions (egret, ibis). It is shown that the basic wing comprises 4 
relatively fixed inboard lifting surface and an oscillating outboard 
section which serves as the propeller and one of the control sur- 
faces. The aerodynamic properties of these two elements can be 
controlled through a wide range by varying the thickness, angle of 
attack, and also by introducing such scientific sophistications as 
slots, flaps, tabs and automatic pitch controls. Wing contours 
and aspect ratios have been evolved to enable these unmotorized 
flying machines to take full advantage of environment, and io 
this connection the author presents a very interesting discussion 
of the difference in wing form between the albatross which is an 
ocean glider, and the California condor which is a land glider. 

Any engineer who has on occasion given some thought t 
biomechanics will find this book a stimulating and informative 

addition to his | library. 


Fluid Dynamics 
Frur Dynamics. Victor L. Streeter. McGraw-Hill Publica- 


tions in Aeronautical Science. McGraw-Hill Book Company, 
New York, 1948. Cloth, 6 X 9 in., illustrated, $5. 


REVIEWED BY ASCHER H. S#aprro® 


P: ARADOXICALLY, modern developments in the understand- 

ing of the mechanics ol real fluids have, through widespread use 
of the boundary-layer concept, served to increase rather thas 
diminish the importance of the classical theory of frictionles 
fluids. This new work, although it refers almost exclusively 
concepts and methods which were in the main known at the tum 
of the century, will therefore be welcomed by many. 

Lamb’s great treatise, ‘“Hydrodynamics,”’ has long been 
invaluable source book, but it is generally felt to be unsuitable for 
purposes of instruction. Professor Streeter’s book, on the other 
hand, is primarily a textbook designed to promote an understané 
ing of methods rather than to collect the fruits of these methods. 

It is stated in the preface that “every effort has been made 
clarify the concepts and to include those exasperating steps 2 
derivations which are usually omitted.” For this many student 
(and their professors) will be grateful, as they will be also for t 
many refreshers in mathematics preceding and accompanyit 
each section where advanced mathematics is necessary. 


6 Associate Professor of Mechanical Engineering, Massachuset# 
Institute of Technology, Cambridge, Mass. Mem. ASME. 
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Chapters 1, 2, and 3 provide the fundamental concepts by 
which the motions of incompressible, frictionless fluids are studied. 
After introducing the ideas of the continuum, stresses at a point, 
and the ideal fluid, there are discussed in detail Euler’s equations, 
the equation of continuity, the nature of boundary conditions, 
irrotational flow and the velocity potential, the stream function, 
circulation and vortices, the Laplace equation, and uniqueness 
theorems for.ideal motion. 

In chapter 4 we find the application of these fundamentals to 
problems of three-dimensional flow, comprising combinations of 
sources, sinks, doublets, and uniform flows, and leading to solu- 
tions for flow past Rankine ovoids, spheres, ete. 

An introduction to the algebra of complex numbers, and a 
demonstration of how two-dimensional problems are greatly 
simplified through the special properties of analytic functions of a 
complex variable, are presented in chapter 5. Numerous exam- 
ples are given in chapter 6. In chapter 7 are the special applica- 
tions to airfoils, particularly the line of development leading to 
the Joukowski airfoils. The treatment of flows with free stream- 
lines with the aid of the Schwarz-Christoffel Theorem is outlined 
in chapter 8, together with a detailed development of the the- 
orem itself. 


The fundamentals of vortex motion and such examples as vor- 
tex rings and rows of vortices are given in chapter 9. 

The book is concluded with three brief chapters on the Navier- 
Stokes equations, examples of laminar flow, and the boundary 
layer. 

There are many well-selected examples throughout the entire 
book. However, the practical usefulness or range of validity of 
these examples is seldom discussed. This reviewer is of the opin- 
ion that the potential usefulness of these examples was not fully 
exploited, largely because the results are not interpreted in terms 
of the mechanics of the boundary layer. 

The concluding three chapters, on real fluids, are not well 
integrated into the remainder of the book, and are in fact too 
brief to survey the many modern developments on the boundary 

layer, viscous flow, and turbulence. Professor Streeter’s real 
§ contribution lies in a lucid introductory exposition of the mathe- 


matical methods for dealing with the flow of an ideal, incompressi- 
ble fluid, 


THERMOpyNAMIcs. By Edward F. Obert. McGraw-Hill Book Com- 


pany, New York, N. Y., 1948. Cloth, 6 X 9 in., xiv and 471 pp., 
illus. $5.50. 


REVIEWED BY JOSEPH KaYe® 
THs volume i8 intended as a fundamental text in the fields of 
thermodynamics and heat power. The first quarter of the 
book begins with a survey of dimensions and units, then proceeds 
with a discussion of fundamental concepts, the First Law, the re- 
versible process, and ends with a chapter on the Second Law. 
) The remainder of the book deals mainly with properties of fluids, 
and with applications to the heat-power field. In this latter sec- 
tion, much space is devoted to characteristics of real and perfect 


m eases, flow of fluids, processes using mixtures of air and water 


vapor, thermochemistry, power cycles, and refrigeration. A 
brief description of the Third Law is given in the chapter on ther- 
mochemist ry. 

The many sketches and drawings in the book are excellent and 
‘erve to give the reader a quick picture of the process or piece of 
Machinery under discussion. 


One of the basic objectives of a text which introduces thermody- 
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DISCUSSION 


namics to undergraduate students should be a clear and concise 
presentation of the simple concepts, definitions, and principles. 
The present text makes many attempts to achieve this objective 
but falls far short of this goal. A careful examination shows that | 
whereas the introduction of some of the concepts and definitions 
is above standard, there are many instances where the student is 
given tools which he can neither understand nor use until he has 
studied some later chapters in the book. There appear to be : 
many cases where the organization of the basic material has been 
poorly accomplished. As an illustration, we note that heat is de- — 
fined excellently on pages 30 and 31, its transitional nature clari- 
fied, and yet on page 121, under the discussion of entropy, we find 
the following sentence: “One simple answer to these questions is 
found in the singular fact that heat has only one measurable prop- 
erty, temperature.” Certainly such a statement has no place in 
the art of teaching thermodynamics, or even in metaphysics. 
Again consider the following definition of ‘available energy” (on 
page 83) which is used to introduce the concept of reversibility: 
“Available energy in the broadest sense of the term is the maxi- _ 
mum amount of work that can be obtained from a quantity of 
energy in a specified state.’”? No method of measuring this ‘“‘avail- 7 
able energy” is given in the discussion which follows, yet the stud- i ~ 
ent is asked on page 85 ‘“‘to remember that reversibility is merely a 
test to ensure that neither work nor available energy is misused.”’ q 
The number of such examples is large. Since thermodynamicsisa = 
quantitative science, one cannot justify the use of such ambigu- 
ous concepts in any course on this subject. 


The greater part of the book covers the properties of fluids and E. 


applications in the heat-power field. The description of these ap- 
plications with the aid of many clear diagrams will help the reader 
considerably. Many numerical examples are included for pur- ae 
poses of illustration. At the end of the book is found a collection 7 7 
of numerical constants and of properties of common fluids. In| 
addition, a collection of diagrams such as specific heats, compressi- = 
bility factors, temperature-entropy charts, ete., is given after the be 
index. 


Advanced Dynamics © 


ApVaNncep Dynamics. By S. Timoshenko and D. H. Young. ~~ 
McGraw-Hill Book Co., New York, N. Y., Toronto, Can., London, 
England, 1948. Cloth, 6 X 9'/, in., diagrams, charts, tables, 400 
pp., $5.50. 


REVIEWED BY MARTIN GOLAND’ 


HIGHLY controversial topic relating to modern trends in 

applied mechanics is whether too many current contribu- — 
tions place undue emphasis on mathematical elegance, to the 
detriment of physical clarity. An opinion to the effect that 
advanced mathematical techniques should not be used whenever 
more elementary methods will suffice draws the accusation 
“reactionary” and “shortsighted” from some quarters, while a 
statement to the contrary is inevitably the cue for the counter- 


argument that unnecessary analytic sophistication serves but to 3 
obscure the physical mechanism being studied. _ 
Professors Timoshenko and Young have long been associated 
with the philosophy that the most direct path between a problem — 
and its solution is the best, and that the impressive aspects of 
an investigation are in the results deduced, rather than the 
methods employed. Continuing along these lines they have now ip ; 
come forth with a new text on advanced dynamics which has 
wide breadth, and which does not have a solitary printed “‘mat- 
rix” or “tensor” in evidence. 7 


In their characteristic style which we have come to know so b= 3 
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well from their previous writings, the authors conduct the reader 
on a disarmingly smooth excursion into the various phases of 
dynamics. Far from constituting a classical treatment of the 
subject, the approaches to the theoretic developments are in- 
formal, with free use being made of problem illustrations drawn 
from practice to break ground for new proofs, or to point up 
significant high lights. For the research student this text forms 
an invaluable engineering link between elementary and classical 
dynamics; for the practicing engineer it permits a discriminating 
use of advanced techniques without the encumbrance of unneces- 
sary generalization. 

The scope*of the text is suitably broad. Chapter one deals 
with the dynamics of a particle and provides the occasion to 
investigate various approximate numerical and graphical methods 
for the solution of the total differential equations of dynamics, 
tools which so often must be used in practice. The chapter 
includes a concise but adequate treatment of particle dynamics 

' techniques in ballistics, and a similarly satisfactory discussion 
of one degree-of-freedom vibrating The remarks 
dealing with nonlinear oscillating systems are refreshingly to the 


systems. 


point. It seems to this reviewer that this first chapter should 
# certainly be made required reading for all students of engineering 
dynamics. 
_ The second chapter develops the usual theorems with regard 


to systems of particles and investigates the theory of engine 
balancing in some detail. Chapter three introduces the concept 
; of generalized co-ordinates and then proceeds to the derivation 
‘ and discussion of the Lagrangian equations, which have become 
an essential part of the equipment of the present-day dynamics 
engineer. Hamilton’s principle is also dealt with briefly. 
Chapter four is devoted to the theory of small vibrations and 
approaches the general problem in a series of gradual steps. In 
addition to touching on the usual facets of the subject a typical 
: iterative procedure for extracting the normal mode frequencies 
from the characteristic determinant is described. While the 
treatment of general vibrating systems is entirely adequate for 
the purposes of the text, the student specifically interested in 
: this branch of the subject will probably feel the need to consult 
a more extended treatise. (Professor Timoshenko already has 
provided a text entirely devoted to vibration theory.) 

The final chapter of the book is concerned with gyroscopic 

theory and its applications, and an appendix provides a brief but 
useful account of dimensional analysis and the theory of models. 
Approximately 150 well-chosen problems, together with answers, 
are included to test the skill and understanding of the reader. 
The style and format of the text are uniformly excellent. 
- With this new book Professors Timoshenko and Young have 
_ added a powerful tool for advanced engineering education. A 
forthright text, such as they have written, has long been needed 
in the field of dynamics. In view of the extreme scarcity of 
competent dynamists in the profession today, the authors’ 
efforts are both timely and significant. 


Gas Tasies. By Joseph H. Keenan and Joseph Kaye. John Wiley 


F and Sons, Inc., New York, 1948. Cloth, 10 X 7 in., 237 pp., $5. 
REVIEWED BY NEwMAN A. HA.’ 


a AMONG current developments in the field of applied thermo- 

; dynamics, one of the more dominant has been the demand 
_ for working data on the thermodynamic properties of the various 
_ media of practical importance. The developments in steam power 
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and refrigeration required the ultimate preparation of tables of 


the thermodynamic properties of steam and the several refriger- 
ants. 
The much simpler thermodynamic structure of the simpler ful 
gases has enabled the engineer to get along with approximate data dot 
with reasonable success. Recent advances in thermodynamic the 
systems, particularly those associated with flight propulsion have 
demanded, however, much more extensive and much more ge. 
curate information. 
In the ‘Gas Tables,’”’ Professors Keenan and Kaye have made 
a further step in meettng these expanding needs of the develop. 
ment engineer. Briefly, this new publication represents a revision Scr 
and a major expansion of the authors’ earlier publication “Ther. . 
modynamie Properties of Air.” 


The collection of tables falls into two categories: Tables | 
through 23 pertain to the thermodynamic properties of air, basic 
gases, and products of combustion of hydrocarbon fuels. Tables 
24 through 59 pertain to fluid-dynamic analysis, including items 
relative to one dimensional accelerated steady fluid, one and two- 


dimensional supersonic shock phenomena, and isentropic super. ear 
sonic two-dimensional expansion fields. in 

The thermodynamic tables give enthalpy, internal energy the 
constant-pressure entropy, pressure and volume ratios for isen- te 
tropic processes, specific heats, specific-heat ratio and _ sonic Ty 
velocity for air, nitrogen, oxygen, water vapor, carbon dioxide a 
cern 
carbon monoxide, and combustion products of hydrocarbon fuels . 

are 
with 200 and 400 per cent of theoretical air, all at zero pressure. 

econ 
The fluid-dynamic tables are largely reprinted from two sources: C 

M.I.T. Meteor Report 14 ‘“The Mechanics and Thermodynamic 
of Steady One-Dimensional Gas Flow With Tables for Numerics f - 

Solution,” by A. H. Shapiro, W. R. Hawthorne, and 8. M. Edel- ough 
man and J.H.U. A.P.L. Bumblebee Report 26, “The Theory an Ar 
Practice of Two-Dimensional Supersonic Pressure Calculations, ino 
by N. Edmonson, F. D. Mornaghon, and R. M. Snow. cial 

The zero-pressure thermodynamic properties are based meal 
early calculations of Johnston, Geauque, Gordon, and K math 
interpolated by Heck® and adjusted to accomodate revi: pte 
fundamental constants in accord with practice of the Burr for t 
Standards.” The accuracy is similar to that of the ear leak 
tables and is wholly sufficient for engineering purposes. T \, 
tables of products of hydrocarbon-fuel combustion are preset total: 
in a form suitable for convenient interpolation to any lean 1 with 
combustion analysis as described recently by Kaye." avail: 

. . 

It is clearly stated that the thermodynamic tables varyi 
strictly only for zero pressure and an extended discussion is g varie! 
to indicate in general that only at unusually high pressures and 1 
accuracy too poor for engineering analysis. It seems unfortu in col 
however, that in view of many applications where these hig the m 
pressures do occur that the authors did not include more ade partic 
quate quantitative data on the pressure limitations as well 
suitable high-pressure @orrection factors. Pro 

This reference handbook will find its major use among tW well ¢ 
groups of development and research engineers. Those concerned ment 
with power plants and propulsion will use the thermodynamu brief ; 
data while those concerned with performance and design ™ B® toot} 
volving fluid dynamics will use the corresponding tables. Whit ing da 
‘these two groups and their problems overlap to some extent, It* Wit 

conta 
®“The New Specific Heats,” by R. C. H. Heck, Mechani ntal 
Engineering, vol. 62, 1940, pp. 9-12; vol. 63, 1941, pp. 126-135. _ Prior g 

10 ‘Heats, Free Energies, and Equilibrium Constants of So Criticis 

Reactions Involving Oz, H:O, C, CO, COs, and CH,,” by D. of oth 
Wagman, J. E. Kilpatrick, W. J. Taylor, K. S. Pitzer, and F. DB yy 
Rossini, J. Res. National Bureau of Standards, vol. 34, 1945, C 
143-161. 

11 Thermodynamic Properties of Gas Mixtures Encountered in 6 I even b 

Turbine and Jet-Propulsion Processes, by Joseph Kaye, Journal ae 

Appiiep M 361. Py 
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possible that their needs might have been met more conveniently 
had the two sets of tables appeared separately. 

The authors have organized and explained their tables skill- 
fully and the reproduction is an example of clarity. There is no 
doubt that this publication will become an essential addition to 
the library of many engineers. 


Scientific Foundations of Vacuum 
Technique 


Scientivic FOUNDATIONS OF VAcUUM TECHNIQUE. By Saul Dush- 
man. John Wiley and Sons, Inc., New York, N. Y., Chapman 
and Hall, London, England, 1949. Cloth, 6 xX 9'/, in., illus., 
diagrams, charts, tables, xi and 882 pp., $15. 


REVIEWED BY RICHARD S. Morse!? 


| GENERAL books on the subject of high vacuum have to date 

tended to fall into two categories: those which describe the 
techniques of a particular laboratory or author, and those which 
review the work of others from a historical and bibliographical 
viewpoint. The title of Dr. Dushman’s book is in keeping with 
the contents. Here in one volume we now have a very thorough 
treatment of the scientific foundations of high-vacuum practice. 
The book is written to be of maximum value to the worker con- 
cerned with research and development where vacuum phenomena 
are encountered with less emphasis on the engineering and 
economic aspects of industrial processes. 

Complete data are given for computing the flow of gases and 
vapors as may be required by the vacuum engineer. The theory 
of flow and gas viscosity is treated with great clarity and thor- 
oughness, based on fundamental concepts of kinetic theory. 

An excellent review of the development of the diffusion pump 
also includes typical operating data for the most recent commer- 
cial units. All possible methods for the production and measure- 
ment of low pressures are described in detail with specific infor- 
mation concerning the most recently developed instruments as 
currently employed by research workers and industry. Here 
for the first time is given a review of modern developments in 
leak detection. 

A substantial portion of the book is devoted to three chapters 
totaling 266 pages, describing the interaction of gases and vapors 
with solids. Here is a very exhaustive review of the theory with 
available data on gas and vapor adsorption and absorption under 
varying conditions of pressure, temperature, etc., and with a 
variety of materials such as glass, cellulose, charcoal, powders, 
and metals. Problems of gas evolution and diffusion of gases 
in solids under vacuum conditions are discussed in detail. In 
the metals field questions of gas content are again covered with 
particular emphasis on gas diffusion and occlusion and the in- 
fluence of such problems on vacuum melting and degassing. 

Problems of evaporating metals and alloys are particularly 
well covered from a theoretical viewpoint, although the develop- 
ment of such operations on an industrial scale is omitted. A 
brief review of problems of free-energy calculations is included 
‘ogether with a discussion of typical reactions of metals, includ- 
ing data on thermal reduction of compounds and oxidation rates. 

With the exception of patent references Dr. Dushman’s book 
contains by far the most complete and up-to-date review of all 
prior art in the field that has yet been published. The most valid 
criticism of the book is probably the extent to which the work 
of others has been included without the elimination of the more 
obsolete or less important information. 

Certainly no library can afford to be without this publication, 
even based on its value as a reference manual alone; and it is a 
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most welcome and long awaited addition to the desks of all 
research men or engineers engaged in the growing field of high 
vacuum, 


Cours De Mécanique 
Cours De M&canique. Volume II. Dynamique des Corps Solides 
Rigides. By Henry Favre. Published in French by Dunod, 
Paris, France, and Leemann Fréres, Zurich, Switzerland, 1947. 
Paper, 6!/4 91/2 in., 434 pp., illus. (No price) 


REVIEWED BY J. P. Den Hartoa!® 


"THIS is the second volume in a series of three volumes, cover- 
ing the regular (French language) course on engineering ma- — 
chanics at the famous bilingual Federal Polytechnic of Zurich, 
Switzerland. The first volume in the series, reviewed previously 
in this JourNaAL (March, 1948, Vol. 15, No. 1, p. 93), covered 
statics and elementary strength of materials, the present second 
volume is on dynamics, while the third and concluding volume is © 
to treat the theory of elasticity. 

The book comprises 13 chapters, of which the first four are on | 
particle dynamics, including a fairly elaborate theory of linear _ 
vibration, free and forced, with damping and with consideration 
of transient conditions. The next four chapters deal with the 
dynamics of a single rigid body, with a rather complete exposition = 
of the slowly rotating gyroscope. The last five chapters treat _ 
the dynamics of systems in a general way with the theorems of 
Lagrange and Hamilton. 

After each chapter a number of exercises is listed, totaling 173 
in the book, of which some are problems in the usual sense (with- 
out answers) and some ask for proofs of general theorems. 

The book is well written and the subject matter treated is of 
considerably greater completeness than is usual in courses in our a 
schools, although it does not go quite as far as Webster’s treatise. oo 
It is clearly and beautifully printed and well illustrated and will 7 


be very valuable as a reference work. 


Yankee Science in the Making 


YANKEE SCIENCE 
Brown & Co., 
$5.00 


IN THE 
Boston, 


Dirk J. Struik. Little 
53/4 X 81/2 in., 430 pp. 


Makina. By 
1948. Cloth, 


REVIEWED By J. P. Den 


()* ‘E in a blue moon a book is written that equally well de- ro 
serves to be reviewed in the JouRNAL oF APPLIED MECHAN- 
Ics as in the Saturday Review of Literature, and this is it. Itisa 
delightful history of scientific and engineering development inthe 
United States, particularly in New England, up to the period of — 
the Civil War. Some years ago Van Wyck Brooks published | 
“The Flowering of New England” and “New England: Indian — 
Summer” with the literary and artistic history. What Van ' 
Wyck Brooks did for the poets and writers, Struik did for . 
scientists, engineers, and manufacturers. The book is divided 
into three parts: “Beginnings,” covering prerevolutionary days, __ 
the “Federalist Period” and the “Jacksonian Period.” It con- 
tains a wealth of most interesting details. There is the story of q : 
Benjamin Thompson, the poor boy from Boston, who becamea ss 
schoolteacher in the town of Rumford, N. H., which is now ai 
cord, N. H. He married the richest widow in town and associ- col 
ated only with the best, which gave him the reputation of beinga _ 
Tory. To show that this was correct, he left New Hampshire _ : 
during the revolution and went to England. Beingagoodscien- ~~ 
tist he was of great service to King George, who made him a © 


- 
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knight. Later he entered the employ of the King of Bavaria and 
 jaid out improvements in the City of Munich, for which the King 
made him a count, and Benjamin called himself henceforth Count 
Rumford. He published many important scientific papers, 
among which is a rough calculation of the mechanical equivalent 
of heat, deduced from the heat produced in boring cannon for the 
Bavarian King. This was fifty years before Joule. 
"Then there is the story of Bowditch, the eminent Practical 
a Navigator, whose name is known to every sailor and who was one 
_ of the founders of the first scientific academy in this country: 
_ the American Academy of Arts and Sciences in Boston. 
A very interesting and large chapter deals with the develop- 
- ment of turnpikes, canals, and later railroads, of water power 
@ and the water-supply system of Boston. The most prominent 
‘« name mentioned here is Laommi Baldwin, the first civil engineer 
Of great reputation in this country. 
_ Among the many inventors is Eli Whitney, who invented the 
cotton gin, (while he was teaching Latin for a pure to the sons of 
a rich planter down South), and with it revolutionized the econ- 
- omy of the South. This invention gave him little money and 
many law suits, and he turned around and made a fortune manu- 
facturing rifles in a plant which eventually became the Win- 
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chester Arms Company. Similar stories are told of Colt, the in. 
ventor of the revolver, Slater, who started the still existing firm 
making textile machinery, the various members of the Brown 
family, who founded the Brown and Sharpe Company and Brown 
University, and of many others. 

Another chapter deals with the founding of the various schools 
of science, medicine, and engineering. Science, as such, in the 
beginning was mostly “natural science,” geology and biology, and 
many interesting details are given of Audubon, Agassiz, and 
others. A story is told of a great comet which appeared in 1843 ‘ 
and aroused much public interest in astronomy, leading to 4 str 
large bequest to Harvard for an observatory. The “great tele wa 
scope” was installed in 1847 but had to be imported from Europe. vat 

This book should be of intense interest to historically inclined 


cre 
scientists and engineers, and to all economists and historians con 
Logically it should have been written by a native New Englander; sec 
historian or engineer, but it was not: the author of all things isa JB des: 


mathematician and a Dutchman, although he has lived in Boston = 


for twenty years. It is rumored that he has plans to write a see. 12,0 
ond volume on the developments after the Civil War and the re- hr | 
viewer hopes that the rumor comes true and that the secon’ JB the 
volume will be as interesting as the first. ary 
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The paper evaluates the stresses and the permanent 
strains at a particular time, resulting from loading a thick- 
walled cylinder under constant internal pressure and ele- 
vated temperature when account is taken of the primary 
creep characteristics of a given material. The results are 
compared with permanent strains obtained by considering 
secondary creep as the general basis for pressure-vessel 
design. For a thick-walled cylinder of wall ratio of R,/R) 
= 2 and of 12 per cent chromium steel, operating under 
12,000 psi at 850 F, the permanent strain at the end of 25 
hr by the primary-creep analysis was found to be equal to 
the strain at the end of 2000 hr, considering only second- 
ary creep. The methods formulated are shown to be 
suitable for design of pressure vessels intended for short 


life. 


The following nomenclature is used in the paper: 


a = thermal coefficient of expansion, in./in./deg F 


A = increment 
= principal strains, Cartesian co-ordinates, in./in. 
ii, & = principal strain rates, in./in./sec 
&, § = principal strains, cylindrical co-ordinates, in. /in. 
&, = principal strain rates, in./in./see 


&* = effective strain, in. /in. 


€, = plastic component of strain, in./in. 


9, 6, #, = temperature, deg F, subscript refers to position 
v» = Poisson’s ratio 
03 = principal stresses, Cartesian co-ordinates, psi 
¢,, 0,0, = principal stresses, cylindrical co-ordinates, psi 
o* = effective stress, psi 
=1+D 
1, b, B,c, Ci, Ca, k, m, n’, Ni, Ne = const 
D = variable coefficient relating stresses and strains with 
E = modulus of elasticity, psi 


Po = bore pressure, psi 


= radius, in. 
Ro, Ry 


= 


= bore or outside radius, in. 


= time, hr 
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Internal-Pressure Vessels _ 


By L. F. COFFIN, JR.,! P. R. SHEPLER,? ano G. S. CHERNIAK* 


= effective strain rate, in. /in./sec a 


Primary Creep in the Design of 


ty 

INTRODUCTION 

In the design of thick-walled pressure vessels, Fig. 1, for ele- 
vated temperatures in the power, oil, and chemical fields, numer- 
ous situations may arise where factors other than strength con- 
siderations impose limitations on useful life. Among such factors 
may be included surface corrosion, intergranular corrosion, graip 
growth, life of fittings, contamination, ete. Under the condition 
of short service life imposed by the foregoing factors, a rational 
design procedure for internal-pressure vessels should be such as 
to set the stresses at a level where permissible creep is attained at 
this service life. By such a procedure higher pressures and tem- 
peratures may be reached, which would greatly facilitate chemical 


reaction or power-plant efficiency. : 
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Fie. 1 Taick-WaLLep CYLINDER UNDER INTERNAL PRESSURE OF 


12,000 Pst AND Constant @ = 850 F 


To date the commonly accepted basis for design of pressure _ 


vessels at elevated temperatures has been by the use of tensile 
secondary-creep data applied to combined steady stress such as 
the methods used by Bailey (1), by Marin (2), and by Soder- 
berg (8). In short life, secondary-creep conditions are rarely 
attained and primary creep must be the basis for any analysis. 
Soderberg (4) pointed out in 1936, that there has been a general 
tendency to ignore the initial period of varying creep rate and to 
treat the problem as one of constant rate; it is evident that this 
procedure is unsuitable for cases where stresses are influenced 
by the plastic deformations themselves. Such is nearly always 
the case in practical problems. 

The present paper attempts to show how the tensile primary- 
creep characteristics may be utilized in the design of thick-walled 
pressure vessels. In other words, it attempts to trace the stress- 
deformation history of the tube from the time when the pressure 
is applied initially until its life expectancy, or to the time when 
steady-state conditions corresponding to secondary creep are 
reached. 


“4 Numbers in parentheses refer to the Bibliography at the end of _ 


the paper. 
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In this paper, for the sake of simplicity, analysis has been 
made for the ease of a thick-walled cylinder under constant tem- 
perature throughout the wall. Any temperature could have been 
used for which there were sufficient data in good form. It ap- 
peared that the McVetty data for 12 per cent Cr steel at 850 F, 
as presented by Soderberg (4) fitted this condition rather well. 
This is shown in Fig. 2. As will be noted in the following section, 
inclusion of heat flow does not complicate the problem unduly. 
In such a case of course, tensile creep data at various stress levels 
and at various temperature levels would be necessary for the 
material in question. The same type of analysis as presented 
herein may at some future date be extended to the problem of 
cyclic loading of pressure vessels. 
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TIME IN HOURS 
Fig. 2 Creep Curves ror 12 Per Cent Cr STeeEt at 850 F 


The analysis as presented with but slight modification may be 
applied to other systems of combined stresses in cylindrical prob- 
lems such as rotating disks, turbine rotors, etc. 

By use of the maximum shear theory of plastic flow and by a 
unique trial-and-error procedure, stresses and strains have been 
found that are compatible with a stress versus strain curve occur- 
ring at any instant of time. The method requires the conversion 
of conventional tensile creep data to curves of stress versus strain 
with time constant. Experimental work is necessary to verify 
the validity of using these converted curves for a mechanism of 
varying stresses at a point in the material. The trial-and-error 
system may be too lengthy to allow solution of the great number 
of cases of thick-walled cylinders under internal pressure which 
need attention, and to that end, a computer to handle this pro- 
cedure automatically is suggested. T 


Basic THEORY AND Form or CALCULATION 


Transient State. In the long thick-walled cylinder subjected to 
a constant internal pressure and heat flow with temperature 
equilibrium, the transient state is defined as that portion of the 
deformation history of the tube when the stresses throughout the 
cylinder vary with time. It may be considered to start when the 
pressure is first applied, at which point the stress distribution in 
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the tube is entirely elastic in nature, and is completed when the 0 
complex creep-relaxation process in the tube has adjusted itself it 
to the point where the entire stress distribution is constant with n 
respect to time. The transient state is a result of primary creep b 
of the metal. This state is examined first. al 
At all instants of time during the life of the tube, certain basic re 
relationships must be fulfilled throughout the tube. These in- 
clude the condition of radial equilibrium of stresses 7 
de, 4 
ac 
and the condition of compatibility of the strains, which can be to 
expressed in the form 
The creep process is thought of as a plastic phenomenon to which 
the basic laws of plastic flow of a homogeneous ductile metal 
apply, namely, the constancy of volume of plastic strains, and the 
geometric similarity of Mohr’s three principal strain circles to IB Hoy 
Mohr’s three principal stress circles. These laws are quite wel I duc 
known (5), and have been extended to the creep problem by I ana) 
Soderberg (4). A generalized stress-strain relationship (6), cai 
be formulated applying these laws, together with the well-known 
Hooke’s law for elastic behavior; thus 
As 
differ 
stres 
sna 
tion 
strait 
temp 
80 ths 


It will be seen that Equations [3] satisfy the plastic-flow law 
constancy of volume, since the volume change per unit volumes 


1 — 2p 
(é, + + £.) E (o, + + 


where the term in the right-hand side represents only an elasti 
bulk-modulus effect. Also, from Equation [3] the second plasti 
law is fulfilled since 


When a temperature gradient exists in the tube, Equations } 
become 


Et, = wo, — + o,) + 
= wo, —w2l(o, + o,) + af>.... 
Et, = wo, — w:(o, + + 


Further conditions to be applied to the tube under load must! 
the constancy of axial strain for all radii or 


and the end load condition, namely 


Ri 
ae o,rdr = 
Ro 


The final condition needed for the evaluation of the tra 
creep problem is the formulation of a unique relationship be 
stress, strain, temperature, and time for the material, reg" 
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of the stress condition. Obviously, this is no simple matter and 
involves the introduction of certain assumptions regarding the 
mechanism of creep. Considering for the moment the plastic 
behavior of homogeneous ductile metals under combined stress 
and small time intervals, it has been found possible to establish a 
relationship of stress and strain, namely 


regardless of the stress ratio imposed on the material. Equation 
(7| usually is valid for strains less than 10 per cent. The widely 
accepted distortion energy theory for plastic flow can be applied 
to Equation [7] where 


1 
and 
v2 
= g — &)* + — (9) 
However, because of the formidable analytical difficulties intro- 


duced by the complexity of Equations [8] and [9] for the present 
analysis the maximum shear theory will be adopted where 


Aside from simplicity in form, it will be shown that for the 
thick-walled cylinder the maximum shearing stress is always the 
difference between the tangential and radial stresses, the axial 
stress always being intermediate. This makes for simplicity of 
analysis. Other experimenters (7, 8) have found no basic viola- 
tion to the uniqueness of maximum shearing stress - shearing 
strain relationship within the range of variables of their tests. 

A further assumption is now made that in creep tests, time, 
temperature, and strain may be treated as independent variables 
s0 that one may write 


example, standard tensile creep tests, as in Fig. 3, may be con- 
verted to curves of stress versus strain with time as a parameter 
as in Fig. 4. Temperature gradients in a thick-walled cylinder 
/may then be taken into account by determining a family of curves 
similar to Fig. 4 for each temperature level. This procedure has 
been applied to various constant total strain relaxation data 
found in the literature using the given creep data converted to 
he total strain (elastic plus plastic), such as Fig. 3, and deter- 
mining the stress and time for a particular constant total strain. 
seement with observed relaxation tests in the various cases 
has been very good. 


COFFIN, SHEPLER, CHERNIAK-—-PRIMARY CREEP IN DESIGN OF INTERNAI-PRESSURE VESSELS 231 os 


[12] 


This implies that for a particular temperature, tests such as, for 


t=t, 


[14] ‘and [15] then determine the effective stress and 


With this assumption, the formulation of Equation [12], using 7 
tension-creep data, the analysis of transient creep with no heat — 
flow (constant temperature) in thick-walled cylinders can be 
carried out at a particular time as though one is dealing with a — 
static problem with the material following the arbitrary stress- _ 
strain curves such as in Fig. 5. If there is a temperature varia- _ 
tion throughout the tube (assumed to be steady with time), then 
a family of curves with temperature as parameter can be used as 
in Fig. 6. 
yordyst 


Analysis can now be undertaken using the basic relationships P 


given by Equations [1], [2], [3], or [3a], [5], [6], [10], [11], and 

Fig. 5 or Fig. 6, depending upon whether there is heat flow in © 

the tube or not. First consideration is given to the determina- © 
i 


Fie. 6 


tion of Fig. 5 or Fig. 6, from tension-creep data. 
Assuming the tension-creep test to be performed in the z- 
direction, from these tests experimental curves exist of the form 


for a particular time and temperature. For this test = = 0. 
Hence Equation [3] x 

Fé, 

Eé, = 
Et, = wo, = (1 + D)e, 


—— * 


Hence 
Then = & — &, for a tension test. Thus 
> 
wh) tails at? ba 


strain values from tensile stress and strain values on the basis of fs 
the maximum shear theory. 

For radial heat flow in thick cylinders, the temperature as a 
function of radius is given by . 


ie 
lf 
| 
be 
\ 
@= 62 
6 = 6n o 
| 
we 
can 
nown 
law 
elasti 
1 plasti 
| 
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_ Since the form of calculation to be presented is a numerical one, 

- values of temperature at five equally spaced radial points, in- 
eluding the bore and outside surface, are found from which 
; curves of the type of Fig. 6 are constructed. Assuming a wall 
- ratio of R,/Ry = 2 for the purpose of discussion, each of the five 
curves Fig. 6, would then apply at the particular ratio r/R) = 
1, 1.25, 1.50, 1.75, and 2. 

A distribution of the quantity Hé* versus r/Ro is now assumed 
throughout the tube. If there is no basis for the assumed dis- 
tribution, a constant value of H&* may be selected. Using Fig. 
6, o* is then determined for each r/Ro. Applying Equation [1] 


de, 


or in better form 


Since the right-hand side of Equation [17] is known, numerical 
integration using Lagrangian integration coefficients (9, 10) gives 


the quantity Ao, for each A(r/Ro). Since o, = —po for inter- 
a ‘nal pressure when r/Ro = 1, the values of ¢, at r/Ro = 2 can be 
- found. This value should be equal to zero, but may not, in 
which case the quantity o*/(r/Ro) is corrected by the o, at r/Ro 
= 2, and a new integration performed giving o, = 0 at r/Ry = 2 
From the values of ¢, and o*/(r/Ro) after adjustment, o* and o, 
can be found as well as the corresponding values of HE* from Fig. 
6. 

The next step in the calculation is to obtain the quantities «,, 
From Equation [3a] 


E(é, é,) (w + w.) (o, a,) 


we, and D. 


or substituting Equations [4], [10], and [11] 


Hence 


Pe & D= 

o* 

for each value of r/Ro, and « and w: are found from Equation [4]. 

_---s Now applying condition Equation [5], the constancy of axial 
strain, together with the last equation in Equations [3a] 
1 1 


? The stress o, can be solved for if k were known. This can be 
found by trial and error using Equation [6]. Generally, three 
trials for Ek (with Ek = 0 for one) give the correct value of Ek, 
and the distribution of «, versus r/Ro. In the integration in- 
volved in Equation [6], Lagrangian integration coefficients again 
are used. 

Knowing for the assumed and corrected distribution of Zé*, 
the quantities o, and k, is found from the second of 
Equation [3a]. The compatibility Equation [2] has yet to be 
used, and this equation is a check and a means of improving the 
solution. Writing Equation [2] in the form 


= 
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numerical integration is performed giving the increments AK; 
for each increment of A(r/Ro), the right-hand side of Equation 
{20] having been computed from the assumed and corrected F¢*, 
If the correct value of H&* had been used at the beginning of the 
calculation, then the increments AEé, found from Equation 
[20] should equal the increments of H£, from Equations [3a], 
This will probably not be the case in the first trial, and «a new 
trial is undertaken to improve the solution. 

Rapid convergence of the solution is possible by selecting a 
new distribution of the quantity Hé* in the following way: The 
strain & will be found to be small in comparison with & and £, 


and if the elastic strain components of the total strains are also 
small then — 


Hence 


and thus 


= +2AK%,.. 


The error in the first trial is measured by the difference in incre- 
ments of H£, found from Equations [3a], and that of [20]. By 
Kquation [21], doubling this difference gives the error in each 
increment of H&*. Hence the increments of H&* found from the 
first trial can be corrected by twice the errorin AFE,. A new dis 
tribution of HE* for the second trial is then found keeping the 
same HE* at r/Ro = 1.5 as before and determining the remaining 
values of Ht* by the corrected increments of Hé*. 


The second trial is carried out in an identical fashion and the 
errors in the increments of H&, observed. <A third trial is then 
performed if necessary. Convergence by this method is more 
rapid for those curves having higher degrees of plastic flow or 
creep than for those with low creep. 

Thus for the particular time parameter in Fig. 6, the com- 
plete stress-strain distribution in the tube is found. A new time 
parameter is then selected leading to new curves for Fig. 6, and 
the analysis repeated. Enough time parameters are selected (0 
give a clear picture of the stresses and strains throughout the 
tube as a function of time from the case when ¢ = 0 (the elastic 
solution) to where ¢ approaches steady-state conditions when the 
stresses are constant with time. 

A particular problem is treated in this paper where there is 1 
heat flow in the tube, in which case Equations [3] and Fig. 5 ar 
used in the analysis rather than Equations [3a] and Fig. 6. A wal 
ratio of 2 is selected, together with a bore pressure of 12,000 psi 
using a 12 per cent Cr steel at 850 F. The creep data for thes 
curves have been taken from reference (4), and are replotted # 
Figs. 7, 8, and 9. A sample calculation sheet, Table 1, has bee! 
included to show the form of calculation which the foregoing 
analysis assumes. Table 5 shows the data for Fig. 9. 

Steady State. After a certain time the creep-relaxation proces 
of strain in the thick-walled cylinder under constant inter 
pressure reaches a steady state, defined by the condition that th 
stresses remain constant with time. This state is associated wit! 
secondary creep. The analysis just given and assumptions (#! 
be extended readily to this case, leading to expressions for stres* 
and strain rates which appear in closed form. The problem ¥ 
first considered from a general point of view and is then applie 
to the thick-walled cylinder. 

If one is dealing with a homogeneous ductile metal, subjects 
to plastic flow or creep to such an extent that the elastic co 
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It is then assumed that a steady-state creep law can be formu- 
sbject® (1), namely 
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° 
_ TABLE 1 SAMPLECAL ULATION SHEET STRESS-STRAIN SOLUTION OF THICK-WALLED CYLINDER BY PRIMARY CREEP 
TRIAL H-25| MAT'L: 12% CR STEEL t = 25 HR. © = B50°F | R= 12,000 £20 
10 |-5§350|28/29 -55350| ___|+274 |.00/836|27,750\27750 |27768 | 27768 |.00/838 
125 |-33,720 | /8 203 |-9 926 |-26976|-9 783 11/43 Some “33,732 | 0012420340 |/6272 \\/6290 4) 20362 |.00//26 
450|-22 920 | /3 |-5 O69 |-/5,280|-5,075 |-6 [22,920 |000764)/5, |/0/00 15, 477 =|.000766 
175|-16650 | /0./44 5/4 |-30359 +98 |-/6552| 000552| 1520 |6583 ~ 6601 14,552 .000553| 
120}|-72630| 8/75|-1669|-63/5 |-19// \58*" | -/8 9020|45/0 9056 |.000424 
7 -Eé, Or w, We Oe 
-Ee* C,+ 2Ee* 26) p41 ER 161 6 i 
§140) 712,000 |+/5 768 | 3,768 |/3238|4572 |/457/ | 5285 |.3627 | 1367 _| (4/09 |2476 |2476 -9524 | 
[33780] $360 |-6640 | /5722 | 7082 |//060 |.2393 |/2393 |.4/96 |.3386 | 2398 | 4504 | 3702 |4627 |-2956 | 
22,960|3224|-34/6 | 14,76/ | 8345 |/0094|./427 |//427 |.37/4 | 3250 |27/2 |4/26 |6/89 
116590 |2053 |-363 | | 8826 | 9574 |.0907 |/0907| .3454).3/67 | 2795 | 1482 4277 |7485 \+2.9/4 | 
12.720 | 1364 re) 9056} 9056 |.9364 |.0697 |/0697| 3394 |.3/3/ | 28355 |45// | 4346 |8692 
3,16 
= numerical integrating constants 
Ee. |? |P  |Core for, 
Eee | TR. Ro difference| aise, |New EE 
+5033 |22976|28009 -55140 __|-50 _|-55/90 .3486/ |-02659|+0/528 |-02639 | 
11234 7006|/@ 240 |-9769 }27024 +9770 |-/ | 33828 89722 +48056|-/0278 |+/4722 | 
1-264 |13459| /5,/75 |-5065 |/5320 |-5089 |24*1""| |-22,980 |-36667 
-4006 |/{//3 | /0/07 |-5068 |-9480 |-3039 -58 |/6648 722 |: 10278 48056 489722 | 
-14955| 9687| 8252 |-1875 |-6360 |-/907 }32°" | +6 -02639|+0/528}+-02639 |+3486/ | 


TABLE 2 COMPARISON OF PRINCIPAL CREEP RATES OF VARIOUS THEORIES WITH COMBINED STRESS-CRE 


A.TESTS OF TAPSELL AND JOHNSON ENGINEERING VOL. 150, 1940 
17% CARBON STEEL AT 850°F, CREEP RATES AT 150 HOURS 


SODERBERG & MARIN'S 


MAXIMUM SHEAR 


EXPERIMENTAL BAILEY THEORY THEORY THEORY 

14660 -660 0.99 |-080 |-ovs | |-O.49 | 096 |-0.60 |-046 || 400 [-0.53 |-047_ 

12360 | -350 | 072 | o6e |-035 |-033 | o6e |-os6 0.67 |-035 |-032_ 

12080 |-2080 |0| 404 | 037 |-14/ 0.76 |-045 |-03/ | 077 |-029 || 080 | -o49 |-03/ 

|-2,680|0| 176 |-024 |-152 | s22 |-0735 | 417 | -072 |-045 | |-o79 | -049 

|-3720|0] 075 |-o2 |-a54 | a59 | -0o42 |-a/7 | 060 | -a. 066 |-0/7 

@/100 |-3/00 047 | | | O39 | | O40 | -0.350 |-0./0 |} 044 |-O53 | 

72630 |-4470|0]| 052 |-0.30 | -a22 | 042 | -035 |-007 | 043 |-0.36 |-0.07 | 049 | |-008 

10.240 |-629010) 409 |-4/3 0.04 | ae¢|-070 |-0/4 | 086 | -0.73 |-0/3 | O97 |-083 | -0./4 

§ 800 |-5,900| | a34 |-a34 0.36 | -a36 0.37 |-037 oO 093 |-043 | 

2720 |-7720 | 0] a6e © | o66|-aee | oO 068 |-068| oO 078 |-07e | 

B. TESTS OF NORTON-ASME TRANS. 63, 1946 

SODERBERG MAXIMUM DURATION 
TEMERATURE EXPERIMENTAL MARIN'S OF 

ae OF TEST THEORY THEORY TEST HOURS 

IN/IN./ HR. X 10°6 

G(PSi) | G(PSé) é é 

11,800 0.1/5 0.104 0./40 1,400 
4600 ° 0.87 0.740 1.14 2600 _ 
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one obtains from Equations [24] 


= Moi — 02)? + (02 — 03)? 
D dD 
2 - 
+ — a)? + 03) 
= (a =>" 
2 Bee 
= rt Ae’ (o, — (o2 + [(o1 — o2)? + (a2 — 
2 1 n—1 
& = — Ae — — (2! 
2 3 € (o, a3) E 2 (a3 + 5] 2 [os (0; o2)] 
2 l 
3 = 3 Ae? (a, — 04)"~" E ) (o. + a Using the time derivatives of Equations [8] and [9], Equations 


The correlation with the tensile-creep data is made by assuming 
the tensile-creep results to be of the form 


For simple tension o, = o* and the first of Mquations [25] gives 


Hence from Equation [26] B = 


2/3 A and Equations [25] become 


= Be (a; a)" 


& = Bee (a, — o3)"—' 


> (ar a3) 
(o3 + “| | 


= Bee (or 


(a1 + | 

Equations [27] may then be considered as the generalized creep 
laws for constant combined stresses based upon the maximum 
shear theory for yielding. Their validity when applied to prac- 
tical engineering problems can be shown only through actual ex- 
perimental results in combined stress creep tests. Table 2 has 
been prepared to show the creep rates predicted by these laws, as 
compared with those proposed by Bailey (1), Soderberg (3), 
and Marin (2), for some of the rather scanty published experimen- 
Agreement in most cases is quite favora- 
ble. For purposes of comparison, the Bailey creep laws are 


Bebé 
+ (62 — 93)? + (63 
Be 
[or + (02 + — . [28] 
[(o1 — + — 03)? + (03 — 0;)*]™ 
[(os — — (02 — 


and the Soderberg-Marin creep laws based on distortion energy 


theory are 
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[29] can be reduced to 


a= 


Comparing Equations [27] and [29], the ratio of predicted creep \ 
rates is 
max shear (= max =a) 


The steady-state stresses and strain rates may now be found 
using the maximum shear creep laws, Equation [27], when trans- 
formed to cylindrical co-ordinates, namely 


7 é, = Be E (o; | 
i= (a; (o. + ..[27a] 
| 

) 


The assumption is now made that & = 0. 
strain rates of Equations [27a] 


Adding the three 


Now differentiating [2] with respect to time 
di, 
r &, — & = —2é, 


Hence 


c 


where c is an arbitrary constant. 
tions [27a] to zero 


Now setting the last of Equa- 
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or, using Equation [32] 


i’ 
-(; 


From the condition of radial equilibrium, Equation [1], and re- 
arranging 


where C2 is a constant of integration. 


[16] is expressed as 


bN: 


Substituting Equation [36] into [35], and integrating, one obtains 


For simplicity Equation 


[37] 
3 
where C;* is a new constant and 
n’ [38] 


The constants of Equation [37] are found from the boundary 
conditions, namely, ¢, = — po at r = Ro, o, = Oatr = Ri, then 
Equation [37] becomes, upon solving for the boundary conditions 


[39] 


1—n’ /R, 
+1 
n r [41] 


Ro 
These equations are identical to those evaluated by Bailey (1). 


The creep rate & is found from Equation [34], giving with the 
aid of Equations [39] and [40] 


2n 


n’ 
1 


The tangential creep rate predicted by Soderberg, [Equations 
[29], is 


n+1 


wae: Re 
Comparing Equations [42] and [43] oe + 
eet. 


t, Eq. [43] _ 


RESULTS 


The resulting stresses based upon elastic conditions and pri- 
mary creep are shown in Fig. 10 for ¢ = 0, 25 hr, 100 hr, 1000 hr, 
and for steady state. Table 6 indicates elastic data for th 
curves. Here total stresses are plotted against radial position 
for 12 per cent chromium steel at constant temperature of 850F, 
in a thick-walled cylinder of R,/Ro = 2, under an internal pres 
sure of 12,000 psi. It can be seen from this figure that stress 
distributions gradually change from those of pure elasticity, ¢ = 4, 
to those of increasing plasticity, 4 = 25 hr, 100, and then 1000 hr. 
Finally, the purely plastic case of the steady-state or secondary: 
creep condition is attained. According to the o; curves, it ap 
pears that the steady state for the specific conditions of thi 
problem would fall beyond 10,000 hr, probably in the neighbor 
hood of 100,000 hr. 

In Fig. 11 is shown the resulting total strain versus radi 
position, based on the primary-creep condition. Tangentis 
strains are numerically approximately equal to radial strails 
The axial strain is of very small magnitude and practically it 
varient with time. As regards the tangential and radial strail 
there is approximately the same increase for the time interval ! = 
0 to 25 hr as for the time interval ¢ = 25 hr to 100 hr. The it 
crease in strains from 100 hr to 1000 hr is roughly double that for 

= 25 to 100 hr. Tangential strains for a particular time 
usually about 4 times as great at the bore as on the outside. Th 
indicates strains to be approximately inversely proportional 
r*. Table 3 shows the data from which Figs. 10 and 11 we 
plotted. 

Fig. 12 indicates the residual stress versus radial position ™ 
sulting from instantaneous elastic unloading. This would b 
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Saved’ o, + % (33) and from Equation [33] 
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the case if the unloading could be sufficiently fast to insure that 
it would be elastic in nature. Such is equivalent to subtracting 
in Fig. 10 the t = 0 curve from the stress curves at the times indi- 
cated. Although the residual axial stresses have been calculated 
as shown in Table 4, these were not included in the figure to avoid 


confusion. Roughly, they are about one half of the residual 
tangential stresses. It can be seen from Fig. 12 that for the 
20,000 He: 
16,000 
0 4 
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case where the load has been left on for a long period of tim 
instantaneous unloading would cause high compressive stress 
at the bore and high tensile stresses at the outside. If the loa 
were to be reapplied at a very fast rate, it would be expected tha! 
the stresses would not be far from the particular curve in Fig. !! 
from which the cylinder was unloaded. 

Fig. 13 shows that during the primary-creep stage, mucd 
greater strains occur throughout the vessel than would be ind 
cated by considerations of secondary creep alone. The sé 
eurves in this figure are based on primary-creep analysis 
show the permanent strains in both tangential and radial dire 
tions occurring after 25 hr, 100 hr, and 1000 hr at 850 F, and 12 
000 psi. By the use of Fig. 14 the permanent strain in the 
gential direction for primary creep has been extrapolated " 
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° 25 HA. | (00 HR. | HR. 
ro) ro) re) re) 
4000 000043 |000043 | 000044 | 000046 
2000 000087 |.000088 | 000080 | 000086 
3Ooo 000/30 000/33 | 000/37 | 000/60 
+000 000/73 | .000/79 000/86 000208 
S000 0002/7 | 000226 000238 | 00027/ 
6000 “000260 | 000273 | .000292 | 000340 | 
 +|.000303 |.00032/ | 000349 | 
8000 000347 | 00037/ | 0004095) 000495 | 
000390 00042/ | 000472 | 000662 
| 9000433 000472 | 0005339 | 000676 
TABLE 5 (left) TENSION-CREEP DATA 
72,000 0003520 | 000678 | 000685 | 000889 IN TERMS OF EFFECTIVE STRESS AND 
| 000563 0006355 | 000764 | 007008 CENT 
_14,000 | OO0607 | 000846 | 001458 + A . 
/$,000 ,.000650 | 000735 | 000937 | 00/277 
76,000 0006835 0008/5 00/032 | 00/428 
77.000 | 000664 |.00//33 | 00/593 BA 
78.000 000780 | 000862 | 00/246 001777 
79,000 | 000623 | 00/024 00/355 | 00/965 ow eve 
26000 §.000867 | 06/688 | 66/478 | 002/75 
21000 0003/0 007/77 | 00/608 002404 
22006 606653 00/258 | 00/745 | 002657 
23000 "000997 00/346 | 00/89/ 00294/ 
00/083 00/535 | 003626 | | 
26,000 00/127 00/638 | 0023594 | 00404/ | 
27,000 001/70 00/749 | 002584 0046/5 
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TABLE 7 


n = 3.995 B 2.098 X 


STEADY STATE BY MAXIMUM SHEAR THEORY FOR THICK-WALLED TUBE - 


10> Per Cent/1000 Hr 


p = 12,000 Psi 


| 


r2797e } 27972 


8682 


20,685 


42.238 
13,44) 


STRAIN RATE 


.00225 %/1000 HOURS 


STRAIN, MICRO INCHES PER INCH 


100 1000 
TIME IN HOURS 
Fic. 14 CURVE FOR DETERMINING BoRE TANGEN- 


TIAL Strain To 10,000 Hr 1n A TotcK-WALLED CYLINDER (Ri/Ro = 
2.0) or 12 Per Cent Cr STexex at 850 F anv 12,000 Psi 


AD 


10,000 100,000 


10,000 hr. The dashed curves are those calculated by the steady- 
state analysis and are plotted for the tangential direction only 
(see Table 7 for data from which the dashed curves were calcu- 
lated). Radial strains by such analysis are numerically equal to 


ie and opposite in sign to the tangential strains, but are not shown 


in the figure. It is apparent from tangential strain that primary 
creep at 25 hr gives about the same permanent strain that second- 
ary creep produces at 2000 hr. Similarly, primary creep at 100 
hr is approximately equal to secondary creep at 5000 hr; primary 
 ereep at 1000 hr to secondary creep at 10,000 hr and primary creep 
at 10,000 hr to secondary creep at 22,000 hr. It thus becomes ap- 
parent that secondary-creep analysis is at considerable variance 
with primary-creep considerations in the early stages, i.e., up to 
1000 hr. As we approach 10,000 to 100,000 hr duration, the 


strains occurring in these two creep stages approach the same 
order of magnitude. 

For a case where the maximum permanent strain at any par! 
of the vessel is to be limited to 1 per cent as might occur in tur 
bine parts, Fig. 13 would indicate a life of about 1000 hr by 
primary creep and 10,000 hr by secondary creep. 

In cases where the over-all life of a vessel is expected to be 
small, it appears that primary-creep considerations are essential 
For those cases where long life in the neighborhood of 5 to 10 
years is expected, secondary creep would appear quite adequate. 


CONCLUSIONS 

1 In the design of pressure vessels for short life, consideration 
of elastic conditions and primary creep is essential. 

2 In the design of pressure vessels for long life, secondary- 
creep analysis is sufficient. 

3 For the particular problem conditions of a thick-walled 
cylinder of 12 per cent chromium steel, of wall ratio Ri/hs = 2 
at 850 F and 12,000 psi, primary creep should govern up to 10,00 
hr. 


RECOMMENDED EXPERIMENTAL PROGRAM 


Because of the complexity of the creep-relaxation process in the 
transient case where primary creep is involved, this problem 
should be investigated experimentally and the results compare 
with the conclusions of this paper. Once experimentally vel 
fied, short-cut design procedures may be developed, or a machité 
computer constructed for handling the great number of cases © 
pressures, temperatures, wall ratios, and materials which are” 
practical importance. 

A further research that requires more attention is the checking 
of the various secondary-creep-strength theories in applyit 
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tensile-creep data to the biaxial condition. Under the maximum 
shear theory used in this paper, the tangential-strain rate for the 
problem developed is under steady-state conditions 0.000090 in. / 
jn./1000 hr at the bore. Bailey’s (1) creep equation, based on 
distortion energy, indicates this strain rate to be 0.000057 in. /in. / 
1000 hr., Soderberg’s (4) and Marin’s (2) analyses, the latter of 
which is a modification of Bailey’s, show a strain rate of 0.000059 
in./in./1000 hr. It would be well to know how closely experi- 
ments fit the maximum shear analysis and what errors are in- 
volved in its adoption. 

As mentioned in the “Introduction,” experimental work is 
necessary to verify the validity of converting available tensile 
ereep-time data to stress versus strain at each instant of time and 
applying this to a varying stress condition. If a specimen, as 
shown in Fig. 15, were to be placed under a constant load and 
temperature, diameter measurements for each instant of time 
could be taken at the gaging lines. Then if a second specimen 
were to be subjected to one load for a time and then a second load 
for a time, history effects could be studied at numerous stress 
levels. The same history effects could also be studied on stand- 
ard tensile-creep specimens; this would require more specimens 
but would be much more accurate because of longer gage length. 
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Analysis of a Single Stiffener 


OF arab 


onan Infinite Sheet 
By S. U. BENSCOTER,! PASADENA, CALIF, 
The use of stiffened-sheet construction in aircraft de- 6 = angle variable dn of 
sign has brought about the study of many problems in — = horizontal rectangularco-ordinate , 
mechanics in which concentrated loads are introduced n = physical parameter aliy ere? Qt Gh 
into stiffeners and transferred to the sheet. In the present 
paper a basic problem of this type is considered. A single INTRODUCTION 
stiffener of finite length is assumed to be attached to a The use of semimonocoque, or stiffened-sheet construction in 
sheet of infinite extent. A concentrated force is applied airplane design has given rise to a class of problems in mechanics 
to the stiffener at each end. Any given problem may be in which concentrated loads are introduced into the stiffener 
divided into symmetrical and antisymmetrical parts. in various ways. The stress-analysis problem consists of deter. 
The physical condition that governs the problem is that mining the variation of axial forces in the stringers, and the stres 
the axial strain in the stiffener must be equal to the nor- distribution in the sheet. In the present paper a solution will be 
mal strain in the sheet at all points along the stiffener. given for a fundamental problem in this class of problems. It js 
In order to formulate the solution, it is necessary toem- assumed that a single stiffener of finite length is attached to 
ploy an influence function for the strainin the sheet. This sheet of infinite extent. The stiffener is acted upon by a concen 
function is known from the classical theory of elasticity. trated force at each end of the stiffener. It is found that the 
The solution is found to be governed by an integral equa- _ variation of axial force along the stringer is governed by an in- 
tion which has the same form as the equation which gov- _tegral equation which is of the same form as Prandtl’s lifting-line 
erns spanwise air-load distribution on an airplane wing. equation for spanwise air-load distribution on an airplane wing. 
Hence a number of mathematical methods are known for The problem of a semi-infinite sheet with a single stiffener ha 
solving the equation. A numerical example is presented. been previously investigated by E. Reissner,? who noted th: 
_ mathematical similarity between this type of stress problem and 
NOMENCLATURE the aerodynamic-lift problem. 
The following nomenclature is used in the paper: INFLUENCE FUNCTION 
A = area of stiffener ie at Pe In order to determine the stress variation in a stringer attache 
a = half-length of stiffener cof EUs itary ante a an infinite sheet, it is necessary to have available an influence 
E = Young’s modulus aa at 3 ml wor, function for the normal strain in the sheet at one point on the 
EF, = Young’s modulus for stiffener nk Pele earl’ it z-axis due to a concentrated force acting horizontally at anothe F 
E, = Young’s modulus for sheet sg int on the z-axis. Such a function may be obtained from the ’ 
f = force reduction in stiffener classical solution of two-dimensional stresses in an infinite plate 
j = dimensionless force reduction in stiffener ry sss Of unit thickness due to a concentrated force at the origin. Fo static 
K = influence function the case of a concentrated force P, acting horizontally at the or 
P = external concentrated force uiT= & gin on a plate of unit thickness, as shown in Fig. 1(a), the normal factor 
p = axial force in stiffener _ stress formulas are due to Timoshenko.* comes 
p = dimensionless axial force in stiffener - P 
x = horizontal rectangular | co-ordinate | + (u + 1) 
Qe 2 The 
y = vertical rectangular co-ordinate poe waite 
¢ = axial strain in stiffener From Hooke’s law the strain in the direction of the z-axis 9H ~q to 
e, = horizontal normal strain in sheet - arbitrary point in the sheet is given by In ord 
o, = vertical normal stress in sheet E 
Ifa 
1 Aeronautical Research Scientist, National Advisory Committee Substituting Equations [1] and [2]gives fc 
for Aeronautics, Langley Field, Va.; on leave as graduate student at : in Fig. 
the California Institute of Technology. Of thes 
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P + 
e,(2, y) 


The value of e, on the z-axis is given by 


2 ‘*Note on the Problem of the Distribution of Stress in a! 
Stiffened Elastic Sheet,” by E. Reissner, Proceedings of the Natio 
Academy of Sciences, vol. 26, 1940, pp. 300-305. 

3“*Theory of Elasticity,’’ by 8S. Timoshenko, McGraw-Hill Bo 
Company, Inc., New York, N. Y., 1934, p. 111. 
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P(3 — ul + Equation [6] and integrating over the length of the applied load 
4nEx 


Referring to Fig. 1(b), the influence function that is needed ex- 
presses the strain at station z on the z-axis due to a unit force at 


The shear flow acting on the sheet and the axial force in the 
stringer are related by the equation of equilibrium of a differen- — 
_ tial length of the stiffener 


The strain as given by Equation [7] may be equated to the strain 
as given by Equation [10] : 


(a) Central Force 


(b) Eccentric Force 


Fic. 1 ConceNnTRATED Force AcTING ON AN INFINITE PLATE 


Fig.2  Vartation or Axtat Force 1n Strincer Wits SYMMETRICAL 
station ¢ The factor z in Equation [5] must be replaced by LOADING 
(t— ¢). For a unit force acting on a sheet of thickness ¢, the 


factor P must be replaced by 1/t. The influence function be- 
comes 
3—~ 
4nEt(x — £) 
INTEGRAL EQuaTION 


The physical condition which governs the solution is that the 
tormal strain ¢,, in the sheet at points along the z-axis from 
—a to +a must be the same as the normal strain in the stiffener. 
In order to allow for the use of different materials in the stiff- 
tner and the sheet, the value of Young’s modulus for the stiffener 
will be indicated by E, and for the sheet by Ex. 

Ifa tensile force P is applied at either end of the stiffener, the 
atial force p at any point along the stringer will vary as indicated 
inFig.2. The strain ¢ in the stringer may be expressed in terms 


The area A of the stringer may be variable along its length. 


The sheet may be considered to be acted upon by a variable - pet 
shear flow g, as shown in Fig. 3. The strain e, in the sheet on the mE aN 
must be computed by using the influence function given by Fic. SHear Flow Actine on Piate 


> 
P 
XK 
Natio 


The influence function from Equation (6) may be substituted to 


obtain 
+a 
(3 — + 2) dp lz. (12) 
This equation may be written in the following form 
+a 
a 
4 np + rw 0 {13] 
us —a 


™ E,A(3 — x) (1 +») 


Equation [13] must be solved to obtain the variation of the axial 
force. Referring to Fig. 2, it is convenient to represent the re- 
r | duction of force at any point by a symbol f which satisfies the 
following relations 


(Vit a _ 
16) 
c Substituting these formulas into Equation [13] gives the follow- 
- equation 
d 


It is convenient to introduce dimensionless forces defined by 
f= Pf, p= Pp = 


Substituting this formula into Equation [17] gives 


+a 
a 
z—eé 


This integral equation is seen to bear an accurate correspondence 
to Prandtl’s lifting-line equation for spanwise air-load distribu- 
tion on airplane wings. The force reduction f corresponds to the 
wing circulation. 


& 


rs 
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Fic. 4 VARIATION OF AXIAL ForCE IN STRINGER WITH ANTISYM- 
METRICAL LOADING 
~ 


A number of different methods are known 


Symmetrical Case. 
for calculating the lift distribution on an airplane wing. Any of 
these methods may be used in the present problem. A conven- 


METHOD OF SOLUTION 
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ient method due to H. Multhopp' will be used in the present paper, 
The integral equation which governs the unknown function js 
replaced by a system of linear algebraic equations which govern 
a finite set of ordinates to the unknown function. 

Since the axial-force distribution is symmetrical about the 
origin, it is only necessary to calculate ordinates at points on the 
semispan extending from x = O tox =a. The points at which 
the ordinates are determined are not equally spaced but are de- 
fined by introducing a new variable @ by the following relation 


The angle variable @ ranges from zero to r/2 and this interval js 
divided into equal parts. If four ordinates, f; to fi, are to be 
computed, the corresponding values of z and @ are as follows 


6, = 22.5° a, = 0.9239) 
ly 45° =0.7071| 
ABS = 7071 (21) 
= = 0.3827 
90° on =0 


The equations governing the force reduction values may be 
written in the following matrix form 


(2.6131 +m) —0.9571 0 0.0732 || fi 
—0.5179 (1.4141 + m) 0.5972 0 he 

0 —0.4571 (1.0824 + ns) —0.4268 |] 
0.7886 (l+m) 


The corresponding equations for wing airload distribution 
have been developed by simple methods by the author.’ The 
values of » for the particular case to be solved may be substi- 
tuted into the equations and a solution immediately obtained. 
For the common case of a prismatic stiffener 7 is a constant. 

It is of some interest to note that if the variation of stiffener 
area is chosen to give a constant value of stress at all points in 
the stiffener, the force reduction will be of elliptical distribution. 
This corresponds to the elliptical distribution of lift on a wing 
having minimum induced drag. 

Antisymmetrical Case. Referring to Fig. 4, the stiffener is 
sidered to be acted upon by a tensile force P at z = a and a com- 
pressive force —P at x = —a. The resultant force acting on the 
stiffener is 2P. This force must be transmitted into the sheet 
and carried to infinity where the reaction occurs. If the shear 
flow q between the stiffener and the sheet is uniformly distril- 
uted, the variation of axial force in the stiffener is linear as ind- 
cated by the dotted line in Fig. 4. The force-reduction quantity 
f, in this case, may be defined as the difference between a linear 
distribution and the true distribution. 

The axial force and its derivative are related to the force-reduc- 
tion quantity by the following equations la 

. 


Berechnung der Auftriebsv erteilung von Tragfliigeln,” by 
H. Multhopp, Luftfahrtforschung, vol. 15, April, 1938, pp. 153-169 
(translated by British Ministry of Aircraft Production, Toad 
no. 2392.) 

5 ‘Matrix Development of Multhopp’s Equations for Spanwise 
Air-Load Distribution,’ by S. U. Benscoter, Journal of the Ae 
nautical Sciences, vol. 15, February, 1948, pp. 113-120. 
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: - dp Fr df (24) of these values from unity gives the values of p The following 
fi = 0.2543 0.7457 
Equation [13] takes the following form ‘ue, 9 1 = 0.25 pr = 0.745 
fz = 0.4299 p: = 0.5701 
Px fi = 0.5254 ps = 0.4746 


The first integral in this equation may be evaluated without 
difficulty. The principal value must be determined and is given 
by the formula 


Substituting Equation [26] into Equation [25] gives 


df - In (=)... [27] 


+a 
+ a 


Introducing the dimensionless function, as defined by Equation 


a 


[18], gives 
7 = — — — In | ——]....[28 
It is convenient to introduce a symbol k to represent the quantity 
on the right-hand side of Equation [28]. 
= 2 ae) (: [29] 
a a+z 
12 This quantity may be expressed in terms of the variable @ by sub- 
stituting Equation [20] 
1 1 — cos 0 
‘on k(0) = n(@) cos — In [30] 
“he 
sti- The system of linear algebraic equations, which replace Equa- 
ed. tion [28], take the following form 
ner (2.6131 +m) —0.9239 0 fi ky 
—05 (14141+m) —O5 fr | = | ke 
0 —0.3827 (1.0824 + n3)_} LJs ks 
ving NuMERICAL EXAMPLE 
wa In order to illustrate the application of the theory, a numerical 
-— solution has been made for a sheet and a prismatic stringer hav- 
the ing the following dimensions and properties 
heet 
heat ¢t = 0.1 in. 
trib- 
indi- a = 10 in. 
ntity 7 A = 1sqin. 
ineat The parameter » is computed to have the following value 
1 
edue n= = 0.2849 ............[32] 
(3 — + 2) 
The symmetrical case will be considered first. The given 
.{23] J value of » may be substituted into Equation [22] to obtain the 
following 
by 2.8980 —0.9571 0 —0.0732] Th 0.2849 
0.5179 1.6990 —0.5972 0 hi 0.2849 | 
0 0.4571 1.3673 —0.4268 | | 7, | = | 0.2849 | 
anwis 0.0560 0 —0.7886 1.28491] 0.2849 
» 


ods. 


This symmetrical solution is illustrated in 
dimensionless axial force is plotted for the semispan. 

The antisymmetrical case may now be considered. The con- 
stant terms may be determined from Equation [30] and substi- 
tuted into Equation [31] to obtain 


2.8980 
—0.5 


0 


This equation may be solved for the values of f. From Equation 
[23] it is seen that the dimensionless axial force may be computed 
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Fig. 5(a) where the 


—0.9239 0 h 0.5202 
1.6999 —0.5 fe | = | 0.3417 | ..[34] 
1.3673_| Lfs 0.1732 


—0.3827 


from the formula 


vie 


The antisymmetrical solution is illustrated graphically in Fig 


5(d). 
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Fie. 5 Variation oF DIMENSIONLESS ForRcE IN STRINGER 


The axial-force distribution in a stringer of finite length at- 
tached to an infinite sheet may be computed by numerical meth- 
An influence function is employed which is obtained from 
the classical theory of elasticity. The distribution is found to 
be governed by an integral equation which has the same form as 


NuMERICAL EXAMPLE 


CONCLUSIONS 


he values of f fi 1 to foll 
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the equation governing spanwise air-load distribution on an air- 
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Application of Electric-Analog Computers to 
HeagTransfer and Fluid-Flow Problems 


By G. D. McCANN,' JR., ano C. H. WILTS,2 PASADENA, CALIF. 


sta; 

There are two general classes of mathematical problems 
encountered in scierice and engineering for which high- 
speed mechanical computation is required. One of these 
embraces those problems of such complexity that it is 
impractical to obtain even a few solutions by conventional 
analysis. In the other class are problems which may be of 
only moderate complexity, but in which it is necessary to 
obtain a large number of solutions before the results be- 
come of practical value. It is the intent of this paper to 
discuss some of the applications that have been made of 
the California Institute of Technology ‘“‘electric-analog 
computer” to heat-transfer and fluid-flow problems of 
both of the classes mentioned. 


INTRODUCTION 

NE important attribute of the electric-analog computer 

described in this paper is that once the electric circuits 

which specify the mathematical form of the problem 

have been set up, it is a simple matter to obtain quickly succes- 

sive solutions. A wide range of parameters can be scanned 

rapidly, delineating regions of interest. This not only saves 

time when a large number of solutions are desired as for the more 

general types of studies, but also saves a great deal of time in 

preliminary analysis and planning of calculations. This method 

also greatly facilitates an understanding of the physics of the 
problem through the analogy concept. 

Unlike the large-scale digital computers being developed, 
the field of application of an analog computer is limited by the 
number of each component element it contains. It will be 
attempted therefore to indicate here ranges of applications and 
techniques for extending those ranges. 

DESCRIPTION OF COMPUTER ; 

In June, 1947, although then only partially completed, the 
Institute’s computer* 5 was placed in active service. Since then 
it has been in full-time use for the solution of commercial engi- 

‘Professor of Electrical Engineering, California Institute of 
Technology. Mem. ASME. 

? Assistant Professor of Applied Mechanics, California Institute of 
Technology. 

5 “A New Device for the Solution of Transient Vibration Problems 
by the Method of Electrical Analogy,” by H. E. Criner, G. D. Me- 
Cann, and P. E. Warren, JourNaL or APPLIED MecHantcs, Trans. 
ASME vol. 67, 1945, p. A-135. 

‘“The Mechanical Transients Analyzer,” by G. D. McCann, 
Proceedings of the National Electronics Conference, vol. 2, 1946, p. 
372. 

ron Large Scale General Purpose Electric Analog Computer,” 
py L. Harder and’'G. D. McCann, AIEE Technical Paper 48-112, 


: Contributed by the Applied Mechanics Division of Tae AMERICAN 
Society or MEcHANICAL ENGINEERS and presented at the first Heat 
Transfer and Fluid Mechanics Institute, Los Angeles, Calif., June 21- 
23, 1948. 

Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until October 10, 1949, for publication at a later date. Discus- 
sion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 48—HFT-1. 


neering problems and Institute research. Now that it is almost 
completed, it has been possible to apply it to certain of the partial 
differential equations of heat transfer and fluid flow and to 
evaluate partially its applicability to these general fields. 

The computer was designed to handle linear ordinary algebraic 
and differential equations of high order of complexity, ordinary 
nonlinear equations of moderate complexity, and a limited group 
of partial differential equations. A special effort was made so to 
design all elements of the computer that additions can readily 
be made if sufficiently important problems arise which require 
greater facilities. 

The computer is best described by referring to Fig. 1 and Table 
1, which show its general layout and list the component parts. 
Briefly, its design is based around 110 separate sets of precision 
inductors, resistors, and capacitors, and 25 special transformers. 
These are used to set up circuits for solving ordinary or partial 
differential equations. There are, at present, 20 separate forc- 
ing functions for introducing (as known voltages, currents, or 
charges) the known functions of the independent variable. These 
may be steady-state variable-frequency sinusoidal functions, 
square-wave transient functions, or perfectly arbitrary functions 
of time. As listed in Table 1, amplifiers are used for negative 
impedance terms or unilateral terms such as the unsymmetrical 
terms of a matrix. For simulating the nonlinear terms of an 
equation, multipliers are provided for multiplying any two varia- 
bles, and nonlinear functions elements are provided for forming 
arbitrary functions of any dependent variables. The dependent 
variables which constitute the desired solutions are simulated as 
circuit voltages, currents, or charges. For transient solutions, 


.they are recorded or viewed on cathode-ray oscilloscopes while 
for steady-state or algebraic solutions they are measured with 
dynamometer-type meters. 


Important elements of the computer are the synchronous 
switches used to switch in the forcing functions, remove energy 
from the circuits to restore them to their proper initial condition, 
and to accomplish other sudden changes in circuit conditions. 
These switches are required only for transient solutions which 
may be obtained in either of two ways. One of these is to apply 
the transient only once and record it photographically or on some 
other memory device such as magnetic tape. The other method 
is to apply the transient cyclically (usually 10 times per sec) 
so that the solution appears as a steady image on a cathode-ray 
oscilloscope for viewing and recording. Other important features 
are the plugboard arrangement and metering circuits which en- 
able rapid and accurate hook-up of the desired circuits, and rapid 
metering of all solutions. 

The methods of formulating analogies and converting results 
to numerical values*»*,5 cannot be treated in a perfectly general 
way in this paper. However, detailed discussions of some analo- 
gies are given in connection with individual examples. 


PROBLEMS DESCRIBED BY ORDINARY DIFFERENTIAL EQUATIONS 


The application of electric-analog techniques to ordinary linear 
equations has been apparent for many years. The extension 


(in the case of the Cal Tech computer) to ordinary nonlinear - 


equations has been discussed in detail.‘ Except for the example 
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Fic. 1 Catirornia INSTITUTE OF TECHNOLOGY ELEcTRIC-ANALOG 


CoMPUTE 


SIC ELEMENTS OF CALIFORNIA INSTITU a 


HNOLOG Y ELECTRIC-ANALOG COMPUTER © 
"en Passive Circuit Elements Cabinets en 


(See schematic diagram, Fig. 1) 

100 high ‘‘Q”’ inductors 0 to 1.0 henrys in 0.001-henry steps 

20 high ‘‘Q” inductors 0 to 1.50 henrys in 0.01-henry steps 
100 resistors 0 to 7000 ohms in 2-ohm steps 

20 resistors 0 to 500,000 ohms in 200-ohm steps 

60 capacitors 0 to 1.0 mfd in 0.01-mfd steps 

40 capacitors 0 to 4.0 mfd in 0.01-mfd steps 

10 capacitors 0 to 80 mfd in 10-mfd steps 

25 special transformers? 


f, 


‘ive Plugboards 
Plugboards for all elements of two-circuit elements cabinets 
meseptanie patch board for 500 element connections and 25 main 
uses 


7 
1 
2 
3 
4 
5 
6 
7 
8 
1 
2 


One Forcing Functions Cabinet® 

1 6 sinusoidal variable-frequency and phase-position voltage sources 
(0 to 50 volts, 1 ampere, 1 ohm) 

2 6 separate square-wave voltage sources (0 to 12 volts, or one 72 
volt source in 2-volt steps) 

3 6 arbitrary voltage sources (maximum 50 volts, 1 ohm) 

4 3 arbitrary current sources (controllable from any voltage source) 


One Metering Desk® 


3 dynamometer-type meters for metering sinusoidal current, volt- 
age, power, etc. 

2 cathode-ray oscillographs for transient solution (current, voltage, 
or charge) 

1 three-wire metering circuit (and selector system) for metering all 
passive circuit elements and source forcing functions 

lmanual metering selector circuit for 16 of 25 main buses 

—— for connecting 8 synchronous switches to any of 16 main 
buses 


Amplifier Cabinets (portable) 
1 5 negative gain (0 to 50) d-c amplifiers (15 ohm impedance), each 
having an RC time-delay circuit for servo problems 
2 45 positive gain (0 to 100) d-c amplifiers with isolated input and 
1 ohm output impedance*® 
Multiplier Cabinets (portable) 
1 1 multiplier with isolated input and 1 ohm output impedance*® 
(five more to be constructed) 1 eed 
Arbitrary Functions of Dependent Variable (portable) 


1 2 voltage limiters 
2 2 current limiters 
3 2 perfectly arbitrary function devices® 


* Additional elements are contemplated. Table lists only ele- 
ments of computer in its present operating form. 
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given below, no thermal or fluid-flow problem specified by ordi- 
nary equations has been solved as yet with the Cal Tech com- 
puter. However, there are many important problems of this 
sort which can be treated readily. 

Temperature Rise in Rotating Electric Machines During Varia- 
ble-Load Cycles. Many calculations of the temperature rise of 
machinery involve the solution of ordinary linear equations since 
each thermal medium can be considered to have equal tempera- 
ture throughout. An example of the application of an electric- 
analog computer to such a “lumped constant” thermal system is 
in the calculation of temperature variations in an electric motor 
during a complex variable-load cycle. This is typical of numer- 
ous problems encountered in the proper application of electrical 
and mechanical equipment. In this problem it is assumed that 
the motor is composed of two materials with high thermal ca- 
pacity, the magnetic iron and the copper conductors. Generated 
in each are energy losses. In the iron these are eddy-current and 
hysteresis losses which are a function of the applied voltage. 10 
the copper are J?R losses which are a function of the motor load. 
Heat can be transmitted from each into the ambient air and can 
also be exchanged between each through the winding insulation. 

The following differential equations then apply 


Ww. + a:S.; (T. — T;)..... 


where 


W, and are copper and iron losses 

7’. and 7’; are temperature rises above ele 
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S, and S, are surface areas of each metal in contact for direct 
transmission of heat to air 
a, and a, are heat-transmission coefficients from metal to air 
a,; is heat-transmission coefficient through insulation between 
copper and iron 
Electric Analog. Several electric analogies can be used for 
Equations [1] and [2]. That of Fig. 2 is used as an illustration: 
It satisfies the voltage equations 


li 
B, + Ris + Rul — (4) 
dt ity e e 
Le Re 
ic \ = C6; 
R; = a, $; 
\ Rei = 
—E =w 
R, 


(0) ANALOGY FOR MOTOR RUNNING CONTINUOUSLY — 


©“ SYNCHRONOUS SWITCHES 


Gad R,+Rp = WHILE MOTOR IS RUNNING 
Re WHEN MOTOR IS STOPPED 


(b) ANALOGY FOR MOTOR STOPPED PART OF CYCLE 


Fic. 2. ELrecrric ANALOG FOR TEMPERATURE Rise IN ELECTRIC 


Motor During VARIABLE-LOAD CycLEe 


Such a cireuit can be solved rather simply unless the voltages 
K,and E; corresponding to the copper and iron losses are complex 
functions of time. When set up on the computer, these func- 
tions readily can be made to have any arbitrary form. If the 
motor is running continuously with constant applied voltage, 
the function (BZ; & W,) is constant, and only the voltage corres- 
ponding to the copper losses (E, = W,) need be varied. This 
condition is illustrated in Fig. 2(a). However, if the motor is 
shut down for any part of the load cycle, not only must the iron 
losses be varied, but also all of the heat-transfer coefficients. As 
shown in Fig. 2(b), the proper circuit conditions for representing 
the period that the motor is shut down are obtained by closing 
the two switches. The circuit to the right of the switch then 
represents the thermal system with no thermal energy being 
generated, and the thermal conductivities reduced because of its 
lack of air circulation. 

In choosing the proper circuit elements for quantitative simu- 
lation and to convert from electrical to thermal units, the follow- 
ing relationships are applicable as long as consistent sets of units 


n 


Where a is an arbitrary impedance factor and n determines the 
time base change made for the computer. Thus? = nt’ where / 
is actual time and ¢’ is time on the computer time base. To ob- 
tain actual temperature values one uses the relations 


are used in both the thermal system and the analogous electric 
system 


W 
where E is the ratio of thermal energy to analogous computer 


voltage. 

Figs. 3 and 4 present typical analog-computer solutions for the 
two conditions of motor operation. In these figures the effect of 
stopping the motor during its no-load period is apparent. The _ 
maximum copper and iron temperatures are both greater than 
when the motor runs continuously. A solution of this type re- 
quires only about 15 min of setup time, and a few minutes for — 
each successive set of solutions. From the analogous circuit — ‘ 
it is apparent that simple basic tests on actual machines can be _ 
made readily to determine the thermal coefficients. Routine 
computations of this type for complex motor loads would be 
quite simple, rapid, and economical, and greatly improve such 
motor applications. 


PROBLEMS SPECIFIED BY PARTIAL DIFFERENTIAL Equations © ; 


Most of the heat-transfer and fluid-flow problems so far solved 
with the analog computer have involved “distributed constants.” 
Several important types of such partial differential equations in : 
the field of fluid and thermal flow are well-suited to such com- 7 
putation methods. These include both linear and nonlinear 
systems. The general applications of electric circuits to partial 
equations have been treated by Kron.®? However, many of 
the techniques discussed by him are not practicable, in general, — 
either because they involve too many circuit elements for any — 
but a special-purpose computer, apply only to limited cases, or — 
require too much setup and computation time. Nevertheless, — 
the range of application of electric-analog methods to partial —__ 
differential equations is broader than one would at first suppose. 

The electric analogies and computing techniques so far found 
practicable will be presented. Following this are several numeri- — 
cal solutions which illustrate the methods and give information 
on computation time and expected accuracy. The general 
methods of determining electric analogies are best described by 
first considering some of the simpler specific examples. onl 
computers of the type being considered here consist of “lumped- _ 
constant” elements, it is necessary (except in special cases) to — 
resort to the finite-difference method of representing the space 
variables. For this purpose the region of interest is divided 
into “cells,” and the differential equation is approximated by a 
difference equation involving the values of the dependent varia- 
ble at the centers of neighboring cells. The number of cells 
required to give results to suitable accuracy is surprisingly 
small. Specific data on this matter are meager, although the 
numerical examples to be given will give some idea of the re- 
quirements in general. 


6 “Numerical Solution of Ordinary and Partial Differential Equa- 
tions by Means of Equivalent Circuits,” by G. Kron, Journal of 
Applied Physics, vol. 16, March, 1945, p. 172. 

7 “Equivalent Circuits of Compressible and Incompressible Fluid 
Flow Fields,’’ by G. Kron, Journal of Aeronautical Sciences, vol. 12, 
1945, p. 221. 
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In certain cases it is expedient to treat the time variable in the The analogies are obtained by applying Kirchhoff’s law for the 

_ Same manner, and use a finite-difference equation in time as well summation of currents at a junction point of a mesh. If the 

5 as in space. In the electrical analogy for such a problem, the resistance grid is used either direct current or steady-state sit 
7 


time co-ordinate is then treated the same as a space co-ordinate, soidal currents and voltages may be applied. If alternating 
Its 


and a static network results. There are also some problems in current is used, inductors or capacitors may be used also. 
which a space co-ordinate in the problem of interest becomes a readily apparent that the method applies to any co-ordinst 
time co-ordinate in the computer solution, although the other system and to the three-dimensional case. 
space co-ordinates are still treated by finite-difference methods. Transient Heat-F low Equation V2@ =k(Op/dt) + f(t). The tra 
; Laplace’s Equation V? ¢ = 0. In Fig. 5 are shown the more _ sient heat-flow equation has two additional terms, one representié 
_ common analogies for Laplace’s equation in two dimensions. _ the effect of heat stored in the conducting medium, and another tl 
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Fic. 5 ANALOGIES FOR LAPLACE'S EQUATIONS 


effect of heat generated within the medium. If time is to be 
represented as such in the analog, it is desirable to employ the 
resistance grid for the Laplacian. The linear transient heat- 
flow problem can then be solved using the analogies of Fig. 6. 
The finite-difference equation approximating the differential 
equation is still taken as an expression of Kirchhoff’s law for the 
summation of currents at a junction point of a mesh. The 
current proportional to 0¢/dt is obtained with a capacitor, Fig. 
6a, and the current proportional to f(t) is inserted at each point 
with a current generator, Fig. 6b. The transient boundary 
condition and the arbitrary heat-generation function f(t) can be 
simulated readily with the electric-analog computer. 

Combined Eddy and Thermal Conductivity. In systems involv- 
ing steady-state flow of fluid, the equation for heat flow can be 
written in terms of the usual thermal and an eddy conductivity 
coefficient. When proper symmetry prevails, it is expedient to 
represent one of the space variables as the time variable on the 
computer. In particular, if the direction of fluid flow can be 
taken along one co-ordinate axis, the equations of thermal flow 
can be expressed by the equation in Fig. 6(a) with the co-ordinates 
perpendicular to the direction of flow represented as a space grid 
and distance along the flow axis represented by time. 

Viscous Damping in Small-Diameter Tubes. The analogies in 
Fig. 7 represent the damping system employed on a special 
testing machine for dynamic loading of material. It is an in- 
compressible hydraulic system in which viscous flow is required 
between two chambers in the system. This is achieved by con- 
necting a large number of very small-diameter tubes in parallel. 
Application of a pressure differential between the headers gives 
rise to laminar flow which is a function of radial co-ordinate only 
and which is described by an equation identical to that of Fig. 6(), 
but where f(t) is now proportional to the pressure differential. 


Thus the same analogy can be used, or if it is preferred to 
insert the functions f(t) as voltages instead of currents, 
the second analogy in Fig. 7 may be employed. 

Nonlinear Thermal System. The nonlinearities arising 
in thermal equations may be of two types. Variations in 
the coefficients of heat capacity and conductivity give 
rise to equations of the form 


Unless the system can be represented by a relatively 
small number of finite-difference equations in space 
variables, such problems cannot be handled on the Cal 
Tech computer without representing time as a space varia- 
ble and employing iteration methods. This process will 
be discussed later. 

The other type of nonlinearity arises from heat sources 
within the thermal medium which are functions of tem- 
perature. This condition is illustrated by the equations 
in Figs. 8 and 9. When the problem is one-dimensional 
in space it is sometimes practical to represent the non- 
linear functions in a direct time analogy as shown in Fig. 
8. There the function F;(t)-F2(z,)-¢, must be introduced 
as a current into each junction point of the space mesh. 
This is obtained with a multiplier taking the inputs ¢, 
and F,(t)-F2(z,) and producing a current proportional 
to the product. 

In Fig. 9, this same type of equation is simulated with 
a static alternating-current network. Referring to the 
equations in Fig. 9 it will be noted that to represent terms 
of the form 0¢/dt or 0¢/dz by finite-difference methods, it 
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is to have impedances. With a very ex- (1 0% 2uv ( 


tensive resistance grid this would be impractical, but with an | . 
alternating-current-static network it is accomplished with capaci- — Ae 
tive and inductive impedances. However, as will be shown where 
later, such terms can sometimes be represented in the resist- 

ance-type grid when combined with higher-order terms which v= — and 
make the combined resistors positive. With circuits of this | ti “ y 

sort, functions of the dependent variable are handled by itera This equation can be rewritten as follows 
tive methods. In this case the function Fy(t,,)-F2(t,)-bam 
must be inserted as a current at the appropriate junction. To a% op 
accomplish this, an estimate of ¢ is used, and the correct solu- A Te 2B ; dad) 7 
tion is approached by a series of successive approximations. 

Analogy for Compressible Fluid Flow. The equations for lami- This equation can also be solved by an analogous circuit and a 
nar nonviscous compressible fluid flow are commonly expressed _ series of successive approximations. Referring to Fig. 10, its 
in the following form® for which an electric analogy can be de- _ terms in finite-difference form can be written as follows 
veloped 

* “Partial Differential Equations,” by Harry Bateman, Dover = fo 
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Fig. 9 (left) ANALOGOUS CIRCUIT FOR THE NONLINEAR 
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Where Ax without a subscript is the average value for WHERE U* 
two intervals; (0%p)/(O0rdy) can be defined by four re- 2! 22 23 
lationships which should be averaged over at least two of at. Z 
them to define the quantity at the same point in space as : 2 eo 
used for the terms (0%) /(dz?) and (0%)/(dy*). These 
terms are the following ANALOGIES FOR EQUATION act . 
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Ary Aine Ate; Ale Aze3 
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Combining all the terms for Equation [9] 
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This set of difference equations is simulated by the mesh in Fig. 
10(a) where the resistors are given by the following equations 
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If either u or v is negative so that the term B is negative, then 
(0%) /(Oxdy) must be formed using terms (a) and (6) instead of (c) 
and (d). This gives rise to the circuit in Fig. 10(6) where the 
resistors have the values just given with obvious change of cer- 
tain subscripts, but the absolute value of B is used. 

The values of A, B, and C can be computed from the first 
derivative of @ taken between the appropriate pair of cells. 
Since the mesh resistors depend upon the potential ¢, which is 
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unknown, the solution for the incompressible case is used to 
calculate more nearly correct mesh impedances, and this process 
is iterated until the desired precision is obtained. 

More General Forms of Partial Differential Equations. The 
foregoing examples have illustrated two basic types of circuits 
for representing certain thermal and fluid-flow problems. [pn 
one of these, time is actually represented as time in the computer, 
In the other, time is represented by finite-difference terms and 4 
static alternating-current network results. These examples have 
illustrated the methods of obtaining the analogies for such terms 
in the finite-difference equations as (0%) /(0x*), (Op) /(Oxr), and 
(0%) /(Oxdy). 

Thus the methods of formulating analogies for the more gen- 
eral form of equations given in Fig. 11 now become apparent. 
In cases where finite-difference equations for the space functions 
lead to a positive resistance grid and the functions (f, F) are 1 
functions of the dependent variable, the analogy of Fig. 11(a 
may be employed. Otherwise the static-network method 
Fig. 11(b) must be used. In Fig. 11 only two-dimensional grids 
are illustrated. If sufficient elements were available three- 
four-dimensional grids could be formed. It is believed to be 
generally impracticable to employ the static-network method 
for any more than a two-dimensional grid. Ordinarily, it would 
be used for nonlinear problems, and even though time required 
for changing parameters and recording solutions can be made 
quite small on a properly planned computer, the intervening 
numerical computations for each trial calculation might require 
excessive time. However, for two-dimensional problems, such 
as illustrated here, computations can be made quite rapidly. 
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Temperature Distribution in Gas-Turbine Rotor. As a first ex- 
ample of a numerical solution, consider the system in Fig. 12(a, 
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TABLE 2 (a) VOLTAGE DISTRIBUTION IN _ ELECTRICAL 


in which it is desired to determine the temperature distribution ANALOG OF TURBINE ROTOR_5A-1660, 24 C UNIT. (6) TEM. . 
within a gas-turbine rotor being subjected to hot propellant gas PERATURE DISTRIBUTION IN TURBINE ROTOR 
at its periphery and cooling gases along one surface. The tem- ; Junction no. Voltage Temperature, deg F : 
perature distribution along its cooling surface is not known. 
The boundary condition can be specified only in an integral form 14 : 1000 — 7 
in terms of the amount of heat being extracted by the cooling — H i ~~ 
gas and the temperature at the location of the propellant gas wie 1030 i 
and at the point of entry of the cooling gas. This type of prob- se be 
lem can be solved quite rapidly by trial and error, assuming a 7 ae one _ 
temperature gradient, measuring only the heat flow into the gas; 28 968 . 
readjusting and remeasuring until the desired total heat into the ps 970 ——— 
gasis attained. Only one of these calculations is illustrated here. 
The analogous circuit used is shown in Fig. 12(b). Under 34 855 — 
steady-state conditions, sinee the temperature is not varying: 
with time, the heat. being stored in each element is constant, and a : 38 734 
resistance mesh results. It should be noted that the cells into E 40 750 
which the medium has been divided are not of constant size. — se po » = 
This will be discussed in more detail later. 4 44 700 > s 
The circuit is shown in Fig. 12(6), which consists of 116 re- = = => Bao 
sistances, representing 58 volume elements and 9 surface heat- 48 602 L 
transfer coefficients. The time required for calculating these — 
constants was approximately 2 hr. One-half hour was required 54 682 — = 
to set up and check the circuit on the computer. As shown “a : = = _ 
Fig. 12(b), the assumed relative boundary temperatures were : 58 628 ae 
obtained as voltages from a bleeder circuit connected to the 18.5 
power supply. Because all points on the rim of the disk were 64 8.8 670 
sumed to be at the same temperature, the resistors at the top of 3 400 
Fig. 12(b) are shorted out. The resistors near the axis of rotation 66 9.6 537 > 
were omitted because no heat was assumed to flow through them. a tages 
This condition is of course necessary at the axis itself from the on 
symmetry of the problem. 76 %, 18.0 658 7 =: 
Tables 2 and 3 list the complete solution to this problem in the 
form of the temperatures at the centers of each volume element _ 116 a 7.4 506 
and at the surface from which heat is flowing into the gas. Also ; = a. z ie = _— 
given are the rates of heat flow at the boundary surfaces. The = 
flow within the body also could have been measured readily or 88 | 17.2 646 io 
can be determined from the known resistances and the measured oe . a oo 
voltage gradients. About 15 min were required for recording the * 094 . 11.8 569 
solution. This type of problem can be handled readily by one 
man. A total of about 2%/, hr was required for one man to solve _ 98 17.7 654 
this one problem completely. However, it should be emphasized os 
that the greatest amount of time was consumed in determining _ 0104 14.0 600 a 
the analogous circuit and setting it up. The time required 
for each approximation process was only about 20 min. —— 108 17.0 644 io : 
Although no tests were made with this specifie problem to 


determine the Jlementa ; xperience Wi ~ 
2 he numb r of elements required, ¢ ~_ rience with othe ‘ _ Nore: ‘Temperatures given in the table are temperatures at the labeled _ 
problems indicates that the temperature differences obtained junctions, beginning with outside surface next to cooling air. 


: M Conversion between temperature in degrees F and volts is given by T = 
should be in error less than 5 or 10 per cent. 400 + 14.3 V. - ' 8 is given by 


Potential Problem; Laplace's Equation. A typical potential 
problem, Fig. 18, has been chosen to illustrate this applica- 


: TABLE 3 HEAT FLOW INTO AND OUT OF 54-1660 24 C UNIT 
tion of the computer. Solutions for the problem with different 


(Conversion between heat flow and current is given by 1 milliamp—229 
oundary conditions were available, thus offering a convenient : Btu per hr) 
way of assessing the accuracy of the solution for varying “coarse- ce —Heat flow out of surface element— 


ness” of the equivalent mesh Element no. Milliamperes Btu per hr 


As with all potential problems, this problem can be inter- 2900 
preted in many ways with slight changes in boundary conditions. 3 13 
For example, as one involving the flow of heat from a series of 2 
equally spaced cylinders embedded in a conducting medium, — 56 Se ay 3 a) 
flow of heat from a plate with equally spaced semicircular 88 +s ) i 
cylindrical bosses, flow of liquid past a series of pipes, etc. alt wine — —Heat flow into surface element— 

By symmetry considerations, this problem reduces to the Element no, © Milliamperes 
one shown in Fig. 14, where in the first problem above, A is a ; i 
streamline and C is an equipotential, in the second problem A and > 
C constitute an equipotential, and in the third problem A is an 8 


*quipotential and C is a streamline. Data were taken for the Nore: (a) Trace of current noted. 
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second and third cases since these were the only ones for which 
solutions were available. 

The two meshes used for this problem are shown in Fig. 14. 
It should be noted that in rectangular co-ordinates the mesh size 
need not be constant and must be relatively “fine” only in those 
regions where the equipotentials have greatest curvature. This 
usually occurs only near the regions where the boundaries do not 
coincide with the co-ordinate system chosen. 

The correct equipotentials for these problems are shown in Fig. 
12. Taking the unit of potential to be the difference between ad- 
jacent equipotentials shown, the maximum deviations observed 
between the analog solution and the known solution are as 


follows: 


Problem 13(a) Problem 13(b) 
Coarse mesh.......... 0.08 0.10 


Since the potentials were only known to an accuracy of about 


13) PorentTiaL 
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0.05 unit, this does not indicate the absolute precision of the fine 
mesh, but it seems probable that the maximum deviation for the 
fine mesh is of the order of 0.04 unit. The coarse mesh yields 
definitely poorer results, but even in this case the results are suf- 
ficiently accurate for most engineering applications. It should 
be remarked that methods are available for improving the ac- 
curacy of these solutions, but this was not attempted because 
of the relatively poor accuracy of the known solutions. 

Transient Heat-Flow Problem. The analog circuit can be 
adapted readily to transient problems as shown in Fig.6. Asan 
example, the application of a sudden constant temperature 
rise to the cylindrical surfaces was considered. Solutions for the 
temperature as a function of time are shown in Fig. 15 for vari- 
ous locations throughout the thermal medium. These points are 
marked in Fig. 14. 

Both problems cited can be set up and solved in a very short 
time, approximately 3 or 4 hr being required for either of them. 

Compressible Fluid Flow. The third interpretation of the 
foregoing problem is suitable for examining the extension to | 
compressible ftuid-fow problems. It was realized that tur-— 
bulence effects would arise before those of compressibility, thus — 
invalidating this particular solution, but not the process for a_ 
practical example. As mentioned before, the solution of the 
equation of compressible fluid flow must, in general, be achieved 
hy successive approximations, since the mesh impedances are no 
longer functions only of the cell size, but depend also on the com- 
ponents of velocity at each cell. It appears that three such ap- 
proximations will give the velocity components for this particular 
problem with an error less than 5 per cent if the Mach number is 
not in excess of about 0.75. As the Mach number increases to- 
ward unity, more approximations are required. Because of the 
iterative nature of the solution, such a problem requires 6 to 8 
hr for solution. 

The solution for this problem, when the maximum velocity 
(between the tubes) corresponds to a Mach number of 0.73 is 
shown in Fig. 16. The solution for the incompressible fluid 
(or low Mach numbers) is also shown for comparison. — 
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TEMP 1-B (SEE FIG. 14) 
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A small tangential force and a small torsional couple are 
applied across the elliptic contact surface of a pair of elas- 
tic bodies which have been pressed together. If there is 
no slip at the contact surface, considerations of symmetry 
and continuity lead to the conclusion that there is no 
change in the normal component of traction across the 
surface and, aside from warping of the surface, there is 
no relative displacement of points on the contact surface. 
The problem is thus reduced to a “problem of the plane” 
in which the tangential displacements and normal com- 
ponent of traction are given over part of the boundary and 
the three components of traction are given over the re- 
mainder. In the case of the tangential force it is observed 
that, when Poisson's ratio is zero, the problem is a simple 
one, in potential theory, which is then generalized by means 
of a special device. An expression for tangential compli- 
ance is found as a linear combination of complete elliptic 
integrals. In general, the compliance is greater in the 
direction of the major axis of the elliptic contact surface 
than in the direction of the minor axis. Both components 
of tangential compliance increase as Poisson’s ratio de- 
creases and become equal when Poisson’s ratio is zero. 
Over the practical range of Poisson's ratio, the tangential 
compliance is greater than the normal compliance, but 
never more than twice as great as long as there is no slip. 
The tangential traction on the contact surface is every- 
where parallel to the applied force. Contours of constant 
traction are ellipses homothetic with the elliptic boundary. 
The magnitude of the traction rises from one half the 
average at the center of the contact surface to infinity at 
the edge. Due to this infinity, there will be slip, the effect 
of which is studied for the circular contact surface. In 
the case of the torsional couple, the solution is obtained 
by generalizing a solution by H. Neuber pertaining to a 
hyperbolic groove in a twisted shaft. The torsional com- 
pliance is expressed in terms of complete elliptic integrals 
and, for the circular contact area, reduces to that found 
by E. Reissner and H. F. Sagoci. The resultant traction 
at a point rises from zero at the center to infinity at the 
edge of the contact surface, but is constant along and 
parallel to homothetic ellipses only in the case of the 
circular contact area. 


NOTATION 


Love’s notation is used for elastic constants and components 
of displacement and traction: 
modulus of rigidity 


a Poisson’s ratio 


A = 2yo/(1 — 2c), Lamé’s constant 


oF! 
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pliance of Elastic Bodies in Contact 


By R. D. MINDLIN,! 


> 


u, Vv, rectangular components of displacement 
X,, Y,, Z, = rectangular components of traction at a point on 
plane surface z = 0 of body zs 0. 


Additional symbols are defined where they are introduced. 


INTRODUCTION 


Consider two homogeneous, isotropic, elastic bodies in oon 
tact at a point, O, in an unstressed state, as shown in Fig. 1(a). 
The surfaces of the bodies have a common tangent plane and a 
common normal at O. Let the tangent plane be the plane of z 
and y, and the normal the z-axis of a rectangular co-ordinate 
system. If the bodies are pressed together with a force Pz, 
parallel to Oz, they will come into contact over a small surface 
in the neighborhood of O, as illustrated in Fig. 1(b). According 


- 


— 
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(a) Boptges tn ConTAcT IN UNSTRESSED STATE; (b) Bopizgs 
Pressep ToGeTHER W1TH Hertz Force P;; (c) TANGENTIAL ForcE 
P, anv TorsionaL CoupLe M, on Contact SurRFAcE or Bopiss 
Pressep ToGETHER WITH NorMat Force P, 


1 


to the Hertz theory,? the boundary of the contact surface is an 
ellipse. The theory gives the magnitudes and orientations of 
the principal axes of the ellipse, the relative approach of the 
two bodies and the distribution of the normal component of 
traction across the contact surface. The compliance of the two 
bodies can be calculated from these results. 

Suppose, now, that an additional system of forces is applied 
to the bodies such that, across the contact surface, one body ex- 
erts on the other a small force perpendicular to Oz and a small 
couple with axis Oz, leaving P, unchanged, as shown in Fig. l(c). 
It is required to find the tangential and torsional compliances 
of the two bodies. 


The results of the Hertz solution are? 


y? 


2 ‘Treatise on the Mathematical Theory of Elasticity,” by A. E. H. 
Love, Cambridge University Press, fourth edition, 1927, pp. 193-198. 
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a = ~ Pd + 92) [(a? + + dr... [2] 
0 


(3; + ds) f (a? + + dr... [3] 


+ ff (bt + [(a? dr... [4] 
0 


where p is the normal pressure on the contact surface, a and b are 
the principal semiaxes of the elliptic boundary of the contact 
surface, a is the relative approach of the two bodies, A and B 
depend only the shapes and relative orientation of the two bodies 
in the unstressed state and 3 and #» are elastic constants: 


+ 2u1 i— a1 


where \ and uv are Lamé’s constants and o is Poisson’s ratio, the 
subscripts referring to the two bodies. Equations [3] and [4] de- 
termine a and b, while Equation [2] determines a when a and b 
are known. 

~ To obtain the normal compliance 


. [6] 


in a form suitable for quantitative comparison with the none ntial 


compliance, 
= at tan? 


whereby Equations [2] to [4] are transformed to 


2 
2ba = + v2) f [8] 


1m 


2a2bA = + 92) a-! cos? de..... [9] 
0 


af 
2 
= + a~* cos? gdy.... [10] 
0 
bh et? 


The integrals in Equations [8] to [10] are complete elliptic 
integrals and are functions of a/b only. But a/b is a function of 
A/B only, as may be seen by dividing Equation [9] by Equation 
{10}. Since A/B is independent of P,, each of the integrals is 
independent of P,. The calculation of the compliance is now 
straightforward (remembering that b in Equation [8] is, accord- 
ing to Equation [10], proportional to the cube root of P,) with 
the result 


2 
C,= + ds) 
0 


Bounpary ConplITIONS 


TANGENTIAL Force: 
of 


We shall consider, first, the effect of the tangential force. 
Taking the axes of z and y to coincide with the principal axes of 
the elliptic boundary of the contact surface, we resolve the tan- 
gential force into components P, and P, parallel to x and y, 
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respectively. Without loss of generality, we may consider 
the effect of P, alone. 

To simplify the establishment of the boundary conditions we 
impose, temporarily, the following restrictions on the shape, 


orientation and elastic properties of the unstressed bodies: 


1 If R,, R,' are, respectively, the maximum and minimum 
radii of curvature of the unstressed surface, at O, of one body 
and R2, R2’ the corresponding radii of the other, then R, = Rk, 
R,' = R2'. (The radii are positive when the centers of curvature 
are inside the respective bodies.) 

2 The normal sections of the two surfaces at O, containing the 
radii R, and Re, coincide. 

3 The two bodies have the same elastic properties. 


With these restrictions the contact surface, under the action of 
P, alone, is the portion of a plane bounded by an ellipse. W 
shall designate the contact surface by the symbol S; when its 
elliptic boundary curve is not included and by §., when the 
boundary curve is included. 

The system composed of the two bodies is geometrically and 
elastically symmetrical with respect to each of the three co- 
ordinate planes. To this system is applied the force system P,, 
which is symmetrical with respect to the xz, z-plane and anti- 
symmetrical with respect to the z, y, and y, z-planes. 

If u, v, w are the z, y, z components of displacement due to P, 
and if we set (as we may, by Saint Venant’s principle) 


lim (u, v, w) = 
r,y,2—@ 


then, in consequence of the foregoing symmetries, we must 


u(x, y, z) = —u(z, y, —z) + 6, 


where 6, is a component of rigid-body displacement, th: 


one of the six components permissible in view of Equation 
the z, z-symmetry and the y, z-antisymmetry. 

We now assume that there is no slip between the two bodies 
i.e., wu and v are continuous across §;. Setting z = 0 in Equa 
tions [14] and [15], we find 


u = 6,/2,0 = Oon 


The third boundary condition on S; is found by examining t 
expression, in terms of displacements, of the normal compone! 
of traction, due to P,, exerted on the plane surface of the bod 


lying in the region z 8 0: 
Z Ou 4 or + 2y) Ow 


Using Equation [17], Equation [18] reduces to 


= 


We now suppose that the two bodies remain in contact and! 
equilibrium across the contact surface. Then w and Z, are col 
tinuous across §;. The latter requires 0w/dz to be continuo 
across S;, by Equation [19]. Since w and dw/dz are contill- 
ous across §, and, by Equation [16], w is an even function of 
it is necessary that dw/dz = 0on S;. Hence, by Equation [19), 


{19 


2y) 
( “) 


Considering the body lying in the region z $ 0, the part of itt 
boundary outside and in the neighborhood of §, is approximat 
as in the Hertz theory, by the plane z = 0. This part of the 
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boundary, designated as S, is required to be free of traction. 
We can now assemble the complete boundary conditions for the 
body z 5 0: 


u= 6./2, v= Z, = Oon §............. [21] 
lim (u,v, w) = 0......... [23] 
where 
Ou 4 Ov ~) (24) 
— oy /2=0 


It may be seen that the contact surface, as regards displace- 
ments in the z, y-plane, shifts uniformly in the z-direction, with- 
out change of size or shape. This shift is proportional to P, 
since the differential equations of the system are linear. Hence, 
if there is no slip on the contact surface, the tangential compliance 
of the two bodies is simply 


and the problem of finding it is the problem of finding the value 
of 6, corresponding to a-given P,. 
tion entitled ‘Influence of Slip’’), the displacement is not simply 


In the case of slip (see sec- 


proportional to P, because, although the differential equations 
are linear, the boundary conditions vary with P,. 

We now remove the restrictions imposed on the shapes, rela- 
tive orientation and elastic properties of the bodies. Elimina- 
tion of restrictions 1 and 2 introduces a slight warping of the 
contact surface under P, alone. Within the limits of the small 
strain, small rotation theory, this warping may be ignored, as in 
the Hertz theory. Removal of restriction 3 makes the conditions 
of continuity of w and vanishing of Z, across S; incompatible. 
In general, to insure continuity of w across the contact surface, 
there is required a component Z, on S;. This corresponds to the 
components X, and Y, which are ignored in the Hertz theory in 
the case of bodies of unlike elasticities. We shall adopt the anal- 
ogous expedient here by retaining the condition Z, = 0 on S;. 

When the elastic properties of the two bodies are different, the 
relative displacement of S; with respect to a distant point in the 
body z > 0 is not the same as the relative displacement with 
respect to a distant point in the body z < 0. Designating the 
former displacement by 4,’/2 and the latter by 6,"/2, the tan- 
gential compliances of the two bodies individually are 


6,’ 5,” 
C,’ =- Cc," = ... [26] 
ar. 2P, 
and the tangential compliance of the two bodies together is 
6,’ + 6,” 


METHOD OF SOLUTION 


In the case of the tangential force, we require the solution of 
the three equations of equilibrium 


0 fou ov Ow 
+ (A + ( ) «0 
d2’ dy’ dz/ \dzxr dy dz 


i the boundary conditions given in Equations [21] to 


It is convenient to express the components of displacement in 
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terms of the potential functions of Boussinesq and Cerruti in the 


following two forms: 


1 OF, OG, 
“u= — 
\ 
1aG =r» afar, , 
Oz? dy \dzr oy 


w = - — 
+ uw) Oz \ Or oy 


1 2 (= 
02? \Or 


= SS XAé, n)Qdidn, = S Qdédn.... 

Q = 2 log + 2) — 
+ y)? + 
= 0, v2G, = 0 


[32] 
[33] 
[34] 
[35] 


z 36 
2m Oz 2x(X + 2u) & [36] 
1 oM A+  oM 
v= — [37] 
Oz + Qu) Oy \Or oy 


OL 
+ 
+ 2u) \Ox dy 


N+ (%4 


38 
+ 2u) Oz \Or [38] 
»(E,n) 
[40] 


In either form, the equations of equilibrium are satisfied and 
five of the nine boundary conditions are satisfied, namely, those 
expressed by Equation [23] and the last of Equations [21] and 
[22]. Ifeither X,, Y, or u, v were specified over the whole bound- 
ary z = 0, the solution of the problem would reduce to the 
evaluation of the integrals in Equations [32] or [39]. 
ever, in our case, u, v are specified over part of the boundary © 
and X,, Y, over the remainder. 

The four boundary conditions which are yet to be satisfied are 
expressed in terms of the functions L and M as follows: 


1 OM 
v= —— 
Oz 
x 02 > (22 om) 
oy 


Qe 2x (A + Qu) dx \dz 


2x Oz? 


ur 


Qe (X + Qu) dy 


£15 
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We note that, if Poisson’s ratio is zero (so that \=0), the bound- 
ary conditions reduce to 


3 Reference 2, pp. 242 and 244. SAS 
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OM 
dz 
0 Mo =0 146) 
2 dz? 


where Lo and Mo are the values of L and M for \ = 0. Hence, 
Mo = O and the problem of finding 01.) /0z is the same as that of 
finding the velocity potential of the irrotational flow of a per- 
fect fluid through a circular or elliptic aperture in an infinite 
plane; or, it is same as the problem of finding the distribution 
of electric charge on a circular or elliptic disk whose potential is 
held constant. The solutions of these problems are known, so 
that we can find Lo. 

To find LZ and M for 
we assume, tentatively, 


an arbitrary value of Poisson’s ratio, 


M L L 

or oy OY 


where C; and C; are constants which are equal when \ and M 
are zero, i.e., the tentative solution reduces to L Lo when 
Poisson’s ratio is zero. 

- From Equations [47] and [48] we find, using V2 =0, 


Substituting Equations [47] and [49] in Equation [43], there re- 
sults, onz = 0, 


M 
—— = (C; C2 
( 2) 


X, = —— —......... (51) 
mA + Qu) Oz? 2m 07? 
If we set 


whence, by Equation [46], the boundary condition expressed by 
Equation [43] is satisfied. 


Again, substituting Equations [47] and [50] in Equation 
(44] and using Rquation [52], we find 
7 , Y, vanishes over the entire boundary z = 0. 


“To verify the assumed form of solution, it remains to ascertain 
that the boundary conditions expressed by Equations [41] and 


[42] are satisfied. These become, using Equations [49], [50], 
[52], (40), [45), 
+ 2u) dz + Qy) dz? 2 
Cr 


Since Ola is a constant on and since the solution must 
for0 < ~, we require bic Ope 
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const on S; 


There is an alternative method of testing the displacemen 
boundary conditions. In view of the result Y, = 0 over the 
entire plane z = 0, we conclude that, if the assumptions embodied 


in Equations [47] and [48] are indeed valid, the displacements 
must be expressible in terms of the function F; alone, i.e., we 


dz = 0onS; 


should set G,; = 0 and F; proportional to , 
wh 
Then, using Equations [29, 30, 35], the displacement bound 
conditions become He 
7 
3A + du oF, oF, oF, 71] 
1 
inse 
+ uw) inte 
Since the boundary conditions must hold for 0 Z A Z YI, 
ulre 
q € dz? 
we f 
Oz? 
The method outlined in this section will be applied, first, to ‘sf 
special case of the circular contact area because of its simp — 
TANGENTIAL Force, CrrcuLaAR Contact AREA, \ = | 
Let the boundary of the contact surface be a circle of radius 
and let p? = 22 + y?%. For the case \ = 0, we must fi so th 
harmonic function Lo satisfying the boundary conditions 
Equations [45, 46]) 
{ 
rises 
From the analogous problem in hydrodynamics, we have’ edge 
TI 
OLo 
— = e~** Jo(kp)k-' sin ka dk... 
Oz 0 
where Jo is the zero order Bessel function of the first kind. Hen 
The 
In = 25,' e~** Jo(kp)k-? sin ka dk.....-. 
TANGENTIAL Force, Crrcutar Contact Arga, \ # 
To remove the restriction \ = 0, we apply the first proced™” | It 
4 “Hydrodynamics,” by H. Lamb, sixth edition, Cambridge 
am 


versity Press, 1932, p. 137. 
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of the section entitled ‘““M 
Equation [68], 


(= =) 
dz = 
Ox? oy? 
— 25,’ cos 20 Jy (kp)k-! sin ka dk... [69] 
0 


-6,' sin » | sin kadk. . [70] 
0 


ethod of Solution.” We find, from 


where @ = tan7!(y/xr). 


| sin ka dk = S% (71) 
0 


a(p? — /*/p?, ps a) 


Hence Equations [57] and [58] are satisfied. 
To evaluate the constant C;, we substitute Equations [65, 69, 


71] in Equation [55], with the result 


+ Dy) 
(3X + 4u) 


The — ntial traction over the contact surface is found by 
inserting the values of €@; and Lo from Equations [72] and [68] 


into Equation [53]. Noting that 


= 23,’ Jo(kp) sin ka dk 
Oz? 0 


26,'(a? — <a 2 
we find 


X, = = (a? — 
[74] 


The relation between the tangential force and the displacement 
is found from 


Su(X + ) 
+ du 


th: 


We see that, in the case of a tangential force across a circular con- 
tact area, the tangential traction is everywhere parallel to the 
direction of the applied foree. Contours of constant tangential 
traction are concentric circles. The magnitude of the traction 


rises from one-half the ave rage at the center to infinity at the 
edge, 


The tangential compliance of one body is 
6,’ 3\ + 4u 2 
2P, 16u(\ + a Sua 


The tangential compliance of two bodies, with unlike elastic 
constants, is 


_ltis interesting to notice that all of the results of this section 


‘ $ “Treatise on the Theory of Bessel Functions,” by G. N. Watson, 
ambridge University Press, 1922, p. 405. 


ELASTIC BODIES IN CONTACT 


= 


can be extracted from a solution by H. Neuber* for the stress con- 
centration at a hyperbolic notch. : 

INFLUENCE OF SLIP a 
A practical feature of the foregoing solution which nk 

additional study is the infinite traction at the edge of the con- 
tact surface. Presumably, the tangential component of trac- 
tion cannot exceed the product of the coefficient of friction f 
and the normal component of traction p. Thus, for the cireu- 
lar contact area, we should have, from Equation [1], 


_ 3fP, 
3fP p? ‘/2 


where we have assumed that slip has penetrated from the outer 
radius a to an inner radius a’ and that, in the included annulus, 
the tangential traction remains at its greatest possible value fp. 

If slip has just progressed over the entire contact surface, so 
that Equation [79] holds throughout, we may calculate the cor- 
responding tangential displacements by substituting Equation 
into Equation [32], and the combination into squations 


{29] and [30], with the results , 


= 3fP, —ot+oa om 26) Ao dwde.. 


= 3efP, Ao sin 2¢ dwdg...... [83] 


where Ag = (— &p w? — 2Wow — T)'/? and 
— x)? + (n— = —Qay....... [84] 

ig 
Wo = (reos¢g + ysin g)a?........... [87] is 
No = (p? — [SS] >. 


and w» is the distance from the point (x, y) to the circle, i.e., 


= (— + — 


Considering the surface integral in Equation [83], and integrat- 
ing with respect to w, we arrive at 


9 
sin 2 
0 


¢ dy 


We note that the algebraic signs of the quantities in brackets 
change if we substitute y-7 for ¢. Hence, the integrals of the : 


bracketed terms, over the interval 27, vanish. The same rn 


occur in Equation [82]. The remaining integrations in Equa- 
tions [82] and [83] are straightforward, and we find 


by H. Neuber, Julius Springer, Berlin, 


6 ‘‘Kerbspannungslehre,”’ 
Germany, 1937, pp. 85-90. 


7 
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64 = 3fP,[2(2 — «)(2a? — + cos 26]... . [90] 


64 wo = 3fP, op? sin 20............. 91] 


where Q is a constant, we find corresponding displacements wu’ and 


v’: 
= —3Q/P,[2(2 — o)(2a’* — p*) + op? cos 26]. 
64 ya’sy’ = —3Q/P, op? sin 26 


If, now, ve set Q = 
we have 


a’/a3 and add the two sets of displacements 


u+u’ = 


3fP(2—0) 
16 


v+v =O0,p< 


Hence, the system of surface tractions? 


2\ 1/2 2 
p 
a 2 
produces displacements which satisfy the conditions of no slip 
within the circle of radius a’. To find a’ we calculate 


p= X,pdp dé 


. {101] 


The distribution of traction, represented by Equations j [98] 
and [99], is illustrated in Fig. 2 for the case P,/fP, = 0.3. 

To find the compliance, first eliminate a’ between Equations 
{101] and [96] and obtain 


3fP(2—o)[, 
E (: pp. .. [102] 


Then the tangential compliance of one body is 


dP, 


u+y’ = 
l6ua 


{103} 


This is to be compared the with compliance without slip given in 
Equation [77]. The ratio 


is plotted in Fig. 3, which shows the range over which the com- 


. [104] 


7 Dr. Stewart Way has called the author’s attention to a paper 
by C. Cattaneo, “Sul contatto di due corpi elastici: distribuzione 
locale degli sforzi,’’ Accademia dei Lincei, Rendiconti, series 6, vol. 
XXVII, 1938 pp. 342-348, 434-436, 474-478, in which formulas, cor- 


responding to Equations [98] and [99], are derived for the elliptic 
contact surface. 


[99] 
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pliance calculated on the assumption of no slip is useful 
small ratios of P, to fP, the error is small. 
paper is confined to the éase of no slip. 


The remainder of t! 


TANGENTIAL Force, Evurptic Contract AREA 


As observed in the section entitled “Method of Solution,” whe! 
= 0 and the contact area is bounded by an ellipse, the proble! 
finding 01/02 is identical with that of finding the velocity po 
tential of the irrotational flow of a perfect fluid through an ellipt¢ 
aperture in an infinite plane. From the solution® of that prob 
lem we need only the result that 02/9/02? is proportional to 
(1 — a~ 2x? — b-2y?)- 
on S; and vanishes on S», 
_ Applyi ing the alternative procedure for \ # 0, described at the 


264 
| end 
If we now consider a distribution of traction | 
3fP.Q p? ) \ | 
x, = — — | \ 
2na’? ( a”? \ whe 
\ 
€ \ Toe 
4 
ellips 
3fP 
Xx, = (1 » @é€ee€a........ [98] The | 
sult 
0 
Bul 
tions, 
surfac 
whence 1 a this w 
/ P \! x 0.4 } | | 
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endof the section entitled “Method of Solution,” we take 


= D(1 — a~*x? — Y, = 0, on [106] 

where D is a constant, determined by the condition 
| 
[108] 

Si 
To evaluate the integral in Equation [108] let 

z= pcosd, y= psing.............. 


Then 
where 


and p; is the distance from the origin of z and y to a point on the | 
ellipse, i.€., 


The integration then proceeds without difficulty, with the re-— 
sult 
|) 

Subject to verification of the displacement boundary condi- 
tions, we conclude that the tangential traction on the contact 
surface is everywhere parallel to the applied tangential force. 
Contours of constant tangential traction are homothetic ellipses, 
Le, geometrically similar, and with principal axes parallel 
to the elliptic boundary. The magnitude of the traction rises 
from one half the average at the center to infinity at the edge. = 

It remains to test the displacement boundary conditions, as 
given in Equations [62] to [64], and to determine 6,’. To do | 
this we have to find the values of the second derivatives of 


Fi = S35, dé dy........... [114] 
on). 
before, let 
= — xz)? + (9 — y)?]'/* = {115] 
Then. 
= D — 2Ww — [118] 


where 


= cos? + sin? ¢............ [119] 
+ b-Y4ysing........... {120] 
P= + — (121) 
Accordingly, on Si, 
ox? ay? ni . [122] 
2 Jo Jo (—bw? — — 


_ date 
2 — 


[113] 


where a is the distance from the point (z, y) to a point on the 
ellipse. This distance is expressed in terms of ¢ by noting that, 
on the ellipse, 


+ b-%?—1 =0.............. [125] 


or 
bo? + Wo = (126) 


The significant root of Equation [126] is 


(127) 


Returning to Equation [122] and performing the integration 
with respect to w, we find 


+=D @-'/2 sin-! — | cos 
dr? Oy? — ar 
rD 
2 Jo ar: 
> 
—) cos 2 sin=! [128] 


In the second integral in Equation [128], we note that 


= + x) 
2 
Vv = 
(¢) (¢ + =) 
cos = cos 2(¢ + 


and I is independent of g. Hence, the integrand reverses sign 
on substituting ¢ + for ¢. Accordingly, the second integral of 
Equation [128] vanishes and we have 


oF oF D 
ox? oy? 2 Jo 
2 
0 


so that Equation [62] is satisfied. 
Similarly, from Equation [123], 


const 


OF; 


= sin 2¢ dg 
Oxrdy 4 Jo 


Since sin 2¢ = sin 2(¢ + 7) the second integral in Equation 
[130] may be shown to vanish for the same reason that the second 
integral in Equation [128] vanished. Regarding the first in- 
tegral in Equation [130], calling the integrand g(¢), we note 


g(¢) = ole + 7) 


f of de a 
0 0 


f 9 (v) de 
But 
—sin — ¢) 


— ¢) 
™ 
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: yhere and are the complete elliptic integrals of the firs 
(y)de = 0 Ww I I frst 
. For the second integral, considering first the case a < b, we - 
write 
cos 2 dye = ber 2 sin? 
q on S; and Equation [63] is satisfied. ° in | plia 
Finally 41% sin? *ede zero 
Oz? 2 0 Now 
2s 
/s sin7! ag | 2 sin? dy 
V1 —k* sin? V 1 k? sin? ¢ 
ad. 0 . 
= const a! 
= k-? (K— E) 
at where E is the complete elliptic integral of the secor 
7 To find the displacement 6,’ due to the force P, we substitute of argument (7/2, k). Hence 
the results expressed by Equations [129] and [131] into Equa- ; e 
tion [60] and use Equation [113] to obtain cos 2p dy = as la<i 
0 kL\k k 
1e expression in brackets in Equation [136] appears in ek 
= te magnetic theory as a quantity proportional to the mutual indue 
. tance of a pair of coaxial circular currents. An elaborate tabuls 
tion of the quantity 
+ cos 2g dy....... [132] Fig, 4 
0 7 2 2 
N = 49 ( K——E | (137 
in which has been replaced by and by — 20). k k 
FoRMULAS FOR TANGENTIAL COMPLIANCE has been made by Nagaoka and Sakurai.’ : | 
‘ ; ; For the case a > b, we replace ¢ by +/2 — ¢ in the secondt & | 
To find numerical values of the tangential compliance from tegral of Equation [132] and find, by a similar procedure a 
= a Equation [132], it is advisable to transform the integrals in that ¢ ' 
equation to forms that are tabulated. For the first integral we "5 oT /2 9 J 4 
write cos 2g dg = —| |— — k, K, — —E, |.a>d.. 118 
f * co (2 1 ky 11,4 
"ath 2 ¥ where E, is the complete elliptic integral of the second by 
0 2 ‘cos? > + sin? of argument (7/2, ki). 
Ps The difference in algebraic sign between Equation [138] Pc. § 
- Equation [136] arises from the fact that Cox 
cos 2y = — cos 2 may 
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llel to 


aN /4rk,a <b | 


0, a=h { 
b N, 4k, a > b } 
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* “Table No. 2,” by H. Nagaoka and 8. Sakurai, Scientific The ir 
of the Institute of Physical and Chemical Research, Tokyo. § ormal ¢ 


See also Table No. 1, Dec., 1922, for K and E. 


1927. 
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Inserting the expressions given in Equations [136] and [139] 
into Equation [132], we find for a < b: 


z 2x (2 k Cc 1 Anda. 
(l—e)/fua,a=b }......... [143] 
fora = b: — 
(1 o) K,/xua, a > b } 


2,06,’ 2 
(141) 


and fora > b: 


The last three equations express the ratio of the tangential com- 
pliance to the tangential compliance of a body with Poisson’s ratio 
zero and a circular contact area of diameter equal to the maxi- 
mum diameter of the elliptic contact area. This ratio is plotted 
as the ordinate in Fig. 4, using Nagaoka and Sakurai’s tables. 


28 


a?/b2 
semi-axes of elliptic contact surface 
_ Pz = force in direction of axis a 
62’ = relative displacement in direction a 
w: = modulus of rigidity 
= Poisson's ratio 


Fie. 4 Initran, TANGENTIAL CompLIANce or Exastic Boprges IN 
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Fig.5 Ratio or TANGENTIAL COMPLIANCE C, To NoRMAL 
OMPLIANCE C, or Bopiges Wits Like Exastic Constants 


" a be seen that the tangential compliance decreases as 

anon 's ratio increases. When o = 0, the tangential compli- 
ance Is isotropic, but when 0 < 1/2 the compliance in the di- 
tion of the major axis is greater than the compliance in the 
rection of the minor axis. Hence, if the tangential force is not 
parallel to a principal axis of the ellipse, the displacement is par- 
llel to the force only if ¢ = 0. 


Ratio OF TANGENTIAL TO NoRMAL COMPLIANCE 


The interesting features of the ratio of the tangential to the 
ormal compliance are illustrated adequately by examining the 


case in which the two bodies have the same elastic properties. __ 


Then, from Equation [12], 


Hence, from Equations [143] and [140] to [142], 


r= aE 


KL we 2e%2—o) k 
C, 


1 ON pie 
| ral + —e) 


To plot this ratio it is only necessary to divide the ordinates in 


Fig. 4 by 2(1 —o)K/x, fora < b and by 2(1—c)K,/x fora 
> b. The results are plotted in Fig. 5. Several limiting cases of — 


interest are as follows: 


( 
Fore = 


a 


It may be seen that the tangential compliance, over the prac- 
tical range 0 < o < '/2, is always greater than the normal com- 
pliance, but never more than twice as great as long as there is no 
slip. 


“Twisting CoupLeE: Bounpary ConpITIons 


By considerations of symmetry and continuity similar to those 
in the section entitled ‘“‘Tangential Force: Boundary Con- 
ditions,” it may be shown that, in the case of a moment about 
the z-axis, no normal component of traction is induced on the 
contact surface and the surface rotates about the z-axis without 
distortion in the z, y-plane. The boundary conditions for the 
case of twist are, therefore, 


u = By/2,v = —sz/2, Z, = OonS,........ [144] 


Y, = Z, = Oon S3............. [145] 


@ 


where 8/2is the angle of rotation of the contact surface with respect 
to a distant point in the body z 5 0. For the circular contact 
area, these boundary conditions are satisfied by a limiting case 
of a solution by Neuber'® for the stress concentration at a hyper- 
bolic groove in a twisted shaft. In that solution the traction 
across the contact surface is found to be 
2\-!/2 
(: (147) 
a2 


3M, 
X= 
4ra‘ a? 
and the compliance of a single body is 
10 See ref. 6, pp. 90-92. See also “‘Forced Torsional Oscillations of 
an Elastic Half-Space,’’ by E. Reissner and H. F. Sagoci, Journal of 
Applied Physics, vol. 15, 1944, pp. 652-654. 
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2M, 


By analogy with our previous results, we consider the possi- 

4 bility that, in the case of the elliptic contact area, the traction 
may be 

= T’y(1 — a-*z* — 


= —T"x(1—a- — b> 


on S,. . [149] 


where 7’ and 7” are constants. With these surface tractions, 
all of the boundary conditions, except possibly the first two of 
Equations [144], are satisfied. If the assumed tractions give the 
required values of u and v on Sj, the assumptions expressed in 
Equations [149] are verified as correct. yy 


To calculate u and v, we substitute Equations [149] and [150] 
in Equations [29], [30], and [32] and perform the indicated opera- 
tions. We find, on Si, 


pu = y| cos? gdy 
0 


9 
+ o( T"b-? — T’a-?) fo sin? cos? 
0 


TORSIONAL COMPLIANCE 


These expressions have the correct form. 
We note that 


if: sin? 
0 


— (1 — k*)K} /(k2(1 — 
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are tabulated by Jahnke and Emde.!! Using the values of w and 
v from Equations [144], we solve Equations [151] and [152] for 
T’ and P with the following results: 


us D— 


To find the relation between 8 and M 


9 
= gab(T’b? + 
3 
1 E — — k2)C 


3 


B— 2o(1 — k*)C 


% 


» we calculate 


X yy —Y yx)dx dy 


Hence, the torsional compliance of one body is 


2M, 


8{BD — oCE} 


Equation [156] is plotted in Fig. 6. 


2 
cos* gde = 
0 


— E] /k? 


= (K—E)/k 


(E — (1 — k*)K] 
[(2 — k2)K — 2E] /k4 


- 


0) = (5,0) 


Noting that 


0) = 4/16 


it may be verified that 7’, 7” and the compliance reduce tot 
appropriate values for the limiting case of the circular cont 

area. 
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View or CoMBINED-STRESS PULSATOR 


Fatigue Under Combined | 


Pulsating Stresses | 


A special combined stress pulsator is described which was 
used to subject thin-walled cylindrical tubes to various 
tios of combined (in phase) pulsating stresses. The 
material investigated was annealed SAE-1020 steel. Stress 
tios in both the (+, +) and the (+, --) quadrants were 
pplied. In addition, tension tests and uniaxial completely 
ersed rotating bending fatigue tests were made in the ax- 
al and tangential directions to study the anisotropy of the 
aterial. The combined stress-fatigue tests agreed best 
ith the distortion-energy theory of strength. 
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By H. MAJORS, JR.,! B. D. MILLS, JR.,2? ano C. W. MacGREGOR® 


INTRODUCTION 


HEN machine parts or structures are subjected to oscil- 

\V \V lating or fluctuating loads, these generally produce a 

system of vibratory combined stresses of the biaxial or 
triaxial types. With few exceptions, however, most of the ex- 
periments conducted to investigate the fatigue of metals under 
fluctuating stresses have been carried out under uniaxial condi- 
tions. Thus despite the pragmatic significance of the problem 
of fatigue under combined stresses, a considerable hiatus now 
exists in our knowledge of the subject. 

Supplemental to the common variables inherent in fatigue 
under uniaxial stress, namely, surface conditions, range of 
stress, temperature, frequency, cold work, heat-treatment, and 
the like, the combined stress-fatigue problem includes such con- 
siderations as the influence of the ratio of the stress magnitudes 
in different directions, the time-phase relationship of these stresses, 
and so forth. 

The alternating torsion test is perhaps the simplest of all the 
combined stress-fatigue experiments, and it has been widely 
employed (1-4). The superposition of a static torque upon 
completely reversed bending stresses has been used by Ono (5), 
Lea and Budgen (6), and Davies (7). Completely reversed 


4 Numbers in parentheses refer to the Bibliography at the end of 


the paper. 
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bending and torsion was studied by Gough and Pollard (8). 
This yielded test results in the (+, —) quadrant of stress ratios 
and showed that the distortion-energy theory agreed well with 
experiments for the mild steel tested. Both cast iron and a 3'/; 
per cent nickel-chromium steel did not follow the distortion- 
energy theory. Maier (9) subjected thin-walled cylindrical tubes 
of cast iron and mild steel to fluctuating internal pressure with a 
static axial load. Sufficient data were not presented to permit 
incontrovertible conclusions to be drawn, but the results indi- 
cated that the fatigue limit in the tangential direction was un- 
affected by the axial force. Further tests have also been con- 
ducted by Morikawa and Griffis (10) on thin-walled tubes under 
pulsating combined stresses for annealed SAE-1020 steel, using 
a special machine described by Marin (11). This machine sub- 
jects a tubular specimen to internal pressure by means of a gear- 
driven piston and to an axial tensile load by a separate lever 
system at the rate of 300 cycles per min. Morikawa and Griffis 
also concluded that the maximum-stress theory agreed with their 
experiments when modified by the anisotropy of the material. 

Two interpretations of the data of combined stress-fatigue tests 
have been suggested by C. R. Soderberg (12) and J. Marin (13), 
respectively. The former is based upon the maximum-shear 
theory and the latter on the distortion-energy theory. 

Owing to the paucity of test data on combined stress fatigue, 
an experimental study of the problem was begun in the Research 
Laboratories for Mechanics of Materials at the Massachusetts 
Institute of Technology sometime before the last war. This 
resulted in the development of a special combined-stress pulsator 
to subject tubular specimens to various ratios of tangential to 
axial stresses. The experimental work had to be,interrupted for 
various reasons shortly after the beginning of hostilities, but was 
resumed during the past year. The present study is restricted to 
combined pulsating stresses, in phase, applied to thin-walled 
tubes of SAE-1020 annealed steel. It is the purpose of this paper 
to describe the special pulsator used, the effect of various ratios 
of combined pulsating stresses on the fatigue limit, and the inter- 
pretation of the results. Fatigue data are included for the first 
time on the same material in both the (+, +) and (+, —) quad- 
rants of stress ratios. 


THE CoMBINED-STRESS PULSATOR 


Fig. 1 shows the combined-stress pulsator developed for these 
experiments. A schematic diagram listing the various compo- 
nent parts is given in Fig. 2. 

Filtered machine oil is pumped from a return-flow reservoir 
to the inlet of a Bosch fuel-injection pump by a small motor- 
driven gear pump. The injection pump has two high-pressure 
cylinders which simultaneously deliver high pulsating oil pres- 
sure by means of two cam-driven plungers at 880 times per min. 
A high-pressure oil manifold receives the outlet oil of the Bosch 
pump for delivery to the lower threaded head into which the 
tubular test specimens are screwed. When the specimen develops 
a fatigue crack, a fine spray of oil, penetrating the tube wall 
through the crack, is caught in a metal box surrounding the 
specimen. The oil stream flows through tubes to a small cup at 
the end of a lever shown in Fig. 3. The weight of the escaped oil 
in the cup lowers the lever which trips a microswitch, shutting 
off the equipment. The number of pulsations is determined by a 
revolution counter. 

In order to maintain a constant maximum pressure, it has been 
found necessary to adjust the pressure manually for the first hour 
of testing, after which the maximum pressure remains essentially 
constant. 

Various ratios of tangential to longitudinal stresses are ob- 
tained by attaching suitably designed heads to the upper threaded 
ends of the tubular tes{. specimens. For example, Fig. 4 shows 
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ASSEMBLY OF APPARATUS 


TO 
1) TEST SPECIMEN Mia. 4 
2) BOSCH HIGH PRESSURE PUMP. 
REVOLUTION COUNTER. 
100 TO | SPEED REDUCER 
4) MOTOR FOR DRIVING BOSCH PUMP (2). s 


5) CROSBY PRESSURE GAGE 

6) BOSCH PUMP CONTROL ROD. 

7) MICROMETER FOR ADJUSTING CONTROL ROD (6). 
8) CUP TO CATCH OVERFLOW OlL FROM (24). 
MICRO-SWITCH ACTUATED BY HANDLE OF OVERFLOW CLP (6 
UPPER THREADED HEAD FOR TUBULAR SPECIMEN. 
ASSEMBLY OF PISTON AND PLUG (WITHIN SPECIMEN). 
Ol LEAKAGE COLLECTOR. 

LOWER THREADED HEAD FOR TUBULAR SPECIMEN. 
THREADED HIGH- PRESSURE CONNECTION 

HIGH PRESSURE MANFOLD = 


PUSHBUTTON CONTROL FOR MOTOR 
CONTROL PANEL. 


(20). 


(18) PUSH-BUTTON CONTROL FOR MOTOR (4)- 

(19) Ol FILTER, 

(20) 0.C. MOTOR FOR DRIVING LOW- PRESSURE GEAR PUMP. 
(21) LOW PRESSURE GEAR PUMP 
@2) O& RESERVOR. 
(23) STEEL BLOCK. 


(24) TIN BOX AROUND SPECIMEN TO COLLECT OIL ESCAPING FROM 
FATIGUE CRACK (NOT SHOWN). 
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Fig. 4 Upper AND Lower Heaps ror «4 Ratio or TANGENTIAL TO 


LONGITUDINAL STRESS OF AnoutT 2 To 1 


the head used to obtain a ratio of tangential tension to longitu- 
dinal tension of about 2 to 1. The central plug inside the test - _ - 
specimen serves to reduce the oil volume in order to allow the Fic.5 Grrp Sysrem ror A Ratio or TANGENTIAL TO LONGITUDINAL 7 
Bosch pump to develop the required pressure. From dynamic- Stress or AnoutT | To 1 : 
stress measurements to be described later on, this solid-type head 
produces a ratio of tangential tension to longitudinal tension of 
1.84 to 1.00 at the outside surface. For other ratios it was neces- 7 ae af eel 

sary to use an oiltight composition cup piston in the upper head 

he desired ratios are obtained essentially by selecting the proper 

eas in the upper head over which the oil pressure acts relative a. 7 = 

0 the cross-sectional bore areas of the tubes and attaching the 7° gag 4 Ue 

entral axial plug within the tube to carry tension or thrust as ay y UN 

= 


e case may be. 
For example, the arrangement to produce a ratio of tangential 


ension to longitudinal tension of approximately 1 to 1 is shown N 
mn Fig. 5. In this case the area of the upper head over which the is 


\ 


pressure acts is increased over that of Fig. 4 so as to obtain a 

igher axial stress. The downward thrust of the oil pressure is 
ied by the central plug unattached to the test specimen. 

When axial compression is desired, the arrangement is similar to 

hat shown in Fig. 6 where a ratio of tangential tension stress to 

ePrgitudinal compression stress is approximately 1 to 1. This is 


\ 


SS 


ecomplished by allowing the central bore plug to carry the axial N 4 
load due to the oil pressure acting upon the upper area of 
plug recess (attached to the plug), while the downward 
hrust on the same area (but over the head attached to the speci- “4 i YY TEST SPECIMEN 


* #2) is carried by the test specimen. 

For & uniaxial tangential stress, the system shown in Fig. 7 | 
Utilized. In this case all axial load due to the internal pressure Ps 
carried by the central bore plug. This produces a ratio of tan-— 
tatial tensile stress to longitudinal stress of about 1 to 0. The 
ne general principle can be utilized to give a wide variety of © 
her stress ratios. Dynamic-stress measurements at the outside — 

te showed the actual stress ratios for the cases shown in Figs. 
5, 6, and 7 to be +1.84 to +1.00, +1.04 to +1.00, +1.27. 
@ —1.00, and +1.00 to +0.03, respectively. 
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uy -® it was necessary to determine: (a) if the axial and tangential A two-channel amplifier was used to feed the signals from the 
\. -- stresses were in phase; (b) the dynamic correction necessary in wire gages to an electronic switch connected to an oscilloscope 
order to compute the stress magnitudes; and (c) the correction as shown in Fig. 8. The phase relationships were determined for 
- tad necessary for tubes having a curved-tapered wall of the form used each of the pressure heads discussed under the previous section 
in the present study. both on the previously unstressed tubes and on tubes which had 
Tangential and longitudinal resistance-wire strain gages were _ been plastically deformed through cyclic stressing. Fig. 9 shows 
ind attached to the tubes at the position of minimum wall thickness. _ typical oscilloscopic records of the dynamic strains, tangentia) 
7 and axial, for the stress ratios +1.27 to —1.00, and +1.04 to 
+1.00. As can be seen, the axial and tangential strains are 
in phase. Similar results were obtained for the other heads, 

In addition, the SR-4 wire strain gages were used to measure 
dynamic strains on the previously unstressed tubes by the use 
of the electronic circuit shown in Fig. 10. These strains were 
converted into dynamic stresses by the usual conversion formulas, 
The dynamic-strain readings were calibrated by means of three 
precision resistors each of which was shunted across the gage 


WS 


measuring strain by means of a vibrator switch. The average of 
three calibrations was used to convert oscilloscopic readings to 
unit strains. For each pressure head, the Crosby gage pressure 
was plotted as a function of the peak reading on the oscilloscope 
scale for each of the four wire gages on the calibrating test speci- 
men. From these data, curves were constructed of Crosby gage 


SPECIMEN pressure versus dynamic longitudinal and tangential stresses 
= 


: = All dynamic stresses were corrected for slightly different ratios 
Fig. 7 Grip Sysrem ror a Ratio or TANGENTIAL Stress to Of outside to inside radius by using the Lamé solution of stres 

LonaITUDINAL Stress oF 1 To 0 variation for thick tubes under internal pressure. The’ ratios o! 
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(a, Ratio of +1.04 to +1.00; and b, ratio of +1.27 to —1.00. Both signals in phase.) 
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tangential stresses to longitudinal stresses remained constant — 
with time and were the same for the slightly yielded tubes as for — 
the previously unstressed specimens. 

Figs. 11 and 12 show typical oscillographic records of dynamic * 
strains as functions of time for the two heads to produce ratios | 
of tangential to longitudinal stresses of +1.84 to +1.00, and © 
+1,00 to +0.03. It can be seen that the pulsations are sharp tri- 
ee ehsped wave forms rather than of the purely sinusoidal 
ype. 


MATERIAL AND SPECIMENS 


The material investigated is hot-rolled SAE 1020 steel supplied 
from a 20-ft bar 2 in. diam. The chemical analysis is C-0.20, 
Mn-0.55, P-0.009, and S-0.027. 

Prior to machining, the stock was carefully annealed at 1650 
F for 1 hr per in. of thickness and furnace-cooled. Tubular speci- 
pens were then machined to the dimensions shown in Fig. 13. 
he inside-bore surface was micromatic-honed after being reamed. 

tis produced very light spiral scratches, giving no preference to 
w¢ ‘ormation of axial or transverse fatigue cracks. The outside 
aces were polished with No. 000 emery paper. The wall 
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(Crosby gage pressure 2550 psi, 880 pulsations per min.) 
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Fic. 13 ComBiNnep-Stress Test SPECIMEN 


thickness and outside diameters were measured before and after 
each test at eight locations by a special ball-point micrometer. 


PRELIMINARY UNIAXIAL TESTS 
In order to compare the combined-stress results under pure 
pulsations with the properties of the material under completely 
reversed stresses, uniaxial rotating bending fatigue tests also 
were made in both the longitudinal and transverse directions for 
the annealed bar stock. Similarly, true stress-strain tension tests 
were made on specimens cut in these same directions. 
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Fig. 14 S-N Curves ror SAE-1020 ANNEALED STEEL UNDER 
CoMPLETELY REVERSED RotaTinc BENDING ON CYLINDRICAL 
TAPERED SPECIMENS 


Longitudinal R. R. Moore fatigue specimens were machined 
from the bar stock at the same radial distance from the center 
as the average tube radius for the combined stress fatigue speci- 
mens. This was done to eliminate the effect of variation in 
properties across the section. The minimum diameter for these 
test pieces was 0.300 in. after all transverse scratches had been 
polished out with No. 00 emery paper. 

In addition, small 0.120-in-diam tension and Krouse rotating 
cantilever fatigue specimens were machined from the bar stock 
in both longitudinal and transverse directions at the same radial 
distance from the center of the bar as the average tube radius 
of the combined stress fatigue specimen. Fig. 14 shows the S-N 
curves for the fatigue tests described. 

The preliminary tension and fatigue-test results are sum- 
marized in Table 1. The degree of anisotropy present is clearly 
evident. This is revealed both by the endurance limits in the 


TABLE 1 UNIAXIAL REVERSED BENDING FATIGUE AND 
TENSION-TEST RESULTS 


Longitudinal Transverse 
direction direction 


Endurance limit, R. R. Moore, psi 

Endurance limit, cantilever (Krouse), psi 

Yield point, psi 

Nominal tensile strength, psi 

Per cent elongation in 0.50 in. 

Per cent reduction of area... 

Coefficient of strain-hardening (true stress-strain 
test), psi 

True strain at fracture 

True stress at fracture, psi 


longitudinal and in the transverse directions, and also by the 
tension-test data. In the latter, while the average nominal tensile 
strengths for three specimens are nearly the same, the true stress- 
strain results bring out the degree of anisotropy in a much clearer 
fashion. 


CoMBINED-STRESS FaTIGUE RESULTS 


The S-N curves obtained under combined pulsating stresses for 
the four stress ratios investigated are shown in Fig. 15 where 
the dynamic nominal tangential outside fiber stress is plotted as a 
function of the number of stress pulsations. Tests were carried 
to 10’ cycles. For these stress ratios all fatigue fractures occurred 
parallel to the longitudinal direction, no doubt reflecting the in- 
fluence of the lower transverse endurance limit. Table 2 gives 
a summary of the test data, from which it ean be seen that the 
endurance limit in a given direction is not independent of the 
stresses normal to that direction as has been claimed by other 
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TABLE 2 SUMMARY OF COMBINED-STRESS FATIGUE 
RESULTS; PURE PULSATIONS 


Ratio of  tangentis 

stress at fatigue 

limit to tangentia) 

Nominal dynamic stress at fatigue 

tangential stress at limit for zero 
outside surface at longitudinal stregs 
Ratio of tangential stress 10° we (fatigue (attaaliy, te = 920 
imi 
418. 


TANGENTIAL STRESS AT CUTSIOR SURFACE | 


FATIGUE CURVES FOR 
| SAE.1020 HOT ROLLED ANNEALED 


STRESSES 
TAPERED TUBULAR SPECIMENS 


100,000 


Fie. 15 Fatiaue Curves ror SAE-1020 ANNEALED STEEL 
ComsBinep Putsatina Stresses ror Tarperep Spr 


In comparing static combined-stress test results with the var- 
ous strength theories, it is customary to pot them on a diagra 
with the ratios o;/o» and ¢2/09 as co-ordinates where o; and oa 
the principal stresses and o¢ is the static yield strength. A: 
procedure can be followed in the case of combined fluct 
stresses in phase, where o;/o, and o2/s, are the co-ordinat 
this case, 7; and o2 are the maximum principal stresses dur 
cyclic variation, and o, is the maximum uniaxial fatigue streng 
under the same ratio of mean stress to maximum stress | 
cycle. Thus for the two-dimensional problem of con 
fatigue stresses, where the maximum principal stresses o; 
of each cycle are in the same time phase and have the sam 
of mean stress to maximum stress for the cycle, the more co 
strength theories can be expressed as follows | —- 

Mazximum-Stress Theory 


Mazximum-Shear Theory 


= | 
= 
(o; o2) = +¢, 


Distortion-Energy Theory 
(a, — o102 + 03") = 
T otai-Strain-Energy Theory 
(0:2 — + 22) = (4 


The value of o, in Equations [1] to [4], inclusive, can be dete 
mined, as in the present tests, by uniaxial fatigue tests under th 
same ratio of mean stress to maximum stress for the cycle Th® 


refle 
on the 
in the « 
stress ¢ 
Oy 
Vari 
piricall 
Oy and 
amples 
parabo 
where « 
show t 
since, 
tion be 


relation 


inclusi‘ 


It w 
lish the 
tested, 
rately, 
also in 
in this 
probab 
that eit 


which { 


or the 


where 


agrees 
for the 


Were re 
Ments 


| 
IN 

% 
62330 61800 
55.3 51.7 
83300 69800 
125500 113800 

various 
scatter 
ped 
Dyn 
Were al 


4) 


= MAJORS, MILLS, MacGREGOR—FATIGUE UNDER COMBINED PULSATING STRESSES 


x, reflects the influence of the uniaxial mean stress for the cycle 


on the maximum uniaxial cyclic stress for failure. For example, 
in the case of completely reversed cyclic stresses where the mean 
stress of the cycle is zero, 2, becomes merely the endurance limit 

“Various attempts have been made in the past to express em- 
pirically o, in terms of the mean stress ¢,,, the endurance limit 
«, and the tensile strength c, (or the yield strength o). Ex- 
amples of these are the Modified-Goodman law, the Gerber 
parabola, the Soderberg linear relation between o,/c, and ¢,,/e¢, 
where a, is the variable stress, etc. Data of various investigators 
show that the Soderberg relation is the only conservative one 
since, although some materials indicate a definite parabolic rela- 
tion between o,/o, and a,,/a9, others yield data close to the linear 
relation. Thus for conservative design, Equations [1] to [4], 
inclusive, would predict failure when o; is obtained from 


6a. 
o, 


It was not the purpose of the present investigation to estab- 
lish the relation between ay, 70, or for the SAE-1020 steel 
tested. Sufficient tests were not made to determine this accu- 
rately. Since uniaxial reversed bending fatigue tests were made 
iso in the tangential direction as well as uniaxial pulsating tests 
n this direction, it is possible, however, at least to indicate the 
probable relationship involved for this material. It was found 
iat either the Modified-Goodman law 


vhich for pure — gives ne 


20,0, 
omaz 


rthe = pe parabola 


where n = and which, for pulsation, 
20,00 


agrees well with the present tests. From the data of Table 1 
for the tangential direction, ¢, = 26,000 psi, oe = 31,400 psi, and 
*, = 61,800 psi. Based upon this, Equations [6] and [7] yield o, 
equal to 36,600 psi, and 35,800 psi, respectively. These agree favor- 
ably with ¢, = 36,800 psi found in the uniaxial pulsation tests as 
listed in Table 2 

Fig. 16 compares the combined-stress fatigue results with the 
various strength theories listed in Equations [1] to [4], inclusive. 
As can be seen, data are included in both quadrants. While some 
scatter is present when viewed from the standpoint of any one 
theory of strength, in spite of the precautions observed, it is 
clear that the data check the distortion-energy theory the best. 

Dynamic stresses at the mean radius and at the inside radius 
Were also investigated, and when they were plotted as ratios in 
Fig. 16, identical conclusions were obtained. The test results 
Were recorded in Fig. 16 as outside fiber : stresses since measure- 
mentsweremadethere. 
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Fic. 16 Comparison or Test Resutts UNpER CoMBINED Put.- 
SATING Stresses WitH VARIOUS STRENGTH THEORIES 


CONCLUSIONS 


A special combined-stress pulsator is described which was used 
to subject thin-walled tubular specimens to various ratios of 
combined pulsating stresses which were in phase. The material 
investigated was annealed SAE-1020 steel. Stress ratios in both 
the (+, +) and the (+,—) quadrants were applied. In addition, 
tensile tests and completely reversed uniaxial bending fatigue 
tests were, made in both the axial and tangential directions to 
study the anisotropy of the material. The combined-stress 
fatigue tests agreed best with the distortion-energy theory. | 
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Three. es of liquid flow over a body are defined, 
nawely: cavitating flow; (6) cavitating flow with a 
relatively génall number of cavitation bubbles in the field 


of flows And (c) cavitating flow with a single large cavity 
about the body. The assumption is made that, for the 
second regime of flow, the pressure coefficient in the flow 
feld is no different from that in the noncavitating flow. 
On this basis, the equation of motion for the growth and 
collapse of a cavitation bubble containing vapor is derived 
and applied to experimental observations on such bubbles. 
The limitations of this equation of motion are pointed 
out, and include the effect of the finite rate of evaporation 
and condensation, and compressibility of vapor and 
liquid. 
liquid in the rate of formation of cavitation bubbles is 
also given. 


A brief discussion of the role of ‘‘nuclei’’ in the 


INTRODUCTION 
A DISTINCTIVE feature of the hydrodynamics of liquids is 


the possibility of the coexistence of a vapor or gas phase 

with the liquid phase. Such two-phase flow is usually 
called cavitating flow, although it could as well be characterized 
as liquid flow with boiling. Cavitating flow has great theoretical 
interest in addition to the hydrodynamics involved because of the 
relation of this flow condition to the physical-chemical proper- 
ties of the liquid. The practical significance of cavitation is of 
course clear. The drag of submerged bodies moving through a 
liquid rises when cavitation appears; similarly, the efficiency of 
pumps, turbines, and propellers drops with the development of 
cavitation; and the damage which may be produced by cavita- 
tion in these devices is well known. 

The particular flow problem discussed in this paper is the flow 
of a liquid (water) over a submerged body which will be con- 
sidered to be at rest. If po denotes the static pressure, and Vo 
the uniform flow velocity of the liquid at a great distance from 
the body, then the general character of the flow in so far as cavi- 
tation is concerned is correlated with the cavitation parameter 


Po — Pv 
(pVo*) /2 


where p, is the vapor pressure of the liquid and p its density. 
Obviously, one cannot expect a single constant to describe so 
complex a phenomenon as cavitating flow about a submerged 
body; however, a correlation in a qualitative way may be made 
with the various types of liquid flow. Three flow regimes for a 
given suitably shaped body will be indicated here. The first (K 
sufficiently large) is noncavitating flow. This state of flow con- 
sists of a liquid phase only and, with neglect of compressibility 
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The Dynamics of Cavitation Bubbles 


By M. S. PLESSET,! PASADENA, CALIF. a 


effects, follows the same laws as are familiar inairflow. Ifnow 
K is made smaller, a state of flow is attained in which a relatively = 7 
small number of bubbles appear near the boundary of the body. - 
This state of flow will be taken as the second regime of flow. If K 
is further reduced, the number of bubbles increases, until eventu- 
ally they merge into one large cavity which completely encloses a 
portion of the body. The state of flow with a single cavity about 
the body is the third flow regime, and may be called cavity flow. 
A further reduction of K brings about only an increase in the size 
of the cavity. These three flow conditions are illustrated in 
Fig. 1. 


Fie: 1 Views SHowING THE THREE REGIMES OF FLow 


(In the top view, the cavitation parameter K = 0.40; in the center K = 
0.28; and in the bottom K = 0.18.) 


In the cavity-flow regime, the boundary of the cavity may be 
taken with reasonably good approximation to be a surface of con- 
stant pressure and of constant flow speed. The pressure and 
velocity in the flow field are fundamentally different from those 
in noneavitating flow. It may be remarked that, at least for 
two-dimensional flows, the powerful mathematical methods of the 
free streamline theory may be applied to the solution of cavity 
flow problems (1, 2).? 

The second regime of flow has here been characterized some- 
what arbitrarily as the flow condition in which there is only a 
relatively small number of bubbles in the flow field. This limita- 
tion is made in order to get an analytic simplification. If there 
are only a few small bubbles, the effect of the pressure disturbance 
of one bubble upon another may be neglected. Further, one may 
suppose that the pressure field, except at the bubble, is deter- 
mined in the same way as if there were no bubble cavitation. 
As is well known for noncavitating flow, if p is the static pres- 
sure at any point in the flow field, and if po and Vo are the static 
pressure and flow velocity in the uniform flow at a distance 
from the body, then with neglect of viscous effects, the pressure 
coefficient 


2 Numbers in parentheses refer to the Bibliography at the end of 
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is independent of po and Vo. The present assumption quire 
in the calculation of the static pressure p in the second flow we 
regime with the appropriate values of po and Vo from the pres-— 


Cons 
infini 


sure coefficient C, determined for noneavitating flow. This conte 
assumption that the pressure coefficient is essentially the same tis 
just before the first few cavitation bubbles appear as it is after — ee ee ee well 
of course is subject to experimental verification, and the neces- with 
sary experiments are planned for the high-speed water tunnel in a , 
the Hydrodynamics Laboratory of the California Institute of 
Technology. For the present, this assumption is considered a_ and 
reasonable one. It may be remarked also that as the number 
of bubbles increases with decreasing K, the pressure field should 
go over into that characteristic of the cavity-flow field; but, in 
the transition, the pressure distribution over the body should Bee atl ty a when 
show small-scale spatial variations between the limits of the pres- static 
sure field of noncavitating flow and that of the fully tien | 
cavity flow. 
EXPERIMENTAL OBSERVATIONS OF CAVITATION BUBBLES 
In the present paper an equation of motion will be developed 
for a cavitation bubble in a flow regime of the second type. This 
equation of motion will be applied to an analysis of experimental Equa 
observations made in the high-speed water tunnel. Since a motic 
cussion of these experiments has been given recently by Knapp __ a4 on . 
and Hollander (3), only general features will be mentioned here. 
The cavitation experiments were made with a 1.5-caliber ogive 
for which the noncavitating pressure distribution had been , 
measured, Fig. 2. Runs were made with tunnel velocities V¢ ” a hb Ol so ths 
Equat 
az bubbl 
2 the pr 
DISTANCE ALONG [MODEL . soluti: 
a 
PRESSURE DISTRIBUTION ON 15 CALIBER OGIVE 
Fig. 2 ExpPeRIMENTALLY DerTERMINED PRESSURE COEFFICIENT, 
Cp = (p — po)/2(pVo?), Is Shown as A Function oF Axrat Dis- 
Zz (The model profile is shown in the dotted curves with the associated scale ~ f ; tem 
for the profile on the right.) sa : pe 
a It is 
from 40 fps to 70 fps, and the static pressure pp, wasreduced until 
a few cavitation bubbles appeared. Photographs of these bub- 
bles were taken on a moving film at a rate of 15,000 per sec to etern 
20,000 per sec; a reproduction of an example of these photo-— Le = 
graphs is shown in Fig. 3 — with 
Equation OF Morion For A CAVITATION BUBBLE expert 
Frequent reference has been made in the literature on cavita- | seen wie 
tion to Rayleigh’s solution for the problem of the collapse of a ar 
spherical cavity in a liquid (4). Rayleigh considered the situa- oe 


tion in which the pressure at a distance from the bubble was — al Cle, 


constant. With this assumption, the variation of the bubble Sos. 8 Tens Sunes Fraunes Smowe Buseis Das” Fur 


radius with time may be simply and elegantly deduced from the as BuBBLE 1 
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LESSET—-THE 
energy integral of the motion. In the present problem, the 
bubble moves through a region in which the pressure varies 
quite rapidly so that an extension of Rayleigh’s theory is re- 
quired. This extension may be readily carried out as follows: 
Consider a spherical bubble in a perfect, incompressible liquid of 
infinite extent, and let the origin of co-ordinates be at the bubble 
enter which is at rest. The radius of the bubble at any time 
tis R, and r is the radius to any point in the liquid. Then, as is 
well known (5), the velocity potential for motion of the liquid 
with spherical symmetry is 
= R*R/r. 
and the Bernoulli integral of the motion is 


p 


where R = dk /dt, p(r) is the static pressure at r, and P(t) is the 
static pressure at a distance from the bubble. Also, from Equa- 
tion [3] 


(Vo)? = R* R2/r4.... 
1 
= -(2R R? + R?R).. 
( R R 
Equation [4] will be applied at r = 
motion for the bubble radius is determined (5). 


(04/H) rer =2R?>4+RR 


4 i 
re = R? 
ow 
so that, Equation [4] becomes 
p(R)— Pi) _ 3 


p 


R so that the equation of 
One notes that 


Equation {7] is the general equation of motion for a apherical 


bubble in a liquid with given external pressure P(t), and with 
the pressure at the bubble boundary p(R). One gets Rayleigh’s 
solution as a special case with 

P(t) — p(R) = Po (a constant) 
and with the aid of the relation 


> 
R? + R R= 


1 d ie) 
Equation [7] is adapted to the present problem with the as- 
sumption that 


p(R) = 


where p, is the vapor pressure of the water at the appropriate 
temperature and ¢@ is the surface-tension constant for water. 
It is thus supposed that one has to deal with the growth and 
collapse of a “vapor” bubble. The problem is defined when 
P(f)isknown. It will be assumed, as just discussed, that P(f) is 
determined from the-noncavitating pressure distribution over the 
body. 

The analysis of the experimental data, and the comparison 
with the theory, are carried out in the following manner: The 
experimental data given include bubble photographs, Fig. 3, 
which determine the following: 


1 The position of the bubble relative to the body profile as a 
function of time. 


2 The radius R of the bubble as a function of time. 


Further, the tunnel temperature (and, hence p,) are given as 
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well as po and Vo; these data are usually combined in the specifi- _ 
cation of the cavitation parameter K and the tunnel tempera- 
ture. From this information, and the knowledge of the pressure 
distribution over the body, Fig. 2, the absolute pressure at the 
model surface is determined. This absolute pressure as a function 
of position on the model is now transformed into the func- 
tion P(d) from the correlation of the bubble position on the model 
with time. When P(t) has been determined, the integration of 
the equation of motion (Equations [7] and [8]) may be carried 
out to get the radius of the bubble F# as a function of time. The 
equation of motion cannot be integrated analytically, and its 
integration was performed numerically. 
mined when two constants are specified, and these were taken 
to be the observed value of the maximum radius R,, where R = 

Thus the theoretical solution has been fitted to the experimental 
curve only at the peak of the radius-time curve. The theoretical 


curve was then determined by integrating forward (the collapse 


portion) and backward (the growth portion) from this one point. 
A comparison of the 
shown in Figs. 4, 5, 6, and 7. 
factory, particularly since it must be emphasized that precise 
experimental data difficult to obtain. The theoretical 
radius-time curve is quite sensitive to the P(é) function; for the 
experiments thus far analyzed, it is believed by the experimental 


are 


workers that the cavitation parameter A has not been deter- 7 


mined with quite the necessary accuracy. Further, there are 
some difficulties in the determination of the bubble outlines with 
precision. That this is the case is not surprising since one is 
requiring considerable photographie detail throughout a proe- 
ess which lasts for a time of the order of a millisecond. it must 
also be pointed out that there are approximations involved in 
applying the theoretical equation to the experimental situation. 


These approximations will now be considered. 


THEORETICAL APPROXIMATIONS 


The Pressure Field. It has been supposed that the. pressure 
field, P(‘), acting on the bubble is determined from the pres- 
sure distribution over the model. It is clear that, in the initial 
stages of cavitation of present interest, the bubbles will form as 
close to the model surface as possible since the pressures take their 
lowest values there. However, it also has been assumed that the 
bubble is acted on by a spherically symmetric field. Since the bub- 
ble is of finite extent and since the pressure field has definite 
pressure gradients both along the model and normal to it, it is 
clear that a simplifieation has been introduced. These pres- 
sure gradients would be a source of asymmetry in bubble shape, 
and there is some evidence of this asymmetry. It is believed 
that the approximation made is not such as to obscure the es- 
sential details of the growth and collapse; space gradients in the 
pressure field are here regarded as a second-order effect. 

It also has been assumed that the bubble is in a liquid of in- 
finite extent, and it is evident that the bubble grows and col- 
lapses in the neighborhood of the model surface. This asym- 
metry in the fluid field has an effect which may be pointed out as 
follows: As compared with the experimental situation, the 


theory would exaggerate the importance of the liquid inertia (this | 


inertia leads to the term in &? in Equation [7]). Comparison of 
the theoretical curve with the experimental points would seem 
to indicate some overestimate of this inertia term where R is 
small, i.e., near the beginning of the growth and toward the end 
of the collapse. 

The presence of the model surface has an additional effect on 
the flow field in its neighborhood which arises from the boundary 
layer. The thickness of this boundary layer may be estimated 
from the Blasius formula, and for the present flow conditions 


The solution is deter- _ 


caleulations with the measured values is _ 
The agreement is considered satis- _ 
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leads to a thickness of the order of 6 X 10-*in. On the basis of 
this estimate, the effect of the boundary layer will be neglected. 
It should be noted that the present measurements extend to 
minimum bubble sizes larger than this boundary-layer thickness 
although some reduction in the effective value of R should be ex- 
pected for very small R. 

An experimental source of apparent asymmetry in bubble 
shape might be supposed to arise from an overestimate of the 
bubble dimension in the direction of its motion which would be 
produced by its motion during the time of light exposure (1.5 X 
10-® sec). However, this blurring would give an apparent ex- 
tension of the image by approximately 10~* in. so that this error 
is not particularly significant. 

Temperature and Pressure Conditions in Bubble. It has been 
assumed in the theoretical calculations that the vapor pressure, 
p,, in the bubble, and hence the bubble temperature, remain 
constant. Clearly, heat must be applied to the bubble to evapo- 
rate water and maintain the vapor pressure during growth, and | 
heat of condensation must be removed during collapse. The — 
temperature changes required may be estimated readily. Con- 
sider a bubble with maximum radius R,, which has a growth 
time r. The total mass of vapor which is evaporated into the 
bubble is (47/3) R,,*p’, where p’ is the vapor density. The total 
heat required is 


Q = (4x/3)R,,* p’L 
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and for r = 


this water layer is 


oF 


4rR,,? dpc 3d pc 


where c is the specific heat of water. In the present example, 47 
(growth) 0.7 deg C = 1.3 deg F. A typical value of collap 
time is r ~ 10 frames = 0.5 X 10-* sec, and the corresponding 


where L is the latent heat of evaporation. Thus for a bi 

which grows to a maximum radius R,, = 0.10 in. in 20 fr 

(r = 10-* sec), the mass of vapor is 1.17 X 10~* grams, and Q 

This heat is taken out of a water layer sur- 
If the thermal diffusivity of water 

(D = 1.43 X 10-* sq cm per sec), then the order of magn 

of the thickness d of the water layer from which this heat is 


ducted is = 


d= 


10-* sec, d 1.2 X 107% cm. The volume o 
water layer from which this heat comes is of the order of mag 
tude 47rR,,? d, and, in the present example, the correspor 


mass of water is 1.0 X 10-*g. Finally, the temperature dr 
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temperature change, estimated in this same way, is - 
AT (collapse) ~ 1 deg C = 1.8 deg F 


[It is apparent that these temperature changes are insignifi- 
cant so that one may take the bubble boundary to have a con- 
stant temperature, essentially the same as the water tempera- 
ture, and a constant value of p,. 

This conclusion cannot be accepted unconditionally, how- 
ever, Since evaporation, or condensation, is a process which 
takes place at a finite rate and, if this rate is not sufficiently 
high to keep up with the rate of volume change of the bubble, 
the vapor in the bubble will behave more like a permanent than a 

ondensable gas. This effect definitely limits the range of valid- 
ty of the particular assumption, p, = const, toward the end 

f the collapse phase where the radial velocity R increases 
rapidly. This trend toward rapid increase in the calculated 
radial velocity is illustrated in Fig. 8. The rate of evaporation, 
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ot condensation, can be estimated from elementary kinetic 
theory which says that the mass of gas evaporated (or con- 
densed) per unit area per unit time at an absolute temperature 
T is 

where p, again denotes the vapor pressure for a vapor with 
nolar mass M, and B is the gas constant. If one assumes that 


the vapor obeys the perfect, gas law 


Which is reasonably accurate in the temperature range of inter- 
st (6), Equation [9] may be written 


ay 


PLESSET—THE DYNAMICS OF CAVITATION BUBBLES _ eR: 


where V = V/ BT /2xM is the desired velocity to be associated 
with the rate of the evaporation or condensation process. For 
the present problem, at 22.2 C = 72 F, V is approximately 150 
mps ~ 500 fps. Hence unless R is appreciably less than this 
value, one may not assume the constant value for p,. During 
the collapse, when R approaches or exceeds this value, the col- 
lapse velocity would tend to be decreased because the vapor 
will begin to show a rising pressure as it behaves like a permanent 
gas. 

A further effect of interest is the shock loss which will appear 
in the vapor when R reaches the gas acoustic velocity. The ef- 
fects of compressibility both in the vapor and in the liquid will 
not be considered here, although the problems posed by them are 
of great interest. A solution of these problems will be decisive 
for the quantitative determination of the high pressures arising 
toward the end of the bubble collapse, the regrowth or subse- 
quent oscillations of the bubble, and the sound energy radi- 
ated. 

Air Content in Bubble and Role of Nuclei in Formation of 
Bubbles. The assumption has been made that any air con- 
tained in the bubble does not affect the dynamics of the bubble 
growth and collapse over the range of bubble sizes which have 
been measured and analyzed here. This assumption might be 
considered questionable since the water-tunnel flow experiments 
are made with water containing an appreciable concentration of 
dissolved air. Furthermore in the region of flow in which the 
bubble behavior is studied, the liquid pressure is considerably 
below the liquid static pressure po at a distance from the model. 
Hence one should expect that the water is supersaturated with 
dissolved air and that diffusion of air into the bubble would 
take place. 

An analytic solution for such a diffusion problem has been 
carried out by P. S. Epstein and the author, the details of which 
will be presented elsewhere. For the present discussion it is 
necessary only to say that the diffusion process is so slow that it 
does not contribute appreciably to any alteration in the air 
content of the bubble. 

As will be pointed out later, the initial air content of a bubble 
is very small so that over the range of bubble sizes which are ob- 
served and to which the present calculations have been applied, 
the effect of the air may be neglected. It must be emphasized, 
however, that the small mass of air in the bubble plays a most 
important role in the initial stages of bubble growth, and also 
may enter in the final stages of the bubble collapse. The initial 
stages of bubble growth in which the air content would be of 
significance, refer to bubble dimensions which are beyond the 
present range of experimental observation. Similarly, the final 
stages of bubble collapse in which the compressibility of air, water 
vapor, and liquid are of importance, refer to bubble dimensions 
which lie within the last frame photographed.*® 

A few remarks, nevertheless, may be made concerning the 
initial formation of the bubble. It is the present view that the 
formation of a bubble in cavitating flow, or in boiling, begins from 
a nucleus within the liquid containing air, or vapor, or both. 
Such gas-phase nuclei are ordinarily submicroscopic in size, and 
become evident only upon growth of the nuclei through pressure 
reduction in the liquid (reduction in the function denoted pre- 
viously by P{t]), or through elevation of temperature (increase 
in the function denoted by p[R]). The absence of such nuclei 
means that the very large forces of surface tension must be 
overcome to initiate cavitation or boiling. It is well known 
that degassed pure liquids can withstand very large tensions, 


3 Knapp and Hollander (3) assumed that, over the present range 
of observation, the bubble contains essentially only water vapor. 
The present discussion supports this view. 
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or may be ae considerably, without the formation of of the bubbles formed in a boiling liquid may be considered as en- 
cavities and bubbles. tirely analogous to the cavitation bubbles more specifically con- 


Recently, Harvey (7) and subsequently Pease and Blinks (8) sidered here. The growth of bubbles in a liquid has great interest 
have shown experimentally that water saturated with air also at present in the problem of increasing the heat transfer from a 
has high tensile strength, provided it is denucleated. Harvey’s heated solid to a liquid. 
method of denucleation of water saturated with air consists in 
putting the solution under high pressures (of the order of 10,000 
psi) for several minutes. The air nuclei are squeezed into solu- The study was carried on in the Hydrodynamies Laboratory oj 
tion so that when the solution is brought back to atmospheric — the California Institute of Technology. It forms a part of the 
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Characteristics 


By B. E. QUINN,! L. 


Two types of problems are dealt with in the paper which 
are involved in the design of mechanisms required to have 
specified dynamic characteristics: (1) Determination of 
applied forces required to produce specified dynamic char- 
acteristics. (2) Determination of the dynamic character- 
istics which will result from the application of known 
forces. While graphical methods may be used in the solu- 
tion of type (1) problems involving more or less complex 
mechanical systems, they do not afford a direct approach 
to type (2) problems. The energy method which will be 
outlined can be applied in either case, although this paper 
will be primarily concerned with the determination of the 
dynamic characteristics which result when a known force 
isapplied to a given mechanism. 


INTRODUCTION 


HEN designing circuit breakers and other mechanical 

devices it is often desirable to determine the time re- 

quired for these mechanisms to complete a motion 
‘yele. It is also desirable to determine the manner in which the 
velocity and acceleration of certain moving parts, such as contact 
tips, will vary during the motion of the mechanism. In designing 
such devices the desired dynamic characteristics are often the 
asis upon which the engineer determines the proportions of the 
various links in the mechanism. Many times these character- 
isties will determine the forces which will be required to operate 
thedevice. Before beginning the design of a new circuit breaker 
the time required to interrupt the circuit may first be estab- 
ished. In addition, certain velocity characteristics may be de- 
sired when the moving contacts are interrupting or closing the 
circuit. These specified dynamic characteristics may thus be the 
basis upon which design calculations are made. 

If the dimensions of the parts in the mechanism are known, and 
if the acceleration of one part is given, it is usually possible to 
determine the corresponding accelerations of all the other moving 
parts. It is then possible to determine the force which must be 
applied to the driving member to produce these accelerations.? 
If this analysis is repeated for successive positions of the mecha- 
hism, a curve showing the magnitude of the driving force can be 
determined. A force applied to the mechanism in this manner 
should then produce the desired dynamic characteristics. 

In many cases, however, it may be impractical to supply a 
driving force to the mechanism which will vary in the desired 
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manner. The engineer is limited to springs, air cylinders, and 
other devices which have definite force-displacement character- 
istics. Therefore it may be difficult to modify these devices to 
obtain a special velocity or acceleration characteristic in the 
driven mechanism. The problem then arises of determining the 
velocities and accelerations which will result when an available 
driving force is used. While other methods** have been sug- 
gested for solving this problem, it is the purpose of this paper to 
present a simple method which does not require an extensive 
mathematical background. It may be well to summarize 
briefly the two types of problems which are involved in the design 
of mechanisms required to have specified dynamic character- 
istics: 

1 Determination of applied forces required to produce speci- 
fied dynamic characteristics. 

2 Determination of the dynamic characteristics which will 
result from the application of known forces. 


In elementary problems in mechanics there is little difference 
in the method whereby a solution to either of the foregoing prob- 
lems can be obtained. In the more complex mechanical systems, 
however, the graphical method,? used for solving type (1) prob- 
ems, does not afford a direct approach to type (2) problems. The 
energy method which will be outlined can be applied in either 
case, although this paper will be primarily concerned with the 
determination of the dynamic characteristics which result when a 
known force is applied to a given mechanism. 7S 


FUNDAMENTAL CONSIDERATIONS 


It is convenient to consider the mechanical system shown in 
Fig. 1(a). Assume that this mechanism is lying in a horizontal 
plane, that the links are rigid, and that no friction is present. Ifa 
motor is connected to the crankshaft the mechanism can be 
brought up to a speed such that the crank (2) will rotate with an 
angular velocity 2. If the motor is disconnected the mecha- 
nism will continue to run. If the piston had maximum velocity 
at the time of release, it also had the maximum kinetic energy 
which it would attain during its motion cycle. When it reaches 
the end of the stroke, however, the velocity will be zero. Where 
then will be the kinetic energy which was in the piston? Since 
all members are constrained to move in a horizontal plane there 
can be no change in the potential energy of the system. If the 
links are rigid, no strain energy will exist. No external work can 
be done on the mechanism, since no friction is present. Under 
these conditions the total kinetic energy which was present at the 
time of release will remain unchanged. This means that the 
kinetie energy of the piston must reappear as kinetic energy 
in other links. This will result in an increase in the velocity of the 
other members since neither the mass nor the moment of inertia 
of any member changes. It is thus seen that the velocity of the 
crank and connecting rod will vary depending upon the amount 
of kinetic energy which they must possess to keep the total kinetic 
energy in the mechanism the same at all times. The distribution 


3‘*Mechanics Applied to Vibrations and Balancing,’’ by D. L. 
Thornton, John Wiley & Sons, Inc., New York, N. Y., 1940, p. 62. 

4 ‘Dynamical Analysis of Machines,”’ by R. Eksergian, Journal of 
The Franklin Institute, vol. 209, 1930, p. 21. 
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of the kinetic energy therefore must change for successive posi- 
tions of the mechanism. 


STROKE ————+ 
() 
Fig. 1 MECHANISM 


The kinetic energy (KE) of the mechanism in Fig. 1 (a) can be 


computed as follows 


1 1 
1 
KE (piston) = MeV." [2] 
KE (con. rod) = Met 7+ 2 Twa? bie t= 
=-M,V,?+- 
+ ol \ cp (3) 


It will be noted that these equations are finally expressed in terms 
of the linear velocities of various points in the mechanism. These 
velocities can be obtained from the velocity-vector polygon shown 
in Fig. 1(b). 

If the velocity of B is doubled for the indicated position of the 
mechanism, then all other velocities will be doubled. Thus it is 
seen that a linear relationship exists between the velocities of all 
the points in the mechanism for a given position. If V2 is 
doubled, the kinetic energy of the crank will be increased 
fourfold. A fourfold increase will also result in the kinetic 
energy of the piston since V,. will be doubled. The con- 
necting rod likewise undergoes a similar increase in kinetic 
energy. The total amount of kinetic energy in the mecha- 
nism will thus be 4 times the original value. It is im- 
portant to note, however, that the per cent of the total 
kinetic energy contained by any link will remain the same 
despite a change in speed. For mechanisms in which there 
is no change in the mass or moment of inertia of the links 
with respect to speed, and in which a linear relationship 
exists between the velocities in a given position, the follow- 
ing theorem is advanced: 

“The per cent of the total kinetic energy which the link 
of a mechanism contains will remain the same in any given 
position regardless of the speed.” 

This theorem is the basis of the proposed method for 
determining the dynamic characteristics of mechanisms. 


% Tora 


Proposep METHOD 


Assume that a force is applied to the head end of the 
piston shown in Fig. 1 (a), which varies along the stroke’ac- 
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cording to the force-displacement diagram shown in Fig. 1 (c), 
The mechanism could thus represent a single-cylinder steam en- 
gine to which the steam is being admitted. It is required to 
construct the velocity-displacement curve and the displacement- 
time curve for the piston. 

The first step in the energy method is to determine the per cent 
of the total kinetic energy contained by each link of the mecha- 
nism for a series of selected positions. In order to do this, how- 
ever, the velocities indicated in Equations [1], [2], [3] must be 
known. According to the theorem, the distribution of the kinetic 
energy is independent of the speed for a given position. This 
means that if 20 per cent of the total kinetic energy is in the pis. 
ton for the position shown in Fig. 1 (a), then this value (20 per 
cent) will be obtained regardless of the speed of the mechanism 
for which the computation was made. Therefore a convenient 
value of velocity is assumed for a link of the mechanism, and the 
kinetic energy of each link is computed for the corresponding 
velocity. The sum of the kinetic energies of each link gives th 
total kinetic energy in the mechanism from which the per cent 
contained by any link can easily be obtained. If this is done fora 
series of positions the curves shown in Fig. 2 can be drawn. 

To conserve space, the numerical computations necessar 
construct the curves in Fig. 2 have been omitted. It was neces 
sary to obtain the velocities indicated in Equations [1], [2], [3 
for successive positions of the piston. A constant velocity 
assumed for point B, and the corresponding velocities 
obtained by the use of velocity-vector polygons. The 
kinetic energy in the mechanism varied from position to po 
because of the constant velocity selected for point B. T 
dicated that the crank would not have constant angular vi 
if the total kinetic energy of the mechanism remained unch 
The following data were used in making these computation 


Moment of inertia of crank, slug-ft?................. 0 
Moment of inertia of connecting rod, slug-ft?......... 0 
Length of connecting rod, in... 16 


The second step in the procedure consists of drawing the \ 
ity-displacement curve for the piston. An arbitrary dis] 
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nent is selected, and from Fig. 1 (c) the work done by the applied 
ree is computed. This of course will be represented by the area 
under the force-displacement curve for the given displacement. 
Under the conditions previously outlined, this work must appear 
as kinetic energy in the mechanism. From Fig. 2 the per cent of 
the kinetic energy which will appear in each member can be deter- 
mined; hence the amount of kinetic energy which the piston will 
tain after the given displacement can be computed. 
his value, the velocity of the piston can be obtained by solving | 
Equation [2] for V,. Thus the velocity-displacement curve can — 
be constructed. 
All of the work done by the applied force may not appear as 
netic energy in the mechanism. If the mechanism had been in 
vertical plane, then the potential energy of the connecting rod 
vould have changed. Had the mechanism also compressed a 
spring during the displacement then the amount of work available 
is kinetic energy would have been still further reduced. In _ 


uite elastic. Therefore care must be taken in determining the — 
amount of work which is available as kinetic energy. 

It is possible to determine other dynamic characteristics from , 
the velocity-displacement curve. By using the subnormal con- 
struction,® the acceleration at any displacement can be obtained. 
The curve can be integrated to give the time corresponding to a 
lected displacement, from which the displacement-time curve 
"an be constructed. The other dynamic characteristics can thus | 
be determined from the velocity-displacement curve. 7 

The curves in Fig. 2 


could also be used to determine the force 
thich would be required to produce desired dynamic character- 
istics. Suppose that a velocity-displacement curve was selected 
for the piston, and that the force-displacement curve was the 
characteristic to be obtained. The velocity of the piston would 
then be known in successive positions, and the kinetic energy 
ofthe piston could thus be computed. From the curves in Fig. 2 
the per cent of the total kinetic energy of the mechanism which is 
found in the piston for the selected position can be determined. 
The total kinetic energy in the mechanism can thus be computed. 
This kinetic energy must be produced by the unknown force 
applied to the piston acting through the selected displacement. 
Therefore the average force can be calculated. If small piston 
displacements are used the force-displacement curve can be 
constructed. 


EXAMPLE 


In Fig. 3 is shown a circular disk cam with a flat-faced follower. 
A weight is fastened to a string which is wrapped around a drum 
fastened to the cam. It is required to construct the velocity- 
time curve for the follower and the weight. The mechanism is 


sidered as having no potential energy. 


The following data are 
to be used: 


3. 
2 

Radius of gyration of cam and drum about center of rota- 


The first step is to consider the cam to be rotating with a con- 
Sant angular velocity. The follower will then move with simple 
onic motion, and its displacement and velocity can easily be 
‘omputed as shown in Table 1. The weight will travel with con- 
— thus the kinetic energy of the members can be 


; ‘Kinematics of Machinery,” by C. D. Albert and F. 8. Rogers, 
ohn Wiley & Sons, Inc., New York, N. Y., 1938, p. 78. 


QUINN—ENERGY METHOD FOR DE “TERMINING DYNAMIC CHARACTERISTICS OF MECHANISMS 


Knowing © 


tual mechanisms friction is present, and machine parts may be _ 


shown in the position for which the cam and the follower are con- - 


° 45 30 (80 225 270 
© DEGREES 


determined easily for successive cam positions. 
revolution of the cam. 


shown in Fig. 4 are plotted. 


Fig. 3 Cam MEcHANISM 


volution of the cam, since the values are repeated in the latter 
portion of cam rotation. 

In accordance with the second step in the solution, the velocity- 
displacement curves can now be constructed for the follower and 
the weight. The downward displacement of the weight is com- 
puted for a selected angular displacement of the cam, and the 
work done by the weight in moving this distance is computed. 
The corresponding increase in potential energy of the cam and 
follower is calculated, and is subtracted from the work done to 
obtain the amount of kinetic energy which appears in the system. 
Of this amount, the per cent which is in the weight, cam, and 
follower can be obtained from the curves shown in Fig. 4. The 


a 


Fie. 4 Curves SHowrne Disrrisution 
Cam MECHANISM 


or KINETIC IN 


velocity of each member can then be computed when the kinetic 
energy which it possesses is known. The velocity-displacement 
curves can then be constructed. These computations are shown 
in Table 2. 

By the well-known method of graphical integration, the desired 
velocity-time curves can be obtained from the velocity-displace- 
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To conserve 
space the calculations are shown for every 45 deg of an entire 
From the total kinetic energy the per 
cent contained by each member is calculated and the curves 
It can be seen from these 
curves that the calculations need only be made for one half a re- 
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ment curves. The details of this step are omitted, but the results 
are given in Fig. 5. Equal intervals of time are shown along the 
horizontal axis, above which the corresponding intervals of cam 
rotation are indicated. The slope of the curves thus shown indi- 
cates acceleration, and the point where the follower would leave 
the cam contour could be determined. The dynamic character 
istics of the cam mechanism, which will result from the app! 
tion of the weight, can be obtained. 

Although the method is thus illustrated for a very simpk 
mechanism, it can be seen that for analyzing many of the more 
complex mechanical systems the only additional requirement is 
sufficient patience. 


$KEo 


KE: KE. 
| Total | Total 


% KINETIC ENERGY 


CONCLUSIONS 


KE 
Tota 


The proposed method consists of two steps which can be sun- 
marized briefly as follows: 


1 Determination of the distribution of the kinetic energy ina 
mechanism. 

2 Determination of the velocity of a member by knowing the 
amount of kinetic energy which it possesses after the applied 
force has acted through a given distance. 


TOTAL KE 


lb-in | KBr+KE,+KEo lb-in 


The method has disadvantages which limit the accuracy of the 
analysis. The effect of friction is cumulative, and the amount oi 
error may increase during the motion cycle. This effect is diffi- 
cult to determine analytically. If the members are elastic, some 
of the work done on the mechanism may appear as strain energy 
rather than kinetic energy. Therefore these factors introduce 
error in the computations. 

There are advantages, however, in this method of analysis. 
Because accelerations are not required it is not necessary either 
to construct acceleration polygons or to determine accelerations 
analytically. Either procedure may be difficult in complex 
mechanisms. A velocity-vector polygon will supply all the 
necessary information for any selected position. The required 
velocities could be determined by instant centers or by any other 
method familiar to the individual making the analysis. Hov- 
ever, the method is versatile since it can be applied to either of the 
two fundamental problems outlined in the introduction. An ex- 
tensive mathematical background is not required in order to 
apply the energy method, although considerable mathematical 
skill is necessary for using other methods®‘ of analysis. It is thus 


KEcam 


bow" 


ENERGY 

KEweight 


KINETIC 
lo-in 


Ower 


& 


KEfo 
trv 


(w = 30 radians per sec.) 


Vfollower 

2w sin wt 

60 ain wt 
42.42 
42.42 
-42.42 
-60.0 


36 
- 1.5708 
- 3.1416 
- 4.7124 
6.2832 
7.8540 
- 9.4248 


Xwei 
COMPUTATIONS FOR VELOCITY-DISPLACEMENT CURVES 


-12.5664 


ENTS 


KM. 
TABLE 2 


Xcam 
2(1l-cos wt) 


DISPLA 


Xfollower 
2(1-cos wt) 
3.414 


= 
— 
Z 
< 
= 
< 
Z 
~ 
& 
~ 
° 
Z 
° 
~ 
— 
Q 
Z 
P 
= 
= 
= 
& 
< 


sin wt 
-0.707 


l-cos ot 


VELOCITY (INCHES/SECOND) 


t 


(degrees) 


286 
- 
fh. 
> 


2870 


8°6S T°éTT ) O° €° 6% 9 0 €€°9LE 0 €€°9LE LE 1?) = 
2 
7, 
— 
= 
4 
= 
< 

= 
sal 
~ 
= 
= 


SHAUNO LNAWAOVIdSIG-ALIOOI“A HOA & a Tavs 


< 

> 
CR 

: 

Me 

2. 
: 
q 

rf 

me 
~ 
| 
| 
cy 
: 
39 


JOURNAL OF APPLIED MECHANICS SEPTEMBER, 1949 
- shown that by considering the kinetic energy in a mechanism the The per cent of the total kinetic energy contained in link & is 
dynamic characteristics can be determinea. then 


The author wishes to express appreciation to Mr. Donald Earl _ — 


Taylor for assistance in preparing this paper. 


Appendix 


Substitute v,’ for » in which 
In this paper the theorem has been applied to relatively simple _ _ 


mechanisms. It can be applied, however, to any mechanism lel Se 

which satisfies the previously mentioned conditions. The 

__ following proof is thus advanced for a mechanism of p links which 

The kinetic energy of link k in a selected position is given by 


Since there is a linear relationship between the velocities 


respect to speed (modern machinery does not as yet operate at 
velocities which justify the use of non-Newtonian mechanics 
Equation [6] becomes 


ol If there is no change in the mass or moment of inertia with 
KE, = E 24 ], ( 


in which 


= mass of link k 
absolute velocity of mass center ( Tk 


moment of inertia 
relative velocity of any two points on link k +1, m) | 
= distance between these two points Tk 


[9] 


=1 
The total kinetic energy of the mechanism is then given by 


Thus it can be seen that C is a factor common to all terms, and 
1 top , Equation [9] reduces to Equation [6]. 
KEtotai = = mv? + I, The per cent of the total kinetic energy contained by link & is 


| therefore independent of the speed. 
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The application of press forging to parts with thin sec- 
tions is desirable in many instances. It is generally recog- 
nized that in forging such parts, the pressure required 
may be very high. That this high pressure required is due 
to friction has been reported;* however, very little spe- 
cific information on the effects of friction, area, and thick- 
ness is available. The results of this analysis resemble, 


required in rolling by Nadai.‘ 


NOMENCLATURE 


The following nomenclature is used in the paper: — 


f unit friction force Mem 
k = constant = 0.577 

p = normal pressure at a point 


Ps = average pressure 
p. = critical pressure at which the transition from slid- Fie. 1 Dre ARRANGEMENT For Forene Tests 
ing to “sticking’’ type friction results 
r = radius (variable) 
R = blank radius 
t = blank thickness 
0%, %, = principal stresses in radial, circumferential, and nor- 
mal or axial directions, respectively 
é,€,€, = principal natural strains in radial, circumferential, 
and axial directions, respectively 
o, = hydrostatic component of stress system 


3 


flow stress of workpiece 
coefficient of friction 


CLASSIFICATION OF FRICTION 


The basie forging conditions selected for this analysis are il- Oo 
lustrated in Fig. 1. It is assumed that the circular blank is re- : + oo 
duced in thickness by pressing between two flat-faced dies. For ~ >= 
the purpose of this analysis, it may also be assumed that the vol- a a. 7 
ume of the part remains constant during deformation; therefore (b) STRESS STATE : 
the part grows larger in radius as the thickness is reduced, t ON ELEMENT d 
Fig. 2. | LJ 

In general, the pressure required for forging depends upon: (a) , ' ee 

t 

‘Research Engineer, Lockheed Aircraft Corporation. Mem 
ASME. 

* Research Engineer, Lockheed Aircraft Corporation. 

*“Limits of Forging,”’ by George Sachs, Modern Industrial Press, GEOMETRY 
March, 1941, pp. 9-10. Fie. 2 NOMENCLATURE 

The Forces Required for Rolling Steel Strip in Tension,’’ by A. 
Nadai, JourNat or Apptiep Mecuanics, Trans. ASME, vol. 61, 
1936, p. A-54. the inherent flow stress of the material; (b) the strain pattern as 


Contributed by the Applied Mechanics Division and presented at determined by the configuration of the part; and (c) the effects 
the Aviation Meeting, Los Angeles, Calif., May 26-29, 1947, of THe of Iriction : 
AmeRrc oF MECHANICAL ENGINEERS. ‘ 

Discussion of this paper should be addressed to the Secretary, The flow-stress properties may be represented satisfactorily by 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted a stress-strain diagram. The effect of configuration and friction 


until October 10, 1949, for publication at a later date. Discussion are interrelated and, generally, must be considered vr 


a 


received after the closing date will be returned. ‘ 
ees: te be ously. The results of this analysis may be summarized as fol- 


understood as individual expressions of their authors and not those lows: Me Mal? WG Siem 
of the Society. Under the conditions assumed the strain is similar to simple 
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compression (with some exceptions noted) in that everywhere k = 
pr (with som ptions noted) y 
there is a compression in the one direction and two equal exten- > 
sions in the two transverse directions. An exception to this 
strain pattern may result in some cases in the region of the part ff ( r) 
that is in close proximity to the die surfaces, namely, the surface _ ‘5 
layers. 
, ee ; where go is the flow stress of the material in the blank. 
In analyzing the effect of friction, three special cases are recog- 
nized. For a detailed analysis of these cases, the reader is re- Case 2: un > k eae 
ferred to the Appendix. However, a brief description of the 7 = 
three cases follows: R r - 
1 Relative sliding motion occurs between the blank and die | oO 


surface at all points except the geometric center of the blank. 


@ Pp k 

Case3: and — > 

2 Relative sliding motion between surfaces does not occur, %% M 

and the spreading action results from shear strain in the blank sur- 
face parallel to the die surface. 


Within the critical circular zone with radius r, the pressure 
may be determined by 


3 The intermediate condition, where sliding takes place in an 


annular zone near the edge, and sticking (the term is here used to | aes ee ian k 4 2k r ou 

signify an absence of sliding) results in the central zone. oH m 7 t 
Case 1 applies when both the coefficient of friction (u) and ratio | where the value of r, is expressed by Sees 7 

of radius to thickness R/t are small. R ko + 
Case 2 is best understood by considering the law of sliding = at In — 

friction. The unit friction force f = p, where p: is the unit 

normal force on the surface. This unit force Jf superimposes a For values of r between r, and & where sliding of surfaces results 

shear stress of equal value on the existing stress system. For ae 

values of f equal to the shear yield stress, large shear deformations : a ~~ ( a ) 

will result in the plane of the shear stress. It is demonstrated a% a r 

in the Appendix that for coefficients of friction equal to or larger a << 

AVERAGE PRESSURE REQUIRED 


than some critical value k, the entire spreading action of the ee 


will proceed by shear ddermation within the blank rather than The average pressures p,, are expressed as follows for the three 
by a relative motion of blank to die surface. cases considered 
An actual example of this condition of friction is illustrated in 
Fig. 3. In this figure it may be noted that the original surface of peomidhgent , . ; 


where 


Wine 
Nove af 


where 
_2 


GRAPHICAL REPRESENTATION IN TERMS OF NONDIMENSIONAL 


Fic. 3. OF DEFORMATION WHEN Friction Is 


the blank, recognizable by the dark circular region, has not in- 


creased appreciably in size. Ratios 
The third condition applies when u < k - The equations for pressure as derived are essentially functions 
of three nondimensional ratios R/t, and p,/oo. Thus the solu 
14) bag R k tion for one value of u and R/t provides a value of for al! 
geometrically similar circular blanks with the same ratio 
or na se et of The ratio p,/o is the ratio of average pressure required for the 
it ee ee actual press forging to the pressure required under simple com 

pression where friction effects and restraint are negligible. 

ae pressure distribution over the blank surface for the fore- The pressure equation is represented conveniently by contour 
going conditions, as derived in the Appendix, are expressed by the _ plotting of p,/oo against R/t, for constant values of u. It 8 


followingformulas ~ necessary to determine for each value of R/t and », which of the 
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equations are iit Computations for several representa- 
tive values of u are shown in Fig. 4. 

It should be understood that in press-forging the pressure is 
greatest at the end of the action; hence p,, oo, R, and ¢ refer to 
the final values. If the forging operation is conducted below the 
recrystallization temperature, oo must be selected to include an 
amount of strain-hardening corresponding to that of the forging 
operation. At elevated temperature where the rate of recrystal- 
lization is rapid and the forging operation slow, it may be assumed 
that oo depends mainly upon the temperature, and to a lesser ex- 
tent upon the rate of deformation, and strain. 

It may be noted that Fig. 4 represents all of the three condi- 
tions of friction discussed. The approximate ranges to which 
each of the cases applies have been indicated. 


EXPERIMENTAL DETERMINATION OF NONDIMENSIONAL RaTIOs 
FOR VARIOUS CONDITIONS OF FORGING 


Test Procedure. An examination of Fig. 4 indicates the ex- 
treme importance of maintaining a low coefficient of friction for 
forging when the R/t ratio is relatively large. For this reason a 
series of tests were performed to determine the relative effective- 
ness of a number of lubricants. Suggestions were sought for 
best lubricant for forging from a study of the technical literature 
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and from individuals in the forging industry. These and some 
of the authors’ selections were tested. 

Further tests in which R/t was varied through a wide range 
were conducted using one of the lubricants which gave best re- 
sults in the foregoing comparison test. 

Tests of forging at elevated temperature without lubricant were 
conducted because it appeared that this might supply some cor- 
roboration for the theoretical deduction that sticking should re- 
sult over the entire blank surface when the coefficient of friction 
is large. 

The investigation was confined to 61S aluminum alloy, and 
Dow M and Dow FS magnesium alloys. These were tested both 
at room and at elevated forging temperature. The elevated 
temperatures used were 700 F for Dow FS; 750 F for Dow M; 
and 800 F for 618-0. 

The dies were heated with electric heating coils. Tempera- 
tures were measured with an iron-constantan thermocouple 
mounted in the die near the edge of the blank, using a Leeds and 
Northrup potentiometer as an indicator. Blanks 1.62 in. diam 
and with thicknesses of 0.032, 0.064, 0.125, and 0.250 in. were 
used. The forging pressure was applied with one of two South- 
wark-Tate-Emery testing machines having capacities of 120,000 
and 300,000 lb, respectively. Final thicknesses were measured 
with a micrometer gage, reading to 0.001 in. Diameters were 
determined by averaging four measurements made to the near- 
est 0.01 in. Reductions in thickness, in most cases, were limited 
to approximately 20 per cent. 

Curves of flow stress in terms of strain were determined by 
compression-testing test cylinders 1 in. high and 1.62 in. diam 
under conditions of strain rate and temperature similar to the 
forging tests. The ends of the test cylinders were lubricated 
with a mixture of silicone grease and flake graphite to reduce 
friction. 

The values of oo used for computational purposes were read 
from the flow stress-strain curves for values of strain equal to 
those of the forging tests under consideration, thus incorporating 
approximately the effect of strain hardening. 

The value p, was obtained by dividing the maximum load ap- 
plied by the final area. Similarly, 2/t was computed on the basis 
of the final radius and thickness. The results obtained for vari- 
ous lubricants are shown in Figs. 4 and 5. 
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Discussion of Results. The observed effect of friction, area, 
and thickness on press-forging pressures may be summarized 
approximately as follows: 


1 The results indicate that the p,/ov value depends upon the 
R/t and lubricant used, but not upon the alloy tested. This would 
be expected from the analysis, provided it can be assumed that 
a particular lubricant gives the same coefficient of friction re- 
gardless of the alloy tested and pressure applied. The results 
indicate that the latter is approximately true for those particular 
ubricants tested over a range of R/t values. 

The curves obtained by plotting p,/oo against R/t for a specific 
lubricant follows in general the shape of the curves computed for 
a constant coefficient of friction. 

2 The values, Fig. 5, for the elevated-temperature tests, using 
no lubricant, agree approximately with the results predicted for 
Case 2 where sticking of the surface was assumed. Furthermore, 
as was mentioned before, this sticking of the surfaces was actu- 
ally observed for these conditions, see Fig. 3. 

The expetioncntel results indicate that the curve of p,/oo 
versus R/t for “sticking” friction is approximately a straight 
line; however, the slope of the experimental line appears to be 
greater than predicted, indicating a value of k possibly larger 
than the theoretical yalue of 0.577 assumed for the computa- 
tions. 

3 A marked difference in pressures required was observed for 
different lubricants when other conditions were similar. This is 
attributed to the difference in lubricating quality of the lubricant 
under test conditions. 


Although a number of lubricants were tested, no claim can be 
made that the best lubricants are represented in the list. In 
view of the extreme importance of lubrication under certain 
conditions of press forging, it is suggested that a more extensive 
investigation of lubricants might prove to be valuable. 

No absolute check on the validity of the equation for pressure 
required could be made. Since simplifying assumptions were 
made for the stress and strain states and the nature of the mate- 
rials, it may be assumed that the formulas are subject to some 
approximation. However, the formulas may be expected to be 
useful for predicting approximately the pressures required for 
press-forging parts that are relatively similar to those assumed in 
the analysis. This is particularly true if the coefficient of fric- 
tion of the lubricant used is evaluated by means of these equa- 
tions (as in Figs. 4 and 5), for in this case errors will tend to com- 
pensate. 

In general, the method of approach used in the deriva- 
tion has been found valuable i in analyzing a variety of forging 


conditions. 
A ) 


x 


Referring to Fig. 1, it is assumed that a round blank is being 
deformed, plastically, between two parallel-faced dies. As the 
thickness of the blank is reduced, the radius is increased. It is 
further assumed that the material is incompressible, homogeneous, 
and isotropic in its properties. For these conditions it follows 
that the three principal natural strains are related by 


where 


¢, = radial natural strain 
¢. = circumferential natural strain 
é, = normal, thicknesswise, natural strain 


The natural strains may be expressed 


where the significance of the symbols is as shown in Fig. 2. (In 
Fig. 2 the dotted lines indicate the initial while the solid lines 


indicate the final conditions. ) 
For the assumed conditions 


dr | 
In In = In — 
>i To dro 2 0 


ae 


These strain conditions are similar to those found in simple 
compression of a homogeneous isotropic and incompressible mate- 
rial. 

Actual conditions will deviate somewhat from these condi- 
tions, especially when the unit friction force is large. The effect 
of a large deviation from these conditions will be considered 
later. 


DIFFERENTIAL EQUATION OF STRESS DISTRIBUTION 
The differential equation for stress distribution based upon 


Fig. 2(b) is 


r Ge 2f 


where f is the unit friction force on each of the two surfaces. 
Compressive stresses are represented by the positive sign. 


STRESS STATE 


It is assumed that the shear-strain energy® is a criterion for 
yielding. In terms of Fig. 2 this may be expressed by 


1 


where go is the stress to produce yielding under uniaxial loading 
(simple compression ). 

It was noted previously that the strain state conforms to that 
of simple compression. Under these conditions the general 
stress state is that of uniaxial compression, combined with 4 
hydrostatic pressure in which the n-direction corresponds to the 
directions of the compression; thus 


o, =a +a, 


where o, is the hydrostatic-pressure component. That thes 
conditions satisfy Equation [5] may be verified readily by sub- 
stitution. 

It may be recognized that by the principle of transmissibility 0! 
forces 


where p is the pressure applied by the die to the element Fig. 2: 


5 “Strength of Metal Under Combined Stresses,’’ by Max Gensamer!, 
American Society for Metals, Cleveland, Ohio 1940, p. 31. 
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In 


(3) 


On 


for 


PRESSURE DISTRIBUTION = 
Let 


By combining Equations [4], [6], [7], and [8] 


An expression for pressure may be found by integrating Equa- 
tion [9] between limits p = patr = rand p =o.atr = R. Thus 


™ R 
1 2 
p P tJr 


Upon rearranging 
Qu ( R ) 
=e t [11] 


[12] 


PressuRE DistrRiBuTION CONDITIONS OF EXTREME 
Friction Forces 


An examination of Equation [12] indicates that the value of 
p may become very large, depending upon the value of uR/t. 
Since it was assumed that f = up, it follows that f will also be- 
come large under these conditions. However, from practical 
considerations it is evident that f represents a shear stress in the 
surface material and that this value will not increase to a higher 
value than the value necessary to produce yielding or plastic 
flow. When these conditions exist the relative sliding between 
the die and blank surface will be replaced by shear deformation 
in the surface layers of the blank. 

Under these circumstances the stress state is materially dif- 
ferent from that previously assumed. For high values of f, the 
die offers a large restraint to the free spreading of metal near the 
surface, and produces a condition approximating a hydrostatic 
pressure equal to p, upon which is superimposed a shear stress 
f, Fig. 6. 


=. 


Fic.6 Srress Stare Surrace Layer or BLANK UNpER HiGH 
CoEFFICIENT OF FRICTION 


For this condition the criterion for yielding may be restated 
as follows 


1 
Vi V/ (fe)? + fo® + fo® ao [13] 


SC HROE DER, WEBSTER- _PRESS FORGING THIN SECTIONS 


(It is assumed that the hydrostatic pressure does not affect oo.) 

The term fo, Equation [14], represents the maximum value for 
f. Substituting f = ko into Equation [4], the basic differential 
equation becomes 


ee 
If it is assumed that u > k, f = foeverywhere on the blank. The 
pressure distribution may be found by integrating Equation [14] 


between the limits p = oo when r = R and p = p whenr =r. 
After integrating and rearranging 


R 
t t 


Another condition under which the condition f = fo exists over 
a portion of the blank may be found by substituting f) from 
Equation [14] for f, and p, for p into Equation [8]. Thus 


and 
D k 
[18] 
The equality f = fo = kao is satisfied at all points where @' 


k 


Therefore sticking will result whenever p > p, even though u< k. 

The radial range over which Equation [19] is satisfied is found 
by substituting Equation [18] into Equation [11]. If r, is the 
value of r at which p = p, 


Solving Equation [15] over the range O <r <r, 


oo t t 


k 
ao t t 


For the region r, < r < R the pressure is expressed by Equa- 
tion (11). 
The foregoing analysis may be summarized briefly as follows: — 


nl k R 1 k 


7% 
everywhere on the blank, sliding between surfaces results. bs 


Condition 2: When » > k = 0.577, the surfaces of the blank 


will stick to the die surfaces and blank displacement will result 


in shear deformation within the blank. ; 
Condition 3: When 


k 


sliding between surfaces near the outer edge of the blank and 
sticking in the central area result. 
AVERAGE Die PRESSURES 


Average die pressure p, in the region between r = a andr = b 
may be obtained for any of the conditions considered by substi- 


: 
ple 
ect 
= 
KO 
ap 
(61 
7 
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where 
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tuting me appropriate function for p into the following equation _for the average pressure ratio for the case of sticking between die 
and integrating. The basic expression for average pressure is and blank. 


b Condition 3: In the intermediate case where 


u< kand — >—In— 

Condition 1: For the conditions of no sticking, i.e., R/t < ; aa 
(1/2) In (k/p), the limits of integration are a = 0 and b = R, 
Substituting the value of p from Equation [11] into [22] and 


integrating between the given limits R R 2u(R—r) 
De rdr = oy e é rdr 
ot 
+ ao - + (r,— 1) | rar 
0 t 


After integrating and simplifying 


Equation [22] may be written 


2 D?[ k 2 
Poe (D+ + —C— 1] + + 

Condition 2: For the extreme condition where > k, Equa- a 
tions and [22] may be combined and solved to obtain where 


if 
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dees General Features of Plastic-Elastic 


ana — 


New complete solutions based upon the Reuss equations 
are obtained for various plastic-elastic problems. These 
include the expansion of a spherical shell and of a cylindri- 
cal hole in an infinite medium. The solutions are used to 
exemplify certain features common to all plastic-elastic 
problems, with a view to introducing valid approximations 

in more complex cases. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


%j stress tensor 
o',;; = deviatoric part of stress tensor 
de,; natural strain-increment tensor 
Cartesian stress components 
stress components referred to spherical polar co-or- 
dinates 
stress components referred to cylindrical co-ordi- 
nates 
p = internal pressure ; 
a,6 = internal and external radii of shell or tube — 
= radius of plastic-elastic boundary 
factors of proportionality in the Reuss equations 
tensile yield stress 
Young’s modulus 
modulus of shear 
= Poisson’s ratio 
radial displacement 
radial velocity 


Fy 
94, 


99, 


INTRODUCTION 


The calculation of stresses and strains in a general problem in 
plasticity involves following the history of the deformation from 
the initiation of plastic flow. This implies much more than a de- 
termination of the changing shape of plastic surfaces and their in- 
fluence upon the stress distribution. The basic physical fact of 
plastic flow is that there is a relation, not between the current 
stress and the plastic strain, but between the current stress and 
the increment of plastic strain. The approximate theoretical ex- 
pression of the experimental determination of this relation is con- 
tained in the Lévy-Mises law. Therefore, a process of plastic de- 
formation has to be considered mathematically as a succession of 


'The paper is based upon work forming part of the writer's dis- 
sertation for a doctorate at Cambridge University, February, 1948. 

* The British Iron and Steel Research Association, Metal Flow Re- 
search Laboratory, Sheffield, England. 
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Problems as Exemplified by Some 


Particular Solutions 


By RODNEY HILL,*? SHEFFIELD, ENGLAND 


small increments of distortion, even where the over-all strain is 
so small that the change in external surfaces can be neglected. 

The complete solution of a general problem involves the caleu- 
lation of stresses and strains in both the plastic and elastic regions. 
In the latter the stress is directly connected with the total strain, 
and the equations there are fundamentally different from those 
holding in the plastic region. The solutions in the two regions 
cannot, moreover, be found separately since both depend on cer- 
tain conditions of continuity in the stresses and displacements 
across the plastic-elastic boundary. This boundary is itself one of 
the unknowns, and is usually of such an awkward shape that even 
the stress distribution in the elastic region can only be obtained 
(if at all) by laborious numerical methods. 

It is clear that the complete solution of a plastic problem will be 
practicable in relatively few cases. Complete solutions can only 
be hoped for where there is some special symmetry or other simpli- 
fying property of the problem. Some of these solutions are de- 
scribed in the present paper. From them it is possible to obtain a 
general insight into the interrelation between the states of stress 
and strain in the elastic and plastic regions. In particular, an es- 
timate can be made of the influence of the elastic component of 
strain in the plastic region. Reasonable approximations can then 
be suggested which allow solutions to be obtained for the more 
complicated problems of technical importance. 

The relations between stress and strain increment for an iso- 
tropic element of material, which is being deformed plastically, are 
taken to be 


do’ ;; 
de; = do;; 


and 


E, G, v are the elastic constants, i.e., Young’s modulus, modulus 
of shear, and Poisson’s ratio. Tensor de;; represents an increment 
of true or natural strain, measured with respect to the current con- 
figuration. Factor dd is a scalar, essentially positive during con- 
tinued loading, but otherwise unspecified. The first term on the 
right-hand side of Equation [1] is the deviatoric part of the incre- 
ment of elastic strain; the second term is the increment of plastic 
strain. Equation [2] expresses the faci that the elastic compressi- 
bility is unchanged by the plastic flow. It is supposed, further, 
that all the elastic constants remain invariable, provided they are 
defined in terms of the current configuration. These equations are 
due to Reuss (1), who based them on the work of Saint Venant, 
Lévy, von Mises, and Prandtl. When the plastic flow is “‘free’’ 
and takes place under constant stress, the elastic strain increments 
vanish and the equations are then equivalent to the Lévy-Mises 
relations 


* Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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‘The yield criterion will be taken to be either that of von Mises 


or that of Tresca 


4 maximum shear stress = Y/2............ 


Work hardening will be neglected. 


where Y is the yield stress in uniaxial tension or compression. 


UNIFORM EXTENSION UNDER CONDITIONS OF PLANE STRAIN 


As a first example, consider the uniform deformation of a rec- 


(20, — o,)d\ + do, — vde, \ 


(20, — o,)dd + do, — vdeo, J 


tangular tensile specimen in plane strain. This is a simple prob- 
lem (though its solution has not been given previously), but 
from it we may draw a general conclusion which applies to all 
problems of plane strain. Let the z-axis be normal to the planes of 
flow, and the z-axis be the direction of the applied pull. There is 
no plastic-elastic boundary to determine since the whole specimen 
becomes plastic at the same moment. From the Reuss equations 


There is also another equation which determines the transverse 


strain, if needed. 


If we adopt Tresca’s yield criterion, then 


o, = Y throughout the plastic flow. Eliminating d\ from Equa- 


tion [6] and integrating 


(when o, = vY). 
comes relatively unimportant and o, —~ Y/2 exponentially. 


tic strain of only 5 times the yield-point strain. 


or 4 times the yield-point strain. 


where ez) = (1 — v?)¥/E# is the extension at the first yielding 
As the extension increases, the second term be- 
For 
example, if y = 0.3, then a, is already equal to 0.498 Y after a plas- 
Because of this 
rapid change in ¢,, the elastic strain increment is itself initially 
- comparable with the plastic strain increment for total strains of 3 
The elastic strain increments 


then rapidly become negligible and o, can be taken equal to Y /2, 


+ ¢,)/2, to an extremely close approximation. 


- Asimilar conclusion follows if the von Mises yield criterion is 
used. The integration is awkward, but can be simplified by ob- 


serving that 


= oz? — o,o, + o,? = 30,7/4 + (20, — 


to a good enough approximation for the present purpose. 
ing begins when 


Y/V1—v o, = vO, 


apparent “‘hardening.”’ 


it is valid to write 


o,)2/4 ~ 30,2/4 


Yield- 


The tensile stress rapidly increases toward the value 2)" V3, an 


Generalizing, we can expect that in most plane-strain problems 


to a very good approximation after a plastic strain of some 5 
_ times the yield-point strain. This relation continues to hold so 
long as there is no subsequent sharp change in the strain path. A 
_ change in the strain path must be regarded as sharp if the change 

in the stress is of order E X thestrain increment, for then the elas- 


tic and plastic strain increments are comparable. The statement 
also requires an obvious modification if the initial rate of work- 


hardening is high (of order Z). Roughly speaking, the relation, 
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Equation [8], will not then become valid until after a plastic 

strain corresponding to a greatly reduced hardening rate. 

It is perhaps worth while to point out that the foregoing analysis 
is immediately applicable to the problem of bending a sheet un- 
der conditions of plane strain, so long as the curvature is not too 
large. The longitudinal strain is determined by the usual for. 
mula, which may be substituted in Equation [7] to give the longi. 
tudinal stress (with obvious modifications on the compression 
side). The plastic-elastic boundary is found immediately from 
the known stresses in the elastic region. The transverse strain in 
the plastic region may be calculated from the third Reuss relation, 


EXPANSION OF A SPHERICAL SHELL BY INTERNAL PREssuRE 


Consider a spherical shell, with current internal radius a and 
external radius 6, which is being expanded by uniformly distrib- 
uted internal pressure. No restriction is placed on the magni- 
tude of the expansion. The special feature of this problem is that 
the plastic strain path and the shape of the plastic-elastic bound- 
ary are determined by symmetry alone. The reduced stress in 
the plastic region is a constant uniaxial compression, and so the 
elastic reduced strain increment is zero in the plastic region. 

It is easily shown, in agreement with an intuitive expectation, 
that plastic flow begins on the inner surface. Let ¢ be the radius 
of the plastic-elastic boundary at any subsequent stage. The 
yield criterion 


> r 


In the elastic regions 


The displacement is nS 
r (1 + ») 


Thus the solution in the elastic region is dependent only on the 
parameter c. This is a particularly simple form of interrelation 
between the solutions in the elastic and plastic regions. In the 
plastic region there are two equations involving only the two un- 
known stress components, viz., the yield criterion, Equation |9), 
and the one equilibrium equation which is not identically satis 
fied. Therefore, the problem is statically determined. Using 
the condition for continuity of the stresses on r = c, and inte 
grating the equilibrium equation, we have immediately 


2 oun _ — > ( 


The internal pressure is 


= ] 1 
p 2 Oke + 


The whole shell becomes plastic when p has increased to the 
value 2Y log. (b/a). Further expansion continues under dimit 
ishing pressure and the system would presumably become Wh 
stable in practice. To complete the solution we need to relate 
c toeither p ora. It is convenient to regard r and c as independ- 
ent variables, and to express the compressibility equation in term 
of the velocity v defined as 


Ou(r, c) 
oc 


(1) 
or 


wher 


Hen¢ 


This 


Fo 
mulas 
are ky 
displ 
of ma 
amou 
soluti 
indep 
stress 
Canno 
Equa' 
since | 


296 
whet 
pres 

and 

R(e, — tor) = (1 — 2)(6, — v¥)/2 + — log. = 

> 
and 
plastic 
parti 
displa 
For 
Surface 
( + 


o the 
imin- 
e ul 
relate 
pend- 
terms 


(13) 


where u is the total displacement, since the first application of 
pressure. This definition regards the motion of the plastic- 
elastic boundary as the scale of “‘time’’ or progress of the expan- 
sion. The compressibility equation is 


by using Equations [9] and {11]. Radius 6 of course is regarded 
asa constant while the outer surface is still elastic. Integrating 
and neglecting Y /# compared with unity 
] 


where use has been made of the boundary condition 
2Y 1 +p 
v= (1 — 2v) + on r=c 


2 
Hence the relation between ¢ and the internal radiys a is given by 


— 2»)a (1 
Ee 


This holds after the inner surface has become dlastic, which hap- 
is holds after the e I I 


-v)Ye? 2Y (1 — 2v)r 


Ec 


. [14] 


da 3(1 — v)Y 
de Ea? 


pens when 


ay a’ ) 
3 


For small total strains, a can be treated as constant in the for- 
mulas for the stresses. In this case the radius c and the stresses 
are known in terms of the pressure p without a calculation of the 
displacements in the plastic region. This is a feature typical 
of many plastic problems where the strains are small; a limited 
amount of information can often be obtained without a complete 
solution. Of course if the internal displacement is regarded as the 
independent variable, i.e., if it is asked what are the pressure and 
stress distribution for a certain displacement, a complete solution 
pcannot be avoided. By integration of Equation [15] and use of 
j Equations [16], the total displacement of the internal surface 
‘ince the first application of pressure is 


. {17} 


This can be calculated for any pressure p from Equation [12]. 
Reuss (1), in 1930, considered this problem (for small strains) 
and correctly formulated the equation for compressibility in the 
plastic region in terms of the total displacements. He only gave a 
partial solution, and did not, for example, explicitly evaluate the 
displacements in the plastic region. 

For strains of any magnitude the displacement u’ of the inner 
Surface after the first vielding is obtained from Equation [15] as 


E ay? 
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where dg is the value of a when pressure is first applied. The total 
displacement is u’ + uo. If ao is zero and 6 is infinite, i.e., the 
hole is expanded from zero radius in an infinite medium, then the 
stress and strain configuration is similar at any stage of the expan- 
sion. All variables are functions of r/c; c/a is constant and can 
be found from Equation [15] to be 


a 


to the usual approximation. The internal pressure is i 


c 

= 2Y | log. { - 

[roe +3] 


Taking medium-carbon steel as an example with v 
FE = 20.9 X 10" dyne/em?, Y = 7.7 X 10° dyne/cm? (50 tn/in.?) ; 
5.05, p = 3.9 Y. For work-hardened copper, » = 0.356, 
E = 12.3 X 10" dyne/cm?, Y = 2.8 K 10° dyne/em?, c/a = 6.1 
p =4.3 Y. The only previous work on this problem appears to be 
that of Bishop, Hill, and Mott (2) in 1945. They neglected elastic 
compressibility in the plastic region. Their value for c/a was 
|E/(1 + v) ¥]*/3, which is equal to Equation [19] only when »v = 
0.5. For the steel, their formulas give c/a = 5.95, and p = 4.2 Y, 
an overestimate of 18 per cent in c/a and of 8 per centin p. A 
closer approximation actually would be obtained by neglecting 
volume changes universally. 
[19], gives c/a = (2H/3Y)!/3; for the steel, c/a = 5.65 and p = 
4.1 Y, an overestimate of 12 per cent in c/a and of 5.5 per cent 
in p. 


= 0.287, 


c/a 


EXPANSION OF A CYLINDRICAL HOLE By INTERNAL PRESSURE 


We now consider a problem where the shape of the plastic re 
gion is determined by symmetry, but where the plastic strain 
path is not. A long hollow cylinder is expanded by uniformly dis- 
tributed internal pressure. Longitudinal extension is supposed to 
be prevented by suitable end forces, so that the problem is one of 
plane strain. Let a and 6 be the current internal and external 
radii, and c the radius of the plastic-elastic boundary. The yield 
criterion of von Mises can be written in the form 


+ 


4 
Since o, equal to + og) and approaches (c, + o9)/2 
with increasing plastic strain (as can be verified a posteriori), it is 
a good approximation to write 


= 


In effect this is Tresca’s criterion with a modified yield stress. 
The approximation effects a considerable analytical simplifica- 
tion, since the problem becomes statically determined with respect 
to the two stress components in the plane. 


V/3 b2 
2vYc? 
= = 


Use has here been made of the yield criterion onr = c. The radial 
displacement in the elastic region is 
1 
+ 
r 


var — 2v)r 
b? 


Thus, putting = 0.5 in Equation © 
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In the plastic region, integration of the equilibrium equation with tube, and obtained the relation o, = (¢, + o)/2 from Lévy's i dyn 
the use of Equation [22] gives equations. Nadai (5), in1930,established formulas for the stresses fi ene 
oy and displacements, but neglected elastic strains in the plastic re 0,35 
(:) (: gion. This procedure is not only subject to the error alread; B 
V3 r : mentioned, but leads to discontinuities in ¢, and the radial straip has: 
lowe on the plastic-elastic bo ». The first s i ‘hich allowed I y 
at e plastic-elastic boundary The first solution which allowed valu 
= _ for elastic compressibility in the plastic region was due to Belayey I exen 
c\ c and Sinitsky (6) in 1938, but the Hencky stress-strain equations of th 
2 used instead of the Reuss equations. Other end conditions the} 
- may be considered in this problem, for example, the “‘free”’ gy In 
Plastic flow begins at a pressure : = = closed”’ end conditions. The latter has been solved numerically I com 


It is again convenient to introduce the velocity v defined in Equa- 


tion [13]. The compressibility equation is 


The Reuss equations give also i 


4 
| 


— (o, + 


0 


On eliminating \ from these equations we have, with Equation 
28], two relations to determine v and a, as functions of r and c. 
The relations are hyperbolic, the characteristics in the (r, c) plane 
being the lines ¢ = const, and the paths of the particles (dr) /(dc) 
When the total strains are small, the characteristics are 
Analytic solution appears im- 


=p 
simply ¢ = const and r = const. 
possible in general. 

In the particular case when the total strain is so small that a 
can be treated as constant, a method of numerical small-arc inte- 
gration has been formulated by Hill, Lee, and Tupper (3), 1947, 
in terms of geometrical quantities in a plane diagram. The case 
b = 2a was solved completely, and it was found that ¢, approached 
(og + o,)/2 soon after the whole cylinder had become plastic. 
The approach was naturally closer toward the inside of the tube 
where most plastic flow occurs, but even on the outside surface 
o, Was equal to 0.48 Y after a circumferential strain of only 4Y /E. 
This illustrates the general conclusion in the second section of the 
paper. 

We see alse that the complete stress distribution can be calcu- 
lated to a good approximation after the tube has become plastic, 
without needing to know the details of the expansion up to that 
stage. Components ¢, and og are known in terms of p at any 
stage of the expansion from Equations (25] and [26]. This is a 
further example of the remark made in the third section that 
limited information can often be obtained without a full solution. 
Component ¢,, however, cannot be so determined in the early 
stages when plastic and elastic strains are comparable. Hill, Lee, 
and Tupper found that the error in ¢, which results from neg- 
lecting elastic strains in the plastic region could be as much as 60 
per cent. 

Many earlier solutions have been proposed for this problem 
when the strains are small, chiefly because of the connection with 
the autofrettage of gun barrels. Most are so unsatisfactory as to 
be not worth mentioning; the following may be cited as stages in 
the gradual improvement of the theory. Saint Venant (4), in 
1872, calculated the stress distribution in a completely plastic 


when b = 2a by Hill, Lee, and Tupper (7). The problem is mon 


wou! 
complicated since the states of stress in the elastic and plastic: here 
gions are connected not only by the continuity condition on r = I til 
c, but also by the end condition in the form of an integral of th I Bish 
axial stress over the whole section. in th 
A complete solution in explicit terms can be found for the ese I por | 
where a cylindrical hole is expanded from zero radius in an int J jinn 
nite medium. All variables are then functions only of the param E/" 
ter@ =r/c. From Equations [22], [25], and [28] ie 
prox! 
2(1 — 2»)Y 
,+-s (@c’ + 2)...... 
6 V3 E 6 
. . . . Th 
where dashes denote differentiation with respect to @, and ¢ I seotic 
written for o,/2Y. From Equation [29] Itis1 
as an 
v 
- 1) (2 regiol 
2(¢ — loge 8) 6 Pri 
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stress 
In the elastic region ¢, is zero, and therefore equal to (o, + o¢ LIBR criter 
We can expect that ¢, will also be equal to (¢, + 06) 2 on 5 = consic 


where the circumferential strain is infinite. When v = 0.5, 29 stress 
universally equal to (o, + 09)/2 = (2Y log. @) V 3 in the plasc shape 
region. It can be verified a posteriori that, when » = 0.3, i amow 


greatest difference of o from loge 6 is about 20 per cent by pg minat 
portion, and the greatest difference of o’ from 1/@ is about Spe 
cent. Hence it is a reasonable approximation to take ¢ = % 
g in Equation {30], in order to find v. Integration of Equa 
[30] with the boundary condition @ = 1,» = 2Y(1 +» Vil 


then gives 


—V3(1— 2») ¥e 
E V3 


Since c/a is constant, 4 


1.8 


On the internal surface v = da/de. 
tion [32] leads immediately to 


Substituting from Equation [32] into Equation [33] ar 
ing Y/E compared with unity 


26 — 4v)q ( 2v) 


— a?/c?) 


where q =o — loge 4. A little care is needed in the a 
tion since c?/a? is of order E/Y. Integration of Equ 
with the boundary condition g = 0,6 = 1, gives 


q = (1— 2) (1 — 


For steel, typical values are F Y= 


= 20.9 X 10", 
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évy's dyne/cm?, = 0.287. We find c/a = 11, p = 3.35 Y. For hard- 
ses ened copper, EF = 12.3 K 10", Y = 2.8 X 10° dyne/cm?’, » = 
ic re ME 0.356. These givec/a = 14.6, p = 3.75 Y. 
ead By numerical integration of Equation [35] it can be shown that ¢ 
‘train ME has a maximum value of about 0.077 when 6 = 0.69. For smaller 
values of @, g tends rapidly to the value zero onr = a. This again 
exemplifies the statement that o, approaches closely to the mean 
{the principal stresses in the plane after a strain of a few times 
os the yield-point strain. 
al In the present problem, the plastic and elastic strains are still 
omparable even when @ = 0.5. However, the error in ¢,, which 
would result from neglecting elastic strains in the plastic region, is 
here much less than it is for the tube of finite thickness in the ini- 
nr=—m tislexpansion. We can compare the present solution with that of 
of the fF Bishop, Hill, and Mott (2), in which elastic strains were neglected 
in the plastic region. They found c/a = [0/3 E/2(1 + »)¥]'/*. 
For the steel, this gives c/a = 13.5 and p = 3.65 Y. If, in addi- 
tion, changes of volume are neglected in the elastic region, c/a = 
B/W 3Y)/2 = 12.5, and p = 3.50 Y. These represent fair ap- 
proximations. 


e Cae 
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TorRSION OF A PRISMATIC BAR 


The solution of the torsion of a nonhardening bar of uniform 
section (the strain being small) is well understood in principle. 
Itis mentioned here very briefly for the sake of completeness and 
as another example of the interrelation of the elastic and plastic 
regions. 
, Primarily the torsion problem is statically determined since 
, [there are two equations involving only the two unknown shear- 
stress components, viz., one equilibrium equation and the yield 
criterion. The problem is essentially different from those so far 
considered, in that each plastic element flows under constant 
stress, The plastic stress distribution is determined only by the 
shape of the external surface, and this changes by a negligible 
amount while the over-all strain is still of order Y/E. The deter- 
mination of the stress in the plastic region is simple; if the nor- 
mals to the external contour are constructed at all points, then 
= eM the resultant shearing stress is directed perpendicular to these 
normals and is of magnitude Y/ V3. Each shearing-stress tra- 
jectory is spaced a constant distance from the external contour; 
they are in fact the family of evolutes corresponding to the invol- 
ute of the contour. This can also be thought of in terms of 
Nadai’s membrane-roof analogy; the shape of the roof is fixed in 
terms of the external contour. In the plastic region the elastic 
strain increments are therefore zero. 
For this reason the Hencky-Nadai and the Prandtl-Reuss equa- 
lions lead to the same warping function, as observed by Prager 
(8) in 1934. The plastic-elastic boundary for a given twist is de- 
termined by the continuity conditions for the stresses. This is the 
remaining difficulty of the torsion problem, namely, to find the 
tress potential ¢ in the elastic region satisfying V*@ = 2Gé@ (@ = 
wist per unit length), and such that ¢ and its space derivative 
are continuous with the known plastic solution across the (un- 
hown) boundary. 
Apart from the trivial case of a circular cylinder, there appears 
be only one other cross section for which the complete analyti- 
solution is known. This is the oval contour obtained by So- 
dlowsky (9) in 1942, from an inverse method starting with the 
‘“Sumption of an ellipse for the boundary of the elastic region. 
Generally, we see that the distribution of stress in an elastic- 
Plastic torsion specimen is determined (for a given twist) inde- 
aoe of the strains. Of course the relations between the 
es and strains have been used implicitly; for example, in 
owing that there is a possible solution in which the warping in 
ne plastic region is the same along a line parallel to the axis. The 
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determination of the stresses is independent of the strains in the 
sense that there finally result self-sufficient differential equations 
and boundary conditions in the stresses alone. The warping of 
the specimen in the plastic region has to be calculated afterward, 
by integrating first through the elastic region and then from the 
elastic-plastic boundary outward along the common normals to 
the shearing-stress trajectories. The normals are the character- 
istics of the linear equation for the warping function. 


GENERAL CONCLUSIONS 


Certain broad conclusions can be drawn from a comparative 
study of the solutions to elastic-plastic problems described in the 
paper. It is usually essential to allow for the influence of elastic 
strain increments in the plastic region whenever the plastic ma- 
terial is entirely surrounded by elastic material in which the 
displacements are small (c.f. the expansion of a spherical shell). 
If in this case the strains happen to be large throughout a consid- 
erable part of the plastic region, then it may be a reasonable over- 
all approximation to neglect the elastic strain increments 
throughout the plastic region (c.f. the expansion of a cylindrical 
or spherical hole from zero radius). This means that the Lévy- 
Mises relations can be used in place of the Reuss equations, and 
this is usually a helpful analytical simplification. The procedure 
may, however, result in discontinuities in some of the stresses 
across the plastic-elastic boundary. Furthermore, this bound- 
ary will probably be determined less accurately than the stresses 
themselves. In detail the approximation will naturally be less 
good near the plastic-elastic boundary where plastic and elastic 
strain-increments are of comparable magnitude. 

When the plastic material has freedom to flow in some direction 
(for example, into the raised coronet round an advancing in- 
denter), then the approximation should be still better. This ex- 
pectation appears to be well confirmed by experiment. In the 
extreme case where a body has become entirely plastic, the elastic 
strain increments can be neglected to a very close approximation 
indeed after a distortion in which the rate of work hardening 
has become of order Y. The approximation remains good so long 
as there is no sharp change in the strain path (c.f. the plane-strain 
tensile specimen and the cylindrical shell). 

A main feature of the previous solutions was that, whereas for a 
complete determination of all the variables it is necessary to fol- 
low the whole history of the deformation, a partial solution for 
some of the variables can often be obtained without a detailed 
knowledge of the others. This occurs most commonly when the 
material does not harden and when the over-all strain is so small 
that the changes of external surfaces can be neglected in the 
boundary conditions for the stresses. It may then happen that, 
with only an implicit use of the stress-strain equations and a gen- 
eral knowledge of the strain path, there can be obtained a self- 
sufficient set of differential equations and boundary conditions in 
the stresses alone, or, it may be, in certain stress components 
only. 

Examples of this have been noted in the torsion of a uniform 
bar and the expansion of spherical and cylindrical shells. The 
stresses in the plastic and elastic regions can then be calculated 
in terms of the applied surface forces without considering the 
strains in detail. Problems of this type are statically determined, 
but by no means all statically determined problems are of this 
type. It is not sufficient that there should merely be as many 
equations in the stresses alone as there are stress components, so 
that the problem is statically determined in Hencky’s sense; 
there must also be sufficient boundary conditions in the stresses 
alone. 

If, on the other hand, the over-all strain is not small, and the 
change in external surfaces cannot be neglected and is unknown a 
priori, then it is clear that the strains must be calculated simulta- 
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neously with the stresses, at any rate in the plastic region. Cer- 
tain exceytional cases occur when there is some special symmetry, 
for exan¥®, in the later stages of the expansion of aspherical shell 
when the Wain is so large that elastic compressibility can be ig- 
nored. 
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Bending of Rectangular Plates Subjected to 
a Uniformly Distributed Lateral Load 
and to Tensile or Compressive Forces 
in the Plane of the Plate 


By H. D. CONWAY,! ITHACA, N.Y, 


This paper presents a method of determining the dis- 
tribution of deflection and stress in simply supported 
rectangular plates subjected simultaneously to a uniform 
lateral load and to uniform tensile or compressive forces 
in the plane of the plate. The problems are of particular 
importance in the design of a ship's bottom plating and, 
for this reason, graphs are given whereby the maximum 
stress and deflection may easily be calculated. Illustrative 
examples are included to demonstrate the use of these 
graphs. An example is also given to illustrate how the 
method may be extended to include the case of hydrostatic 
pressure. 


INTRODUCTION 


N considering the design of a ship’s hull, the effects of the 

forces acting in the plane of the plating can be of considera- 

ble importance. These forces are caused not only by the 
bending of the hull as a beam but also by the hydrostatic pres- 
sure which will bend the plating and tend to pull it from its at- 
tachments. The exact calculation of the forces is difficult but 
they can be approximated by a method to be indicated later. 

The plates covering a hull will be attached to the transverse 
and longitudinal framing of the ship and, obviously, bending 
moments will be set up at these attachments. From practical 
considerations it is probable that the moments are less than 
those calculated on the assumption that the edges of the plate 
are completely built-in, since some yielding of the attachment 
will almost certainly occur under the loading. It will also be 
observed that although the slopes at the middle of the frames 
will, from symmetry, be zero, the latter will have finite width 
and consequently there will still be a slope at what constitutes 
the edges of the plate. Bearing these points in mind and as a 
first approximation, the edges of the plates dealt with in this 
paper are assumed to be simply supported. The clamped-edge 
tase would be very difficult to solve. The particular case of zerc 
foree in the plane of the plate and clamped edges has, in fact, 
only been solved in comparatively recent times (1).? 

Another important assumption made in the analysis is that 
the effects of stretching or compressing of the middle plane of 


‘Professor, Mechanics of Engineering, Cornell University. Jun. 
* Numbers in parentheses refer to Bibliography at end of paper. 
Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, New York, N. Y., November 28—December 3, 
p of THe AMERICAN Society oF MECHANICAL ENGINEERS. 
Scussion of this paper should be addressed to the Secretary, 
, ME, 29 West 39th Street, New York, N. Y., and will be accepted 
util October 10, 1949, for publication at a later date. Discussion 
received after the closing date will be returned. 
edie Statements and opinions advanced in papers are to be 
t = as individual expressions of their authors and not those 
Society. Paper No. 48—A-12. 


the plate due to bending are negligible—the so-called Poisson- 
Kirchhoff assumption. This assumption is strictly true only 
when the middle plane is bent into a developable surface, but it 
will be sufficiently valid if the maximum deflection does not ex- 
ceed a small fraction of the thickness of the plate. A more exact 
solution, using von Kaérmdan’s (2) equations to take into account 
this stretching or compressing of the middle plane, would be very 
difficult to obtain. 

The problem has been solved with the limitations mentioned 
in view. The method of solution is an extension of that used by 
M. Levy (3) for the particular case in which there is no force in 
the plane of the plate. Therefore the results obtained may be 
considered as a more general form of his solution. The maximum 
deflections and stresses are obtained in the form of rather cum- 
bersome series which are fortunately rapidly convergent. The 
results, as such, would be of little value to the designer; there- 
fore the series have been summed, and graphs and worked ex- 
amples are given to facilitate their use in practical problems. 
B. I. Slepov (4) and F. V. Volkovitch (5) have also investigated 
the stresses in ship plating by assuming that one pair of opposite 
edges are rigidly built-in while the other pair are simply sup- 
ported. 


GENERAL SOLUTION 


The basic equations for the problem are given in books on 
elasticity, as for example S. Timoshenko’s work (1), and it is 
not necessary to repeat their derivation here. A solution to the 
problem is also given in this book (6), using the usual Navier 
method for simply supported rectangular plates. However, 
this method results in double Fourier series for the deflections 
and moments which are slowly convergent and not nearly so 
easy to sum as those given by the Levy solution. 

With the usual nomenclature, the differential equation to be 
solved is 

O%w Otw q  -P 
ort Or*0y? D02z2? 
The positive sign on the right-hand side of the equation denotes 
that the end load P per unit length of plate is tensile and vice 
versa. 

The bending moments and twisting moments, again per unit 

length of plate, are given by 


— 
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n 
tits 
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ot The load g is distributed and, to determine the 
P ut 
L 
~ Uma 
The unusual nomenclature is again used. Some particular F 
Uniform Tensile End Load. Fig. 1 shows a diagram of the — d. 
plate together with the system of co-ordinate axes adopted. The 
_ differential equation to be solved is Therefore the function Y,, can be considered as zero for even 
- values of m and the deflections will be represented by 
=q+ P— . [3] 
ox? 
Since the edges of the plate are to be assumed simply supported, nates a 
the deflections at the edges and bending moments acting in ** _ 
planes perpendicular to the edges must vanish. These boundary where Y,, is to be found from the solution of the equation _ 
conditions are expressed mathematically by Pp 4 
+ ant (ant +2) (9) 
m m m m m m 
[4] If this solution is made to satisfy the conditions + 
A is t specified. 
and the problem is thus completely specified 
Consider the deflected surface of the plate in the form of the ‘ . . : . 
; The general solution of Equation [9] is found to be e ty 
‘series 
tps pas Y,, = A,, cosh y,,y cos + B,, cosh y,,y sin + C,, sinh 
COS + D,, sinh y,,y sin 7,4 + —— 
where Y,, is a function of y only. This solution, obviously, will The 
satisfy the conditions that w and (0*w)/(0z*) vanish at = 0 are gi 
and z = a, and it remains to choose the function Y,, to satisfy the ge The 
other conditions. For convenience, the lateral intensity of load- W olate 
ing q is represented by a similar series ever, 
of vie 
mome; 
one or 
7 Substituting Equations [5] and [6] in Equation [3], the trigo- The 
= ariou: 
nometrical te vanish to give and A,,, C,, and D,, are constants of integration. The plate varlou 
. and its loading are, however, symmetrical about the axis of z, ec 
Yn, = -(7] the constants B,, and C,,, therefore must be zero. The remail- 
hie ing constants are found from the foregoing boundary conditions rues 
wherea, = mr/a, These conditions give 
D 2 Gs 2 2 
mx 
(aa? ~ { cosh? 2 cos? + sinh? sin? “= 
D 2 2 2 2 
well sas Against 
P b nye bad 
) («on Yn" cos? + sinh?" 5 
2 2 nth, thes 
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CONWAY—BENDING OF RECTANGULAR PLATES 


The maximum deflection will occur at the center of the plate and from Equation [5] isgivenby __ 


a, sinh — sin 


D 


The maximum bending moments M, max) and M,cmax) will also occur at the center and can be found from Equations [2]. 


are given by 


(con 9 cos + sinh sin 


They 


P Vm0 Ym0 b 
= cos? + sinh? cin? — 3) 
P 


+ (—1) ? 


2 D co: 2 c 


The results for the particular case of zero end load cannot be 
obtained from Equations [13] and [14] by merely putting P 
equal to zero since, if this is done, indeterminate equations of 
the type 0/0 result. However, a solution is obtained by integrat- 
ing the differential equation 

Cx 


Y IV 
nm eee 


- 2a,,*Y,,,” + [15] 
The series derived from the solution of this differential equation 
are given by Timoshenko (1) and will not be considered here. 

The problem of the bending of a uniformly loaded rectangular 
plate subjected to a tensile end load has now been solved. How- 
ever, the results as they stand are valueless from a practical point 
of view, and the series for maximum deflection and bending 
moments have to be summed. Fortunately, the series are all 
‘apidly convergent and it is necessary to consider only the first 
one or two terms. 

The series in Equations [13] and [14] have been summed for 
various values of P/D and ratio of plate sides a/b. In doing so 
itis convenient to introduce a nondimensional parameter P/Pg 
where Pp = 42D /b?. It is then possible to give the maximum 


F values of deflection and bending moments in the forms 


Macmax) = B qb? 


where a, 8, and y are constants dependent upon the ratio a/b 
and the parameter P/P,. Values of a, 8, and y are plotted 


My(max) = qb? 


‘gainst values of P/P, for various values of a/b in Figs. 2, 3, and 


4,  Tspectively. Poisson’s ratio v is taken as 0.3 for the purpose 
calculations. For convenience in practical examples, 


| 
m P P Ymb 
m=1, 3,5) Xm («. = 4 \; 2 


Nm? 
2 Ym? 


a, 8, and y are also plotted against values of a/b for various values Zz < 
of P/P gin Figs. 5, 6, and 7, respectively. 

For small values of a/b, the effect of supporting the short sides 
of the plate will be negligible and, except at points near the 
short ends, the deflected surface will be cylindrical. The equa- 
tions for the maximum deflection and bending moments then 
become 


qD 1 qa? 
= 
. Wmax p2 P gP 
sh- 

Mz max) Ip l 

cosh = 
2 D 


Myimszx) = 0 


Uniform Compressive End Load. The differential equation to 


be solved in this case is 
Ox? 
Proceeding in the usual manner, we obtain aa 
P 4 
— 2a,2Y,.” + (a! - Y, = > 


The general solution of this equation is 


Y,, = A,, cosh y,y + B,, sinh y,y + C, 


1 
an D 
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where ®max term = 
a? b m—1 2 
~ Mamax) term = 
The constants B, and D,, are again zero, and the remaining 4x3 m3 E Om — 1)(sech 2 
- constants found from the boundary conditions are 
= sech Mymax) term = 
: D ES — 4(2 — v)(sech (—1) 2 
As in the tensile case, the results are of little value as they stand 
4 Substituting i in » Equations {18} and [5], the maximum deflection and the series were summed. Once again, they are found to be 
is rapidly convergent in most cases, and it is necessary to caleu: 
© 2 = — — cosh — 
_m 
The maximum bending moments found from Equation [2] are then enc 
sho 
Mz(max) = P P b P 
D 2am D cosh 2 20m D cosh 
f 
x 1 2 — 2 
m=1,3,5 m m D 2a, D cos 2. Qin % D cos 
As before, the particular case of zero end load cannot be obtained late only the first two or three terms. The exception to this 
from these equations by merely putting P equal to zero, as inde- __ in the cases of large values of a/b where it is sometimes neces" 
terminate forms of the type 0/0 result. This case can be solved _ to calculate five or six terms. 
as previously mentioned. For convenience, the nondimensional parameter P //’g is aga! f 
: Another indeterminacy will occur if a,? = P/D, i.e., if the introduced where Pg = 4x7D/b*. It is then possible to write obs 
term (Pa?)/(x?D) happens to be the square of an odd integer. be. 
If this is so, the differential equation to be solved simplifies , anc 
somewhat to to Eh cre 
4q = B+ qb? bec 
te “where a, 8, and y are constants dependent on a/b and P I 
alues of a, 8, and are plotted against values of for oce 
gaty? ae tain values of P/Pg in Figs. 8, 9, and 10, respectively. It ve foll 
Y, = A, + + C,, cosh t,y + D,, sinh — not thought an advantage to plot a, 8, and against P 
values of a/b. val 
As would be expected, the curves coincide at a value of ¢' aft 
somewhat greater than 3, thus signifying that the maximum & hs 
flection and bending moments are independent of the end load P ‘ 
es, at a/b > 3, the values can be calculated from for 
ght 
‘These equations will of course hold for only one value of m, and me. 384D 422 Eh’ _ 
_ for other values the equations previously given will apply. 
aS Proceeding in the usual manner, the following terms in the ex- ; 
pressions for wmax, Mzmax) and Mymax) are obtained 
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which refer to a uniformly loaded strip of length b and with zero 
end load. For small values of a/b, the effect of supporting the 
short sides of the plate will be negligible. Except at points very 
near the short ends, the deflected surface will be cylindrical, and 
the equations for the maximum deflection and bending moments 


2 3 


cos 5 D 
D 1 
P 


A peculiar property of the curves for compressive end loads is 
observed; viz., that for certain values of a/b the end load may 
be increased with a decrease in the values of maximum deflection 
and bending moments. It thus appears that, for certain in- 
creases in the compressive force, the central portion of the plate 
becomes flatter. 


NEeEpD FoR FurTHER DATA 


Problems of the type dealt with in this paper are of frequent 
occurrence and few data exist for designers. Information on the 
following topics would be of considerable value. 


1 A treatment of the problems of this paper with graphs for 


values of a/b from 0-1. Knowledge of the limiting values of 


a/b for which the formulas for a long plate (cylindrical surface) 
become invalid. 


2 Extension of the problems to include tensile or compressive 
forces on all four edges. 

3 Analysis of the end loads set up by the bending of a plate 
Whose sides are of similar magnitude 
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CALCULATION OF ForcEs IN PLANE OF PLATE 
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Before calculating the maximum deflection and stress in the Wee: 
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plate, it is necessary to estimate the magnitude of the forces 

acting in its plane. As has already been indicated, the exact 

calculation of these forces is difficult but they can be approxi- 

mated to by a method given by Timoshenko (1). 

If, for the purpose of calculating the forces, we may neglect 
the effects of the longitudinal frames, then we are dealing with 
long plates carrying forces in the directions of the short sides. 
The deflected surface of the plates will be cylindrical except near 
the short sides. If an elementary strip parallel to the short sides 
is considered, then, on bending, it may be shown that the hori- 
zontal distance between the long sides of the strip will decrease 


by an amount 
yp 
= - —]| dz 
2 Jo dx 


Due to the bending of the hull of the ship as a beam, the ends of 
the strip are assumed to approach one another by an amount A. 
The amount by which the strip is stretched by the force P per 
unit length is therefore 


Eh 


If the right-hand side of this expression is negative, the force P 
will be compressive. 

The deflected form of a uniformly loaded and simply supported 
strip subjected to a tensile end load is easily shown to be 


cosh u {| 1 — — 
ga‘ a 


cosh u 


. [25] 


— 1 


where the origin is taken at one end of the strip and u? = Pa? 


/(4D). Similarly for a compressive end load 
2z 
ove cos u{ 1 — 
-—] 27 
8u?D 16u4D cos u 


If the end load is tensile, Equation [26] is substituted in Equa- 
tion [25] to obtain 


h? 135 tanh u 27 tanh? u 135 
9 
+ Sut . [28] 


If the end load is i aan Equation [27] is substituted in 


Equation [25] to obtain om 
E*hs h? 135 tan u 27 tan? u 135 
— y?)%q8 u? 16 u? 16 16u® 


rere 11 shows dnintiadianaltiitlie the longitudinal and trans- 
verse cross sections of the ship. Let b be the width of the ship 


; A = total cross-sectional area ee 
a 4 I = moment of inertia about neutral axis 
ait “4 ¢ = distance from neutral axis to bottom plates 


Denote by Aj, J;, and ¢, these three quantities when the bottom 
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plates are removed. 
is then 


The relationship between the quantities 


Ac 


The total force acting in the plane of the plate is Pb and this 
a displacement A; where 


The displacement A; due to the bending moment M of the 
sign shown in Fig. 11 is 


Nevtral Aus withot Plates 
Nevtral Ams wth Plates 


1 


Fra. 11 
Hence the resultant displacement is oe cals 


Pb (Phe, — M)c 


ve) Mac, (30) 
A, 


Having due regard to sign and substituting Equation {30} in 
Equation [28] or [29], depending upon whether the end load is 
tensile or compressive, an expression for u and hence P may 
be obtained. This may be solved by trial and error. 7 


uth 


3a(1 — v?) 


Appendix 2 ware 


EXAMPLEs IN Use oF GRAPHS 


To clarity the use of the graphs, two practical examples have 
been worked out; one of a plate having a tensile end load, and 
the other of a plate having a compressive end load. BY 


Tensile End Load: 


Length of plate = a = 80 in. 
Breadth of plate = 6 = 40 in. steeinieresy: 


Thickness of plate = A = 0.5 in. 
Uniform hydrostatic pressure = q = 9 psi ere we: 
Tensile end load = P = 10,000 lb per in. 


Eh? 30 X 10* X (0.5)? 
Flexural rigidity = D = * 
exural rigidity 12(1 — 12(1 — [0.3]?) 
= 344,000 lb-in 


X 40 


P 
Px 


Maxi 


Tran: 


Direc 
Resu 

Co 
longi 


From 


Hence 
Maxi 
| 
Re 
[2¢ 
“4 
4 
( 
ease 
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M, 
M, 
Long 
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the 


and 


hey CONWAY—BENDING OF RECTANGULAR PLATES 


From Figs. 2, 3, and 4, it is found, for this particular value of 
P/Pganda/b = 2, that 


a = 0.063, 8 = 0.0255, y = 0.057 
| 


agb* 0.063 X 9 X wr 
Eh® 30 X 10® (0.5)? 

= 0.387 in. 


Hence 


Maximum deflection wmax = 


Maximum bending moment Meimax) = 8. qb? = 
0.0255 X 9 X 40? 
= 368 lb-in. per in. 


Maximum bending moment Mymax) = y. qb? 


= 0.057 X 9 X 40? 
= 820 lb-in. per in. 
6Ma(max 6 X 368 
Longitudinal bending stress = — = 5)? = 8830 psi 


Direct stress = 20,000 psi 
Resultant stresses = 20,000 = 8830 
= 28,830 and 11,170 psi (both tensile) 


6 6 820 
h? (0.5)? 


Transverse bending stress = = 19,700 psi 


Direct stress is zero. 


Resultant stresses = 19,700 psi (tensile and compressive) 


Compressive End Load. Data as in tensile case but with a 
longitudinal compressive load of 2000 lb per in. 


From Figs. 8, 9, and 10, it is found that 
a = 0.136, 8 = 0.055,7y = 0.155 


As before am ye 

oe 0.136 9 404 


Eh} ~ 30 xX 10® (0.5) 
Ms(max) = 8+ qb? = 0.055 X 9 XK 40? = 792 Ib-in. per in. 
My(max) = y* qb? = 0.115 X 9 X 40? = 1655 lb-in. per in. 


s(max) 


h? (0.5)? 


6 
Longitudinal bending stress = 


Direct stress = 4000 psi 


= 19,000 os Maimaxy = 40.8 + 368 = 408.8 lb-in. per in. ‘ 


and the stresses follow as before 


. Resultant stresses = 4000 + 19,000 | 
= 23,000 (compressive), 15,000 (tensile), psi 
6M ymax 6 1655 
Transverse bending stress = eee = = = 39,700 
h? (0.5)? psi 


Direct stress is zero 
”. Resultant stresses = 39,700 psi (tensile or compressive) 7 

In many practical problems the lateral loading is not uniformly 
distributed because the top edges of the plate are nearer the water 
surface. Therefore it is necessary to be able to analyze the 
problem in which the intensity of loading varies uniformly from 
zero along the top edge to a maximum gq along the bottom edge. 

It will be obvious that if the end loads are unaltered, the values 
of the deflections and stresses at the center of the plate will be 
one half of those obtained for the case of q uniformly distributed. 
These deflections and stresses will vary but little from the maxi- 
mum values. 

A further example will serve to illustrate how the solution to _ 
such a problem may be obtained. 7 

Tensile End Load. Data as in previous tensile case but with 7 
a hydrostatic pressure varying from 9 psi along one edge to 11 psi 
along the opposite edge. 

From Figs. 2, 3, and 4, it is found, as before, that 


= 0.063, 8 = 0.0255,7 = 0.057 
te 
Therefore, for a uniformly distributed loading of 3 = 1 
psi 
Maximum deflection wmax = = 30 x 10° Xx (0. 
= 0.043 in, 


Maximum bending moment Ma(max) = = = 


= 0.0255 X 1X 

= 40.8 lb-in. perin, 

Maximum bending moment Mymaz) = qb? 
= 0.057 X 1 X 40? 

= 91.2 lb-in. per in. 


Hence the total values of the deflection and bending moments are _— 
= 0.043 + 0.387 = 0.430 in 


@Wmax 


Mymazy) = 91.2 + 820 = 911.2 lb-in. per in. 


og 
ies 
A 
= 
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_| 
= 
= 
2 
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The Dynamic Response of a Simple Elastic J 


, System to Antisymmetric Forcing Func- 


tions Characteristic of Airplanes in 


1 Mechanical Engineer, Engineering Mechanics Section, National 
Bureau of Standards. 


metric modes only are excited; while, for conditions (2), (3), a0 
(4), we have unsymmetric impact and both symmetric and ant 
symmetric modes are excited. Most actual airplane landing 


9 
nsymmetric Landing Impact 
By JOSEPH B. WOODSON,’ WASHINGTON, D. C. 
This paper presents an analysis of the dynamic response The analysis in this report is based on a mathematica 
of an undamped mechanical system with one degree of — theory of transients in an undamped elastic structure given by 
freedom subjected to disturbances which are described by Biot and Bisplinghoff.* The results of the investigation are ex Mi 
antisymmetric forcing functions. The analysis was under- pected to be of use in analyzing experimental data obtained in 
taken to throw light on the effect on the vibration of the —unsymmetric-model drop tests performed as part of a project on 
wings caused by unsymmetric landing impact of an air- landing impact of structural models. This project was initiated 
plane. Two types of disturbances are considered; a full- by the Bureau of Aeronautics, Department of the Navy, to pr- F 
sine-wave pulse, and a pulse which is the difference be- vide an experimental check on analytical methods for determin : 
tween two overlapping half sine waves. The results are _ ing the transient oscillations in the structure of an airplane dur 
presented in the form of dynamic-response curves and _ ing landing impact. 
dynamic-response-factor curves. The numerically great- and 
est dynamic-response factors, approximately 3.24 and EQuaTIONS For TRANSIENT WING-Tip DISPLACEMENT IN equ 
—3.26, resulted for a full-sine-wave pulse disturbance Move; Forcing Functions plies 
with a ratio of duration of impact to natural period, 7/7 = In this paper we consider an airplane making initial contact 
1.11. When 7;,/T is in the neighborhood of 1, the first with the ground in two-point landing. We denote the landing 
positive peak of dynamic response is numerically less than impact force-time relation for the first alighting gear by Pil I 
the negative and positive peaks which follow it. For much and for the second alighting gear by P2(t). For both P(t) and side 
of the range, the positive and negative dynamic-response _p,(t), the origin of time is taken as the instant when the firs met 
factors are numerically approximately equal. The analy-  ajighting gear touches the ground. Any one of four following tion 
sis was confined to values of 7;/T between 0.35 and 12. As __ |anding conditions is possible: eack 
T;/T increases without limit, the positive and negative 
dynamic-response factors tend to 1 and —1, respectively. - (1) The landing impact forces, P(t) and P2(t), begin simu: 
taneously and have identical time histories, so that P,(t) = whi 
INTRODUCTION P.(t). 
ONSIDERATION of the velocity of descent of large air- (2) The landing impact forces, P,(t) and P(t), begin simul 
( _ planes, the possible angle of roll just prior to landing im- taneously but have different time histories. i 
pact, and the measured duration of impact for large air- (3) There is a time delay 7’, between the beginning of P;(t) and P(t) 
planes indicated that for planes using tricycle landing gears the the beginning of P2(t), but except for this time delay their time 
time difference between contact of the two main wheels might _ histories are identical, so that P,(t) = P2(t— 74). 
be comparable to the duration of impact at each wheel. Recent (4) There is a time delay 7's between the beginning of P(t) and Sim 
tests by Westfall,? of a large bomber-type airplane confirm this _ the beginning of P2(¢), and their time histories are essentially dif- desi 
speculation. Such landings may develop as much dynamic re- ferent, so that P,(Q) ¥ P2(t— T). 
: os in the antisymmetric modes of the airplane as in the sym- We shall show that for a symmetrically constructed airplane 
metric modes. It was considered desirable therefore to develop each symmetric mode of vibration is excited by a quantity pr E 
dynamic-response curves for typical antisymmetric forcing func- portional to P,() + P2(t), while each antisymmetric mode is e& forn 
tions, and to show how they might be used to determine the dy- cited by a quantity proportional to P,(t) — P2(t). For sucht func 
namic behavior due to landing impact of an airplane with two airplane, therefore, when landing condition (1) occurs, the syt mod 
main landing wheels. 


Westfall, NACA Technical Note No. 1140, September, 1946. "ean be approximated by condition (3). In the present repo" 
Contributed by the Applied Mechanics Division and presented at _ the impact problem is simplified by neglecting damping and set 
the Annual Meeting, New York, N. Y., November 28-December 3, dynamic forces. W 
It can be shown that the deformation of an airplane due 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted landing impact may be represented by the superposition of an I yu 
until October 10, 1949, for publication at a later date. Discussion finite number of modes, as long as the airplane acts as 4 lines! 
received after the closing date will be returned. elastic structure. If damping is neglected, the modes are 
Note: Statements and opinions advanced in papers are to be e As 
understood as individual expressions of their authors and not those 3 “Dynamic Loads on Airplane Structures During Landi ng, e.. ean 
of the Society. Paper No. 48—A-16. M. A. Biot and R. L. Bisplinghoff, NACA ARR 4H10, October, ! 4 
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WOODSON—DYNAMIC RESPONSE 


coupled, and the response in each mode under the landing impact 
force Will be independent of every other mode. 

We now fix our attention upon a particular mode which we call 
(j), and employ the following notation: 


g(t) is the transient wing-tip displacement in the mode, positive 
upward for the wing tip on the side of the plane which 
first contacts the ground 

¢” is the normalized deflection function describing the wing 
mode shape 
wj) is the circular natural frequency in the mode 
- is the natural period in the mode and equals Qe /ej) 
Q(t) is the “‘generalized force” in the mode, defined by 


= op, Pit) + P2(t) 


where $p, is the normalized deflection in the mode at the 
station where P(t) is applied, etc. 
M; is the ‘“‘generalized mass” in the mode, defined by 


Muy = S [eo]? dm 


where dm is an element of mass : 7 
As shown by Biot and Bisplinghoff‘ q:;)(t) satisfies the equation 


and qi;)(¢) may be found provided Q,;)(¢) and the constants of the 
equation are known. If we keep in mind that this equation ap- 
plies to any mode (j), we may drop the (j)’s and write 

= Q(t) 


If the mass distribution of the airplane is the same on either 
side of the center of gravity, and if the alighting gears are sym- 
metrically located with respect to the center of gravity (condi- 
tions which are closely realized, usually), then it is true that in 
each symmetric mode, ¢p; =@p2 and 

Qo) = + P2(d) 
while in each antisymmetric mode, ¢p; = and 


In symmetric modes the quantity P;(t) + P2(t) is designated 
P(t) and called the symmetric forcing function 


P(t) = Pi) + Pr) 


Similarly, in antisymmetric modes the quantity P,(t) — P2(t) is 
designated P(t) and called the antisymmetric forcing function 


P(t) = Py(t) — P2() 


Mq(t) + Mw*q(t) 


= op, (P(t) — P2(t)]... 


Either Equation [4] or Equation [5] may be written in the 
form P(t) = Pmaxp(t), where p(t) is the dimensionless forcing 
function or “disturbance” (for symmetric or antisymmetric 
modes as the case may be) and has maximum value 1. Either 
Equation [2] or Equation [3] may be written in the form 


Q = [dri] Pmax PCO), or 


| 
= Qmax = [¢P:] Pmax 


We now define g, = Qmax/Mw?. The ratio GO /% is called 
“dynamic response,” or more briefly ‘‘response,’”’ and is denoted 
by u(t). Equation [1] may be written 


As an aid to visualization, we note that Equation [1] is the 


equation of motion for an undamped mechanical system of one 
degree of freedom, consisting of a linear spring of stiffness K and 

a mass M acted upon by a force Q(t), Fig. 1. In thissystem, K = | 
Mw?*; thus we see that q, is the static displacement which would a 
result from the application of a static force equal to Qmax- 


UNSYMMETRIC LANDING IMPACT 


NATURE OF ForcING FUNCTIONS IN UNSYMMETRIC IMPACT 


We define t; as the duration of time for which P,(t) is different 
from zero, and 7, as the time delay separating the beginning of 
P,(t) and the beginning of P(t). The total duration of impact 
T;;, is given by the equation 


The ratio, total duration of impact to natural period, is given by 


Consideration will now be given to forcing functions produced 
by landings in which P,(t) and P,(t) are identical, except, in gen- 
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Figs. 2, 3, 4, 5 Symmetric AND ANTISYMMETRIC ForRCING Fune- 
TIONS FOR Various LANDING Impact Forces 


(In each figure for [a], Ta = 0; for (b], Ta & [*/a]ts; for [c], Ta & [*/]ts.) 
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eral, for a time delay between them (compare conditions [1] and 
[3] of the preceding section). It is assumed that the airplane 
is nearly symmetrically constructed, so that we may obtain the 
forcing functions from Equations [4] and [5]. 

Figs. 2, 3, 4, and 5 illustrate four assumed shapes of the landing 
impact force, similar to shapes recorded in model drop tests. In 
each figure, the symmetric and antisymmetric forcing functions 
which result for three different values of 7’, ranging from zero to 
about ¢,/2 are illustrated. As 7’, increases from zero to t;/2, the 
figures show that (1) the total duration of impact is increased; 
(2) the peak value of the symmetric forcing function P(t) + 
P,(t) decreases; (3) the peak value of the antisymmetric forcing 
function P(t) — P2(t) increases. Thus the relative importance 
of the antisymmetric forcing function increases as 7’, increases 
relative tot;. For any particular value of 7',, the duration of the 
antisymmetric forcing function is the same as the duration of the 
symmetric forcing function; each has the duration 7,. For 
T; = 0, P(t) — P2(t) = 0, and therefore the antisymmetric 
modes are not excited. 


StmpLeE ANTISYMMETRIC FORCING 
FUNCTIONS 


Dynamic RESPONSE TO 


— CaseI: Dynamic Response to Full Sine-Wave Pulse. We may 


Fic. 6 Furi-Stne-Wave Putse DisturBance, Case I 
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approximate antisymmetric forcing functions like those of Figs, 
2(b, c), 3(c), and 4(c) by a fuil sine wave having the same duration 
7; and the same maximum positive value Pax. The disturb- 
ance (Fig. 6) is — 


p(t) = sin (2xt/T,) forO<t<T;\ 
=Ofort>T, || fr 


As shown in the Appendix, the resulting dynamic response js 


= 
u(t) = q(t)/q, — | 


\ 

—(T,/T) [sin wt — (T/T) sin (2xt/T)] | 

for 7; 
2 sin (w7’; /2) 

(T/T;) — (T;/T) 


u(t) cos w(t — 7; 


q(t)/q, = /2) for t >T; 


Since wt = (7';/T) X (t/T,)2z, it is seen that u(t) is a function of 
the dimensionless time ¢/7’; and of the ratio of total duration of 
impact to natural period 7/7’. 

In Fig. 7 dynamic-response curves resulting for various values 
of 7';/T are plotted. The dynamic-response curve for 7';/7' = 1, 
for which Equations [10] and [11] are indeterminate, was com- 
puted from Equation [14] :n the Appendix. It is seen from Fig.7 
that the response u(t) follows the forcing function p(t) closely for 


T; = 127, the longest duration of impact considered. For 
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smaller values of 7’; the amplitude of oscillation of u(t) around 
p(t) increases until for 7; = 1.117’, Fig. 7, u(t) has maximum 
positive and negative peak values more than 3 times as large as 
the maximum value of p(t). For 7’; < 1.11 7 the peak value of 
u(t) decreases, until for 7; = 0.57’, the shortest duration of im- 
pact considered, the peak values of u(t) and p(t) are nearly equal. 
For still smaller values of 7';, Equations [10] and [11] show that 
u(t) becomes progressively smaller compared with p(t), and be- 
comes zero for 7’; = 0. 

To obtain the dynamic-response factors, the peak positive and 
peak negative values (y, and y,, respectively) of u(t) occurring 
during the impact (i.e., for 0 < t< 7;) were determined from the 
curves in Fig. 7. Similarly, the peak positive and peak negative 
values (y,’ and y,’, respectively) of u(t) occurring after the im- 
pact (i.e., for ¢ > 7';) were determined from these curves. Values 
Yp Yn: Yp', and y,’ are plotted as functions of the corresponding 
values of 7';/T in Fig. 8. The discontinuities in the slopes of y, 
and y, result from the fact that for some values of 7';/7' the first 
peak in u(t) is most serious, while for other values of 7/7 the 
second or subsequent peaks may be more serious. 
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Fica.8 Factor For A FULL StnE-WAVE Putse, 


Case I 


When 7’,/7 is an integer greater than 1, y, = y, because u(t) 
has symmetry about the point (7';/2, 0); and y,’ = 7,’ = 0 be- 
cause of the absence of free response after t = 7;. 

For the range of duration of impact 1 < 7;/T7' < 2, y, is nu- 
werically greater than either y, or y,’. Furthermore, it can be 
noted from Fig. 8 that for 0.5 < 7;/T < 1.6 (approximately), 
%'>+,; that is to say, for values of 7,/T near 1, the most seri- 
ous peak of positive response occurs after the impact is over. 
For T;/T’ < 1, the most serious peak of negative response like- 
Wise occurs after the impact is over; whereas for 7;/7 > 1, the 
host serious peak of negative response is reached at a time some- 
what less than 7’;. 

For values of 7';/T in excess of about 1.6, the most serious peaks 
of positive and negative response always occur during the im- 
pact and are approximately in phase with the maximum positive 
ind negative values of the driving force p(t). For values of t 
M excess of 7';, the idealized system discussed here shows an os- 
cillatory response which continues indefinitely (except when 


= 


UNSYMMETRIC LANDING IMPACT 


T;/T has integral values greater than 1). Most actual air- — 
plane structures, however, would have enough damping to re- 
duce this response to a negligible amount after a few cycles. 

Biot and Bisplinghoff® give a dynamic-response-factor curve 
which is an envelope for the dynamic-response factors due to 
various forcing functions in symmetric impact. It is — 
that this curve will also serve as an envelope for the dynamic- _ 
response factors due to many symmetric forcing functions which — 
arise in unsymmetric impact. In view of the fact that the nu- | 
merically greatest values of dynamic-response factor given by | 
that curve are only 1.91 and —1.85, respectively, it appears that, — 
for sufficiently short impacts, the gravest antisymmetric mode 
may show more dynamic response than any symmetric mode. 

In actual landings so abrupt that the duration of impact is — 
nearly equal to the natural period of the gravest Sinthatmode 


mode, we may expect dynamic response as great as 3 in that mode - 

only. 
Case II: Dynamic Response to Pulse Which Is Difference Bee 

tween Two Overlapping Half Sine Waves. We shall consider 

here antisymmetric forcing functions having a shape shown by the 

solid curve in Fig. 9. Such an antisymmetric forcing function 

would occur if the force on each main landing wheel of the air- | 

plane were a half sine-wave pulse of duration t;, (dotted curves 

a and b in Fig. 9), and if the time delay between contact of the 

two main wheels were 7. We shall limit ourselves to values of 

Ta < t,/2. The antisymmetric forcing function is obtained as 

the difference between curves a and b. 


Fe 


Forcing Function, P(t) 
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ANTISYMMETRIC Forctnc Function Resuttinc From 


The dynamic-response equations which result are given in the 
Appendix, Equations [15], [16], [17], and [18]. Dynamic- 
response curves were calculated for two different values of 7’, 
as follows: 

Case I[(a): Tz = t;/2. By using Equation [7] or Equation 
[8], this relation may be expressed 


Ta = or 
Case II(b): 


T;/T = (3/4) X (2t;/T) 


T 4 = t;/3, that is 
T = T,/4 


= 
T;/T = (2/3) X (2t;/T) 


The dynamic-response curves for Cases II(a) and (b) areshown 
in Figs. 10 and 11, respectively. Dynamic-response-factor points 
are shown plotted in Fig. 12. The response-factor curves for Case 


or 


5 Fig. 13, reference 3. 
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BETWEEN Two OVERLAPPING HALF SINE WAVES WITH = (1/4) 7;; 
Case II(b) 


I, Fig. 8, are also shown in part in Fig. 12, to show the effect of 
shape of the forcing function on dynamic-response factor. The 
good agreement (generally within about 20 per cent) shows that 
the shape of the forcing function, over the range considered, has 
only a minor effect on the dynamic response. 


ComPARISON BETWEEN CaskEs I, II(a), anp II(6) 


Figs. 13, 14, 15, and 16 correspond to four different ratios of 
T;/T and show superimposed plots of dynamic response for Case 
I and Case II (a) and/or Case II(b). In each figure, 7’; is the same 
for each case, as is the maximum value of p(f). For a given ratio 
of T;/T, it is seen that the dynamic responses are similar, but 
not identical, because of the effect of the different disturbance 
profiles. 

The response for Case I is initially greater than the response for 
either Case II(a) or Case II(b). This is probably due to the 
higher rate of application of the disturbance for Case I during 
0<t<T7;/4. 


DIscUSSION 


It has been pointed out that due to time delay between contact 
of the two main landing wheels of an airplane, during landing 
impact, antisymmetric forcing functions arise which may cause 
the response of the airplane in antisymmetric modes to be as 
serious as the response in symmetric modes. 

The method of computing the antisymmetric forcing functions 
from the force-time history at the two main wheels has been pre- 
sented. Dynamic-response curves have been obtained for three 
simple antisymmetric forcing functions which approximate the 
functions which might be expected in landing impact of air- 
planes. A range of values of duration of impact to natural 
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period of mode is considered. It is shown that for the f unctions 
considered, the peak response is insensitive to the shape of the 


forcing function. 
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Appendix 
DERIVATION OF DyNAMic-RESPONSE EQUATIONS 
General. Frankland‘ gives the results of integration of Equation 
[6] when p(t) is a half-sine-wave pulse of duration ¢;; the dis- 
turbance is 


ACKNOWLEDGMENT 


pi(t) = 0 fort <0 
pylt) = sin for OS tS (12) 
nt) =0 fort >t; 
and the resulting dynamic response is y 
u(t) - x 
{sin wt — (2t;/T’) sin (xt/t;)] forO < t< 
(6) : x 
u = 
— (24/7) 
{[(1 + cos wt;) sin wt — sin wt; cos wt} for t > ¢; 


¢ “Effects of Impact on Simple Elastic Structures,” by J. M. Frank 
land, David W. Taylor Model Basin, Report 481, April, 1942. 
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4 T T 7 
3 Response” 
, Case II() curves 
‘Response curves 
A. 
27 Timet 
| 15 Dynamic Response ror Casss I, II(a) anp II(6) Wits 


met T;/T = 1.666... 
Fic. 13. Dynamic I anv II(6) Wits 7;/T = — 
3 -Cose | 7 & 
Q 
\Response |, = 
2 | #7 Time, t 
| Fig. 16 Dynamic Response ror Cases I, II(a), anp 11(6) Wits 
| J T;/T =8 
0 #7 Time! 
Fic. 14. Dynamic Response For Cases I anv II (a) Wits 7;/T = In case 7;/T = 1, Equations [13] are indeterminate. The 
1.25 proper equations are® 
= in ot — 
CaseI. We make use of these results as follows: Consider the (1/2) Gin wt — wt cos wf) for 0S & 
system in Fig. 1 to be acted upon by a disturbance p,(t) followed u(t) = —(x/2) cos wt for t > t; —_ i 
by a disturbance p2(t) defined by 
From these equations we obtain _ > 
pi(t) = —pi(t — t) 
u(t) = (1/2) X (sin wt — wt cos wt) ford < t < T; 
It follows that u(t) = —w(t— &). Also pi(t) + p(t) = p(t), 
where p(t) is the full sine-wave pulse of duration 2¢; = 7, de- u(t) = —(x/2) cos wt + (x/2) cos w(t T;/2) - [14] 


fined by Equations [9]; thus u(t), the response to p(t), is given 
by u(t) = w(t) + us(t). 


For 0 < t < 7; we may use Equations [13] merely by substi- 


— x cos wt fort> T; 


Case II. Consider the system in Fig. 1 acted upon by a dis- 
turbance p;(t) defined by 


tuting 7’; for 2¢; 
[gin wt — (7',/T) sin (2 wt/T;)|] forO< t< ¢ 


followed by a disturbance 


Kor! > T; we write pat) = —ps(t — T) 


ul’ ~ w(t) + w(t) = —————-—- {[1 + cos (w7’,/2)] X Since the Case II disturbance, p(é), is given by p(t) = pa(t) + 
(T/T;) — (T,/T) pa(t), the response is given by u(t) = u3(t) + or 
sin at — sin (w7’;/2) cos wt — [1 + cos (wT7’;/2)] sin w(t — 
T;/2) + sin (w7/2) cos w(t — 7;/2)} for t > 7 p(t) [pi(t) — — 


which reduces to 


1 
u(t) = sin (eT [wu (t) — w(t — T,)] 


7 We therefore obtain 


bp 
ti) = 


— (T,/T) wt —(2t;/T) sin (xt/t,)] forO< t< Ty........ 


u(t) = T/T) [sin wt — sin w(t — T;)] 


“ 
x 
2 
1F- 
and 
= 
dis- 
fat 
{12} 
‘ 
or 
= 
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l 

= (1 + cos wl) sin wt 
= Tain (eT g/t] X [(T/2h) — “(0 Tain I(T /2h) — sin 
fe {sin wt — (2¢,/T) sin (xt/t;) — sin w(t — 14) — sin wt; cos wt — (1.+ cos wt;) sin w(t — Ty) + 

An > + (2t;/T) sin [x(t — 74)/t;]} for Ty < t < t..[16] 

1 

t) = {(1 + cos wt,) sin wl 

u( [sin X [(1/2t,) — (2t,/T)] (1 + cos wt;) sin w 


; —sin wt; cos wt — sin w(t — Ty) 


sin wt; Cos w for > T; 


Since 7;/T = 1 2+ 7',/2t,)(2t;/T), we see that for any particu- 
lar = of T4/t, u(t) is a function of dimensionless time t/t; and 
+ (2t;/7) sin{x(t — T4)/t)} fort; < i Tg +h = T,..[17] of T; 
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— 


Wi Pn 


. 


Flow Through a Pipe With a 
pa Porous Wall' 


H. Porrrsky.?- The author mentions the difficulty of solving 
the highly nonlinear equations which represent the flow in a pipe 
with n openings. It is worth pointing out that a convenient 
method of treating these is afforded by the direct-current board. 
This is merely a collection of resistances with a telephone switch- 
board which allows them to be connected in any manner so as 
to correspond to any network. By connecting them as a filter 
so that the series resistances correspond to the fluid-flow resist- 
ances in the pipe, while the parallel resistances correspond to the 
duct-flow resistances, one obtains an electrical analogy to the fluid- 
flow problem. The nonlinear features are obtained by adjusting 
the resistances as proper functions of the currents, by trial and 
error, that is, an assumed set of resistances is first used to represent 
an initial (best) guess; readings of voltages and currents are then 
iaken, and the relation between the currents and the resistances 
checked against the fluid-flow pressure drop; the resistances are 
then readjusted to correspond to the currents, and the process 
is repeated until no further adjustment is needed. 

In addition to ventilating-sterilizing applications of the au- 
thor’s theory, it is of interest to point out a further, physiological, 
application of it, namely, to the flow of blood in a blood vessel. 
Blood vessels are permeable to flow of plasma, resulting in a con- 
tinuous seepage through the vessels. In shock, as is well known, 
the permeance of the blood vessels becomes large and the seepage 
increases to a degree disastrous to the individual. 


E. A. Richarpson.? Unfortunately, the author is interested 
ina specific and not a general case. He deals with one condition 
which is not typical of the normal porous tube. In the case of 
the tube under discussion, the author assumes that the fluid 
passes through orifices with practically no friction. As a result, 
the jet issues with the velocity head which exists along the 
length. 

In the normal porous tube there is a relatively high pressure 
drop with only a small, perhaps even negligible, portion of the 
pressure drop as velocity head of outflow. 

The writer of this discussion has taken as an example a high- 
resistance porous wall with negligible velocity head on outflow 
for detailed consideration. Obviously, this marks the other ex- 
treme. Obviously, also, most of the practical cases will lie 
somewhere between these limits. 

It is felt that this subject is of sufficient importance to warrant 
an extended discussion. Porous tubes, as a whole, will become 
increasingly important in various ways. One of the important 
fields of application is high-temperature protection in aviation. 
This happens to be only one of many possibilities. 

. In order to make this discussion an extension of the paper and 
le in with it, the equation numbers used by him are retained and 
‘continuation of these numbers used in presenting the new work. 
_ltis assumed that dW /dz = —KDP'/*, This is equivalent to 


"By F. C. W. Olson, published in the March, 1949, issue of the 

JOURNAL OF Apptiep Mecuanics, Trans. ASME, vol. 71, pp. 53-54. 

_* Consulting Engineer, General Electric Company, Schenectady, 
Y. Mem. ASME, 

*Special Engineer, Publication and Consultation, Bethlehem 


tel Company; Partner, Edward (Nellie), and George Richardson, 
Bethlehem, Pa. Mem. ASME. 
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assuming that each hole in the pipe wall is substantially friction- 
less so that the full potential head appears as velocity of outflow. 

Now, in the case of a considerable proportion of true porous’ 
tubes the very high resistance to permeation may result in a ve- 
locity of outflow which corresponds to a kinetic energy very small 
compared with the potential energy inside of the tube. In such 
a case the equation corresponding to Equation [1] of the paper 
will be 


It seems well to investigate the solution in this special case and 
it is recommended to the author that in the closure he expand 
his paper to cover the intermediate cases, if that should seem 
practicable and desirable to him. In what follows, the assump- 
tion of laminar flow in the tube will be retained. 

Iquations [2], [3], and [4] of the paper remain unchanged 


The auxiliary equation is 


so that 
a= + = + V/(128 [23] 
and 
P = A sinh az + B cosh agz............. [24] 
From Equation [1] of the paper a 
W = —(A/a)k; cosh az — (Bk;/a) sinh az + C....[25] 


Substituting in Equation [2] of the paper, it is seen that C = 0 


When 
=0,W whenz = L,W =0 
= 
Wo = —(Ak,/a) 
= —aWe/ki = — VW [26] 
= cosh aL — (Bk,/a) sinh aL......... [27] 
Hence 
B = (aW./ki) coth al = Wke/k; We coth aL... .[28] 
and 
P =a — V ko/ks Wo sinh ax + V ko/ki Wo coth aL cosh ar 
— 
The flow 
W = W, (cosh ax — coth aL sinh az)........ [30] 
The rate of outflow per foot of length is easily found as 
dW /dx = aW,(sinh az — coth aL cosh az)..... 


where the minus sign indicates outflow. 

It is always important to make sure that flow does occur 
through the wall throughout the length of the pipe, for with cer- 
tain coefficients in these equations, it will be found that prac- 
tically the whole discharge occurs in the first portion of the pipe 
and little or none from the rest. Term a is really the reciprocal 
of a characteristic length L,, so that if L/L, = aL is small, out- 
flow will occur throughout the pipe length; but if large, most of 
the flow will be found in the first portion of the pipe. 


: 
>» 
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It is interesting to note that these equations are closely related are most important, will not correspond to Hagen-Poisseuille 


mathematically to the temperatures in a shaft which is heated _ flow. 
-__ Joeally over a short length, with the rest of the shaft free to give AUTHOR'S CLOSURE 
_ up heat by convection and radiation to the surrounding air. In The interest shown in the author’s paper is appreciated and | 
such cases it is surprising how rapidly the temperature falls so 4. 4 certain degree, unexpected, particularly since it was the 
tat orm a very few diameters the temperature is close to that author's intention merely to present an instance where the use of 
: ee Weierstrass functions leads to a simple solution of ready ap- 
Is plicability. Perhaps for this reason, sufficient attention was not 
of the 4S paid to the choice of title, which, as the last. two discussers show, 
implies more than is given in the paper. 
plications than seem apparent now, and ae the writer It sms that a mathematical treatment of the intermediate 
that of ble cases nentioned by Mr. Richardson hardly would be advisable. 
‘ he typeo This would involve raising P in Equation [20] of the paper to 
case, but imiting some power between and unity. Only for a few particular 
ithin the assumptions of the paper, it is ee ae om eases could one hope to obtain closed analytical solutions and 
the breed of flow through the wall per unit length of wall is these no doubt would be of such complexity as to render them of 
vanishingly small. For the more general case, Equation [2] of the little value. An electrical analyzer of the type described by Dr. 
paper must be modified to take into account momentum effects. would be of detiaite tn : 
Following the gathers ennvention that éW represents the “in- Finally, the author would like to call attention to an excellent I 
nncarutdaers mass flow through the duct in the length dz, and as- paper by J. D. Keller. In it, the momentum effects discussed I 
suming that the leakage flow as it enters the porous wall has no by Professor Shapiro are taken into consideration. ' 
forward component of velocity (this must be so if the hole is small . 8 
compared to the pipe diameter), the incoming momentum flux to . . 8 
the length dzis On the Impact Behavior of a ; 
° ye 
Material With a Yield Point 
D*G(G/e9) 
kK. H. Les.? There is one difficulty in the theory used by the 
"while the outgoing momentum flux is # author, which, in principle, is clarified by some work now being y 
~€ carried out at Brown University. It is assumed in the paper n 
ms DUG + dG) +dG\ that it is necessary to reach the upper yield stress before plastic 
4 pg ‘ flow occurs, but that instantaneously the elastic stress falls to 0 
a h se Jt ' the lower dynamic yield stress. It would seem that, since elastic a 
loading is possible up to the upper yield stress, the initial T 
x xD? elastic stress would produce an elastic wave starting with the same 4 
“4 + dG)? — magnitude. In order to consider this change from upper to lower al 
oe yield stress, it is necessary to use a stress-strain relationship in- a 
‘ volving overstress, and such a relationship of the simplest types 
where r,, is the shearing stress at the wall. Noting that at 
where Ey is Young’s modulus, k a viscosity constant, and go(e) the 
+ G?/2pg static stress-strain relationship for plastic flow. This relation- 
that oe ship considers the rate of strain to be a combination of elastic m 
and viscoplastic components. Using such a relationship, the 
Oni plastic wave equations become more complicated but soluble by 
Cam 4 D*; dG = dil 4 D . the method of characteristics. The upper yield-point stress, sh 
: . - which a section of the rod is subjected prior to plastic flow, in- 
tiates an elastic wave, the magnitude of which decreases be 
the lower yield stress as the wave propagates. The rate of de 
DG /u crease depends upon &, and for a certain range of & the stres di 
: : 7 decreases to the lower yield stress very rapidly to give agreement: (, 
there is finally obtained 5: peel wal with the analysis in the paper. th 
128u 32 _ dW It would seem that this would be of 
specimens than for short, since the onger times involved we 
permit the excess stress to dissipate itself. Solutions using * po 
<— __ in place of the author’s Equations [3] and [4]. simpler form of this type of law have been considered by Sokolo® he 
In many practical problems, the second term on the right-hand _ ski.* on 
side of this equation, representing inertia effects, cannot be ig- ; nit 
> ani ” , Pallar IRN » Ap 
nored compared to the first term on the right-hand side, represent- * “The Manifold Problem,” by J. D. Keller, Journat oF (. by 
ing frictional effects pLieD Mecuantcs, March, 1949, Trans. ASME, vol. 71, pp. 
1 By M. P. White, published in the March, 1949, issue of the fer 
_ It may also be worth noting that if dW /dz is not negligible, the or Appuiep Mecuanics, Trans. ASME, vol. 71, pp. 39-52. 
int laminar-flow formula, f = 16/R, will not be applicable because 2 Graduate Division of Applied Mathematics, Brown Univers® wi 
flow pattern, especially near the wall where frictional effects Providence, R.I. Mem.ASME. 
§“The Propagation of Elastic-Viscous-Plastic Waves in Bars 
7 4 Associate Professor of Mechanical Engineering, Massachusetts Akad. Nauk SSSR, Prikladnaia Matematika i Mekhanika, v0. tio 


(See Mathematical Reviews, March, 1949, P- - 


La Institute of Technology, Cambridge, Mass. Mem. ASME. 1948, pp. 261-280. 
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DISCUSSION 


- Napa! The author of this paper refers to a number of 
important experimental facts which may deserve further careful 
considerations when the mechanism under which a localized de- 
formation propagates along a tension bar is described. It is 
highly to be commended that the author calls attention to the de- 
pendence of the upper yield stress in mild steel on the rate of 
strain. Without entering into further details, it may prove useful 
to extend the way in which a localized deformation propagates 
along a tension bar by including also in the analysis a plausible 
assumption as to the nature of the speed dependence. It seems 
that most recent tests have indicated that the upper yield point 
increases with the elastic strain rate preceding yielding, accord- 
ing to a logarithmic function. 

There is another point which might be mentioned. It has been 
brought out by P. P. Bijlaard that in compact specimens sub- 
jected to tension the first plastic layer (Liders’ flow layer) usually 
forms under an angle of 45 deg with respect to the axis of the bar, 
while the inelination of flow layers in flat specimens in materials 
having a sharp yield point is by no means 45 deg, and may vary. 
It is also interesting to note that the state of stress and strain 
within the first flow layer in the case of a compact specimen is a 
state of simple shear. According to the theory of the octahedral 
shearing stress, yielding under simple shear requires a yield stress 
15-per cent higher when expressed in terms of shearing stress than 
the uniform yielding of the entire cross section in a round bar 
under simple tension. Furthermore, after the first formation of a 
thin layer, in which a state of simple shear prevails, a ‘working 
zone” forms with which the plastic zone advances along a speci- 
men under static conditions of testing. In this working zone 
the strains change from the front in which they are of the order 
of 0.001 to the higher values of 2-3 per cent strain as observed 
after the yield-point elongation is completed in static testing. 
This may have the consequence that within the working zone 
again a complex state of stress and strain must exist through which 
all material elements must gradually pass when the plastic zone 
advances along the tensile specimen. The hope may be ex- 
pressed that some of these most interesting mechanical condi- 
tions might be further investigated in the future analysis of the 
way bars yield of material having a sharp yield point both under 
static as well as under dynamic conditions. 


AuTHOR’s CLOSURE 


The author is grateful to Drs. Lee and Nadai for their valuable 
and interesting contributions. He agrees with Dr. Lee that the 
actual process of yielding is probably less simple than that as- 
sumed in the original paper. The data that were analyzed there 
showed enough scatter to make any attempt at refinement, such 
as that mentioned by Dr. Lee, entirely useless. However, as 
better data are obtained this and similar refinements in theory 
will be useful. The author does not feel that the assumption of 
discontinuous behavior in a material is necessarily a difficulty. 
Certainly, discontinuities are useful concepts in shock-wave 
theory, and they appear to be useful in the theory of propagation 
of plasticity as well. The author believes that in metals with 
well-defined yield points, a steady-state plastic wave form is 
possible, This wave is a shock wave, or wave of very nearly zero 
length, the length being determined by the dependence of stress 
On strain rate, as in a shock wave in a gas. In this case the mag- 
nitude of the stress in the wave, and the residual strain produced 
by it are constant along the specimen to the point where inter- 
ference with another wave occurs. 

As Dr. Nadai points out, the region of yielding in a specimen 
with a definite yield point is certainly behaving in a very com- 


‘ ‘ Consulting Mechanical Engineer, Westinghouse Electric Corpora- 
tion, Research Laboratories, East Pittsburgh, Pa. Mem. ASME. 
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plicated way. It seems likely that this behavior is basically the 
same under static and under dynamic conditions in spite of the 
great difference in speeds of propagation. It appears only that in 
dynamic yielding the amount of yielding is not constant but in- 
creases with the intensity of the propagating stress wave. It 
seems likely that careful investigation of what happens dynami- 
cally may help cast light on what happens statically, and 
vice versa. Certainly, both investigations might be pursued simul- 
taneously with profit. 


Investigation of the Variation 

of Point Unit Heat-Transfer 

Coefficients for Laminar 

Flow Over an Inclined 
Flat Plate’ 


ki. B. PeENrop.? This paper makes an important contribution 
to the technical literature by presenting information on heat 
transmission from a nonisothermal inclined flat plate in laminar 
flow. It was stated that the temperature at the center of the 
ribbon was kept only a few degrees above the free air temperature 
in all runs. Nevertheless, it would be of interest to know (a) 
what the temperature gradient was in the direction of the length 
of the ribbon, and (b) the magnitude of the temperature devia- 
tion for a similar isothermal flat plate in laminar flow. 

In making a study of heat transfer from a cylindrical surface 
to air in parallel flow, Jakob and Dow took into consideration the 
effect of the hydrodynamic starting length of the specimen (the 
ratio of the surface area of the starting piece to the perimeter of 
the heating cylinder). Was the apparatus used here, designed 
so that the effect of the hydrodynamic starting length was neg- 
ligibly small? 

The coefficients of heat transfer from a solid surface to a gas 
according to Jakob and Dow are about 31 per cent smaller than 
that reported by Slegel and Hawkins.‘ The former investigators 
used a cylindrical surface, while the latter a flat plate. It would 
be of considerable interest if the author would calculate the value 
of the coefficient of heat transfer from his data for a flat plate and 
convert it by the use of the curvature factor to the equivalent 
value for a cylindrical surface 1.3 in. OD. If this could be done, 
the author’s results could be compared with those of Jakob and 
Dow, and also those of Slegel and Hawkins. 


AuTHOR’s CLOSURE 


The temperature at the center of the nichrome ribbon was, at 
the downstream end of the plate for any run, not more than 15 F 
above free stream air temperature, nor less than 10 F above free 
siream air temperature. The leading edge of the plate was at 
essentially the free stream air temperature. The comparable 
isothermal surface plate then would be at a 10 F to 15 F tempera- 
ture difference with the free stream air temperature, over the 
whole plate surface. 

As is stated in the paper, the ratio of the unheated starting 
length to the total length is 0.0313 and thus is negligibly small. 


1 By R. M. Drake, Jr., published in the March, 1949, issue of the 
JoURNAL OF APPLIED Mecuanics, Trans. ASME, vol. 71, pp. 1-8. 

2 Head, Department of Mechanical Engineering, University of 
Kentucky, Lexington, Ky. Mem. ASME. 

3‘‘Heat Transfer From a Cylindrical Surface to Air in Parallel 
Flow With and Without Unheated Starting Sections,’’ by Max Jakob 
and W. M. Dow, Trans. ASME.., vol. 68, 1946, pp. 123-134. 

‘Heat Transfer From a Vertical Plate to an Air Stream,” by L. 
Slegel and G. A. Hawkins, Research Series no. 97, Engineering Experi- 
ment Station, vol. 30, May, 1946. 
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The experimental data of Jakob and Dow have been to some 
extent substantiated by Slack® in experiments on a 1.90-in-OD 
probe having a hemispherical nose. In this experiment, the nose 
was to some extent heated and no starting length correction was 


applied. It is thus concluded that the average heat-transfer 
coefficient from such a probe may be specified by the equation 
he Ur 0.80 
v 


for air in axial flow, under conditions in which the preponderant 
amount of heat transfer occurs from the cylindrical surface of the 
probe. The dimension z in the given correlation is the ratio of 
the surface area to the perimeter of the cylinder, which in the 
case of a hemispherical nose as was used by Slack, results in a 
length measured along the axis of symmetry of the probe. Such 
a measurement can be valid only when the length of the cylinder 
is large compared with its diameter. 

Considering the state of knowledge concerning the boundary- 
layer flow on a body of the type considered, the comparison to 
flat plate conditions is to some extent unwarranted. The correc- 
tion for boundary-layer curvature as calculated by Jakob ane 
Dow, should indeed apply if the boundary layer would begin with 
zero thickness at some point along the cylindrical surface, when 
x could be considered zero. Unfortunately, the development of 


‘the boundary layer on the spherical nose section is of such char- 


acter as to make fallacious the comparison with flat-plate condi- 
tions as implied in the characteristic length as quoted in the given 
equations. 

To make a comparison with the flat plate, some boundary-layer 
dimension should be chosen as significant, and it is expected 
that in a relation of the type 


the constant C would be related for probe and plate only by the 
curvature relation previously cited. On the basis of this reason- 
ing, it appears that the boundary-layer thickness implicitly as- 
sumed in Equation [1] is too small. 


~ On the Design of Large Elevator 
Platforms' 


L. R. Risster.? The usefulness of the principle of superposi- 
tion for the solution of statically indeterminant structures is 
quite evident in this paper. It has been the writer’s experience 
that, in general, the simpler approach to the solution of a stati- 
cally indeterminant structure is by the use of the theorem of 
Castigliano. The author’s straightforward solution of this 
problem is obvious. 

The distribution of load in a mat has rather a wide application, 
especially in the building industry. The author’s paper points 
the way for a rational method of approach in the selection of 
floor members for many types of structures. It is particularly 
useful for elevator-platform design, because it is necessary for 
them to be as light in weight as possible. It would seem that 
an expanded application of the author’s paper must take into 
account the two assumptions upon which it has its foundation. 


5 “Turbulent Heat Transfer With High Surface Temperature; 
Experimental Investigation With a Cylindrical Probe in an Axial 
Air Flow,” unpublished Master of Science Thesis, 1948, by E. G. 
Slack, University of California, Berkeley, Calif. 

1 By F. Hymans, published in the March, 1949, issue of the Jour- 
NAL OF APPLIED Mecuanics, Trans. ASME, vol. 71, pp. 9-18. 

2 Section Engineer, Apparatus Development, Westinghouse Elec- 
tric Corporation, Jersey City, N. J. of 
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There are cases, which the writer can visualize, where the as- 
sumptions will not hold. One case would be where the stringer 
stiffness is large compared to the beam stiffness. Under this 
condition, an appreciable part of the load would be carried by 
more than three beams. 
AvuTHOR’s CLOSURE 

I wish to thank Mr. Rissler for his discussion of my paper, 
The problem dealt with in it is of course one with far too many 
redundant elements for the application of Castigliano’s theorem, 
With reference to the last three paragraphs of the discussion, 
I wish to refer Mr. Rissler to the explanation offered early in the 
paper in justification of Assumption I. 
connection with the numerical examples, he will find a discussion 
of its validity. Obviously, this or any other assumption is per- 
missible as long as it leads to results that are on the safe side. — 


The Manifold Problem' 


R. W. Powetu.? The effort. to collect and codify the scattered 
material on the flow in manifolds is very commendable. Hovw- 
ever, the author has overlooked some of the publications of civil 
engineers on the subject. 


Later in the paper, in 


It is desired especially to call attention 
to an article on the manifold for navigation loeks,* and disens- 
sions of it by John 8. MeNown and the writer. 
sions were prepared independently, and are efforts to explain and 
evaluate the discrepancies between the author’s Equation [8] 
and the actual situation. At each lateral-discharge opening 
there is an increase in pressure due to the deceleration, but it 
is not as much as Equation [8] would indicate, that is, there is 


These discus- 


an energy loss at each opening besides the ordinary friction loss 
in the pipe between openings. 

The original treatment by Enger and Levy of a continuous 
side slot assumed that the liquid leaving through the slot keeps 
all of its forward velocity. On this basis the momentum treat- 
ment checks the energy treatment (Bernoulli’s theorem) without 
loss. But with lateral pipes at right angles to the main pipe, 
if it is assumed that the liquid flows into the literal porpendicu- 
larly to the direction of flow in the main pipe, the momentum 
treatment shows that the recovery of head is twice that given 
by Bernoulli’s equation without loss, The actual fact is that the 
liquid as it leaves through the port has not been turned through 
the whole 90 deg. 

Soucek and Zelnick called the flow in the main pipe upstream 
from the port Q:, and downstream Q.. The flow out through the 
port Q;, was taken as P,Q;. Then Q. = (1 — P,)Q:. Thinking 
of as + they assumed that the momentum of only 
Q2 + k4Q; would need be considered in the equation, as a forward 
momentum corresponding to (1 — k,)Qs; would be carried out 
into the port. This gives an equation 

we { (Q2 + QV 2 


which reduces to 
gu(p2 — pi) = + 


This agrees with Equation [8] if ky = P,4/2, which is the same 3 
taking McNown’s ¢ as 0.5, that is, the author’s treatment coD- 
siders the energy loss in the port as zero. But the experiment 
recorded in the reference cited? show that, with the possible 


i By J. D. Keller, published in the March, 1949, issue of the Jov® 
NAL OF AppLieD Mecuanics, Trans. ASME, vol. 71, pp. 77-85. 

2 Professor of Mechanics, Ohio State University. : 

“Lock Manifold Experiments,’ by Edward Soucek and E. 
Zelnick, Trans. ASCE, vol. 110, 1945, pp. 1357-1400. 
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nm of is case of the continuous slot, this energy loss is 
far from negligible. 
effect of the nonuniform distribution of velocity in both the 
downstream main pipe and the lateral. 
not be repeated here, nor the important remarks made by Mc- 


The writer’s discussion also points out the 
These statements will 


Nown in the latter part of his discussion, and the reply of Soucek 
and Zelnick thereto. 


R. H. Soiem.! is of course the 
proper proportioning of flow through a series of ports in a mani- 
fold. The author has given an excellent analysis of a common 


The scope of the paper 


problem in practical everyday gas and heating applications 
which it seems has had very little attention in the past. 

discharge coefficient of 0.62 for 
K in Equation [1]. It would be well for the author to discuss 
further the effects of wide variations in this K-factor as experi- 
In the writer’s experience, it generally has 


The author has assumed 


enced in practice. 
been found that it is good practice to use ports drilled from a 
No. 28-MTD (or !/s in.) a No. 60-MTD. 
these practical limits vary widely in the field, depending upon 
whether raised ports are used or simple drilled ports. Mr. 
Bartholomae of Pittsburgh recommended use of rather large ports 
ranging from No. E-MTD (or '/, in.) down to '/s in. Such a 
range of port sizes might change this A-factor from a high of 80 
per cent to as low as 40 per cent in the case of very small ports 
occasionally used. 

Another item discussed by the author is the area ratio. It 
has been the writer’s experience that a safe rule is to use a factor 
of 1.0 to 1.2; if this is exceeded, rather uneven and often un- 
stable flames result. This is also borne out by the author’s 
In an article by B. E. Bartholomae,® the author 
recommends that a total port area of a drilled-pipe burner may 
With 
fairly large ports and reasonably long burner pipes with L/D = 
60 to 80, no doubt reasonably good results were obtained. 

The author of the present paper recommends that, to compen- 


down to However, 


“aleulations. 


be frorn 1.75 to 2 times the cross-sectional area of the pipe. 


sate for variations in flow through ports at various locations, the 
ports must. be placed on closer or greater centers depending upon 
the portion of the burner requiring more or less flow. In a 
burner there is of course the important factor of flame travel, 
and, if these centers were to spread and the ports were small, 
In a short burner, 
10, the pipe would be so short gener- 


flame travel would become quite a problem. 
where the ratio of L/D = 
ally that it hardly would be practical to vary the spacing over the 
burner length. 

To some extent in practice, the amount of preheating of the 
gas-air mixture in the pipe burner will reduce the specific gravity 
of the gas and, at the same time, expand it so the effective port 
area is reduced at the end of the run. This to some extent 
occasionally tends in a practical manner to offset the importance 
of the L/D factor. 

The design of the “simple” drilled pipe burner so commonly 
employed deserves some real comprehensive research. The 
paper concerns itself primarily with proper distribution of flow 
to all ports. The writer would like to propose an additional 
step, namely, to lay out tables on various popular pipe sizes 
Such a study would involve 


from */s to 4 in. for various lengths. 
the factors in the present paper, that is, the ratios of L/D, the 
ratio of areas of ports to cross-sectional area; a determination of 
ideal port sizes for universal gas use involving: (a) elimination of 
backfiring or flashback: (b) noise; (c) clogging; (d) flame travel; 
and port centers, as discussed in this paper, for proper flow dis- 


tribution and proper maintenance of flame travel. Such tables 


, Solem Machine Company, Rockford, Il. 
Equitable Gas Company, article by B. E. Bartholomae, Pitts- 
burgh, December, 1943, reprinted Industrial Gas. 


could be calculated and would, it is believed, then standardize 
all commercial gas-drilled pipe burners, or the homemade 
burner, when drilled in the average shop. This would then 
“refine” an item which is now so commonplace that it has been 


neglected. 
AvUTHOR’S CLOSURE 


The discussions by Professor Powell and by Mr. Solem are 
appreciated. 

The reference by Professor Powell to the Soucek-Zelnick work 
is a valuable one, but two limitations should be pointed out. 
First, Soucek and Zelnick did not make tests on a number of ports 
along a conduit; they had six ports, but only one at a time was 
discharging. This does not correspond to a manifold, whert 
the flow conditions at any outlet are certainly influenced by the 
flow distortions which have occurred at the other outlets further 
upstream. Second, Soucek and Zelnick based their discharge 
coefficients on an “effective head” obtained by extrapolating the 
upstream gradient to the center line of the port, that is, they took 
no account of the rise of pressure in the manifold at or beyond the 
port caused by the longitudinal deceleration. 

Nevertheless, in view of Professor Powell's discussion, it ap- 
pears, in reference to the present paper, that a sharper distinction 
must be made between (1) a continuous slot in the side of a mani- 
fold, and (2) a series of separate holes, especially when the holes 
are comparatively few in number and far apart relative to the 
diameter of the manifold. For many small holes close together, 
it is believed that the derivation for the continuous slot is prac- 
tically correct. As SQ changes to dQ, the momentum-theory re- 
sults coincide with the energy-theory results, as shown in the 
discussion of Vazsonyi’s theory in the Appendix. 

A point not sufficiently emphasized in the paper is the erratic 
character of the flow from the manifold openings when the area 
ratio is considerably greater than unity, and the author is glad 
to note that Mr. Solem has pointed this out. To cite a specific 
case, in the manifold shown in Fig. 3, the greatest care was re- 
quired in its construction, to obtain even the moderately uniform 
variation of jet heights indicated by the photographs. Without 


‘the outlet tubes (that is, with plain drilled holes) it was impos- 


sible to obtain any uniformity. Even with the tubes, with water, 
Fig. 3(b), occasional slight variations of unknown origin would 
cause some one of the jets near the inlet end to spurt much higher 
than its neighbors; this variation would persist for a time, then 
disappear, and later occur at some other outlet. The flames in 
Fig. 3(a) were photographed when burning a mixture of gas and 
air, but with raw natural gas, by impressing ever so slight a vari- 
ation of pressure at the inlet, the flames could be made to dance 
along the manifold length, alternately high at the inlet end and 
low at the dead end, and vice versa. As a flow-distributing de- 
vice, a manifold of large area-ratio is therefore extremely unre- 
liable. 

Mr. Solem raises the question of the effect of variation of the 
discharge coefficient. In the paper it was explained how this 
can be taken care of in a simple manner, provided the coefficient 
is the same for all ports; but if it varies from one port to another 
(with the pressure or head, for example) the correction is more 
difficult. 

The effect of the transfer of heat to the combustible mixture 
in pipe burners, as pointed out by Mr. Solem, is to produce an 
acceleration which tends to counteract the effect of the decelera- 
tion and hence to equalize the discharge; but in most cases, with 
pipe burners in the open, the magnitude of this effect is believed 
to be negligible in practice. With pipe burners in ovens, it may 
in some cases be of importance. 

In the present paper it was desired to cover many other mani- 
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fold problems besides those of pipe burners, but a more intensive 
study of this particular device, as suggested by Mr. Solem, would 
certainly be desirable. 
prehensive manner he has outlined. 

References which should be added to those given in the paper, 
aside from those cited by Professor Powell and Mr. Solem, are as 


Perhaps he will carry this out in the com- 
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“Jets From Manifold Tubes,” by Jacob Kunz, Trans. ASME, 
vol. 53, 1931, Paper No. APM-53-14, p. 181. 

“Hydraulic Losses in Short Tubes Determined by Experiments,” 
by J. R. Oakey, Engineering News :-Record, vol. 110, June 1, 1933, pp. 
717-718. 

“Hydraulics of Sprinkling Systems for Irrigation,” by J. FE. Chris- 
tiansen, Trans. ASCE, vol. 107, 1942, pp. 220 239 and discussion. 

“Flow Through a Pipe With a Porous Wall,” by F. C. W. Olsen. 
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Fluid Mechanics 


FOHRER DURCH DIE STROMUNGSLEHRE (Abriss der Strémungslehre.) 
By L. Prandtl. F. Vieweg and Son, Brunswick, Germany, fifth 
edition, 1949. Bound in cardboard, 6!/4 X 91/4 in., 247 figs., 407 
pp., no price listed. 


REVIEWED By J. P. DEN Harroa! 


HIS book is a substantially enlarged new edition of a volume 
‘which first appeared in 1931 under the title ‘“Abriss der 
Strémungslehre.”” An English translation was published in 
1936, entitled ‘“The Physies of Solids and Fluids,” Blackie & 
Sons, Glasgow, Scotland. 

The next edition, much larger than the first one, appeared in 
the middle of the war in Germany and was renamed “‘Fiihrer’ 
instead of ‘‘Abriss.’”’ A few copies of that edition were picked 
up in Germany in 1945 and found their way to allied countries, 
but its existence remained virtually unknown outside of Germany. 
Now, during the postwar years, the great master of fluid me- 
chanics has not only revised the text, incorporating in it all the 
new material discovered by the Germans during the war, but has 
increased its size from 300 to 400 pages. The new material deals 
principally with applications to meteorology and to heat transfer. 

Readers of the earlier edition will remember it as a beautiful 
book, simple and lucid, with many striking explanations of 
physical experiments as well as mathematical developments, 
giving much understanding for comparatively little difficulty. 
In its present new edition the book covers the entire field of 
fluid mechanies in its broadest sense, describing and explaining 
the fundamental laws as well as all important technical applica- 
tions. 

Many of the topics in the book originated or were materially 
advanced by either Professor Prandtl himself or by his advice to 
the great number of students and assistants who did their work in 
his laboratory. This book is a fitting monument to the father 
of modern fluid mechanics. An English translation will be pub- 
lished early in 1950 by Blackie & Sons, Glasgow, Scotland. 


Reissner Anniversary Volume 


ReEISSNER ANNIVERSARY Vo_tume—Contribution to Applied 
Mechanics. Edited by The Staff of the Department of Aero- 
nautical Engineering and Applied Mechanics of the Polytechnic 
Institute of Brooklyn. J. W. Edwards, Ann Arbor, Mich., 1949. 
Cloth, 9'/, X 61/4 in., viii and 493 pp., figs., illus. $6.50. 


REVIEWED By W. R. Sears? 


HESE papers on applied mechanics were contributed in 
honor of Prof. Hans J. Reissner on the occasion of his 
seventy-fifth birthday. The volume begins with a biographical 
sketch prepared by three of his colleagues at the Polytechnic In- 
stitute of Brooklyn, and a list of his more than ninety published 
works. There follow thirty-two papers in the fields of aerody- 
hamics, elasticity and structures, electricity, mathematical 
methods, plasticity, and propulsion, contributed by investigators 
on both sides of the Atlantic. 
It is impossible for the reviewer to report on each of the papers 


' Professor of Mechanical E ngineering, Massachusetts Institute of 
Technology, Cambridge, Mass. Mem. ASME. 

Director, Graduate School of Aeronautical Engineering, Cornell 
University, Ithaca, N. Y. 


presented, but perhaps it is permissible for him to mention a few 
that seemed particularly interesting to him, in order to give some 
idea of the character of the volume. If so, he would mention L. H. 
Donnell’s extension of the concept of critical axial loads in bars to 
include both compression and tension, by virtue of generality of end 
conditions; Theodore von Kérman’s note on thrust augmentation, 
which shows that surprising results may appear if nonuniform en- 
trance conditions are permitted; and J. J. Stoker’s idea of pre- 
stressing a circular plate to stiffen it against normal buckling. An 
important section of the book is devoted to a series of five papers 
on concentrated load effects in reinforced monocoque structures, 
submitted by personnel of the Airplane Structures Research Staff 
at the P.I.B. 

The range of subject matter covered in the volume is broader 
than might be suggested by these samples. It includes, for ex- 
ample, Reinhold Riidenberg’s paper on the electron gun, Rufus 
Oldenburger’s discussion of a new type ef constant-speed drive, 
and Alexander Weinstein on separation theorems for eigenvalues. 
The list of contributors is impressive, including, as it does, D. P. 
Riabouchinsky writing on the open-channel analogy to compressi- 
ble flow, Walter Tollmien on a hodograph method, K. O. Fried- 
richs, Eric Reissner, R. Grammel, R. von Mises, and others of 
comparable scientific stature. 

In style and appearance, as well as in content, the Reissner 
volume is a complete success, and its editors are to be compli- 
mented. It stands as an appropriate tribute to one of the Grand 
Old Men of applied mechanics. 


Elements of Mechanical Vibration 


ELEMENTS OF MECHANICAL VIBRATION. By C. R. Freberg and 
Emary N. Kemler. John Wiley & Sons, Inc., New York, N. Y., 
Second edition, 1949. Cloth, 6 X 9 in., figs., illus., bibliography, 

. xiii and 227 pp., $3.75. 


REVIEWED BY Dana YOouNG? 


N understanding of vibration phenomena has become a 
necessity in many engineering applications, and courses 
dealing with vibrations have been introduced into many engineer- 
ing colleges. As a result a need has arisen for elementary texts 
on vibrations for those who do not have sufficient theoretical 
background or the time to study the subject very deeply. This 
book, which is now in its second edition, has been planned to fit 
this type of demand. 

As stated in the preface, it is the purpose of this book to discuss 
the more elementary phases of vibrations and reduce them to a 
form in which they can be applied to practical problems. In 
order to achieve these aims it has been necessary to sacrifice 
mathematical rigor and, to a certain extent, some of the more 
fundamental principles of vibrating systems. A theoretically in- 
clined reader will find much to criticize. 

The first part of the book follows along conventional lines. 
Vibrations of a one-degree-of-freedom system are discussed in 
reasonable detail. This is followed by a brief treatment of sys- 
tems with several degrees of freedom including the application of 
Holzer’s method. A chapter is devoted to vibration isolation and 
absorbers, and another chapter discusses methods of reducing 
various mechanical systems to equivalent disk and shaft systems. 


3 Professor of Applied Mechanics, University of Texas, Austin, 
Texas. Mem. ASME. 
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The vibration of beams is treated with principal emphasis upon 
Rayleigh’s energy method. 

The latter part of the book includes three subjects of a more 
specialized nature, namely, noise and its reduction, the mobility 
method, and electrical-analog systems. 


Theory of Propellers 


THEORY OF PROPELLERS. By Theodore Theodorsen. McGraw-Hill 
Publications in Aeronautical Science. McGraw-Hill Book Com- 
pany, Inc., New York, N. Y.,1948. Cloth, 6 X 9 in., illus., viii and 
164 pp., $3.50. 


4 


REVIEWED BY HuauH L. 


N THIS monograph of 164 pages, Theodorsen paints in broad 
terms the theory of propellers in a nonviscous incompressible 
fluid with very brief discussions of approximate allowances for the 
effects of the profile drag of the blades and of the general nature of 
compressibility effects. The main content is the potential theory 
of the flow about propellers with finite number of blades and with 
the optimum lift distribution along the blades to give minimum 
losses. It is thus comparable to the theory of airfoil systems 
of minimum induced drag in the potential flow of a nonviscous 
fluid. 

Theodorsen has made many original contributions to this sub- 
ject, starting from Goldstein’s solution for a lightly loaded single- 
rotation propeller of small advance ratio. Theodorsen showed 
that the Goldstein functions are applicable to heavily loaded pro- 
pellers provided that parameters of the helix surface far behind 
the propeller are used rather than the parameters of the surface at 
the propeller itself. He also developed an_ electrical-analog 
method of determining the potential function for optimum load 
distribution on single and dual rotation propellers, which is rather 
inadequately described in chapter 5 of the book. 

The practical designer will find the presentation difficult to 
understand and will consider the restriction of applicability of the 
theory to design operating conditions and low tip speeds where the 
flow approximates potential flow as a severe limitation. Never- 
theless, if he does master the fundamental concepts, he will have a 
powerful aid in assessing the general effects of changes in the de- 
sign variables and of body interference. 

Chapter 1 is an exceedingly brief introduction which outlines 
the general content of the book. Chapter 2 presents various 
general theorems with regard to optimum loading. Chapter 3 
sketches the solution of the optimum-distribution problem, giving 
tabular results for two-blade and four-blade single-rotation pro- 
pellers as computed by various authors. Chapter 4 introduces the 
propeller mass coefficient as a parameter for heavily loaded pro- 
pellers, and gives formulas for thrust, torque, energy loss in wake, 
and ideal propeller efficiency, as well as the distribution of energy 
losses in the wake between the axial, tangential, and radial mo- 
tions. Chapter 5, as already mentioned, describes an electrical 
analog for determining the loading function and the mass co- 
efficient. 

Chapter 6 presents design relations and procedures for single 
and dual propellers. The design proceeds from assumptions as to 
the power, density, velocity, rotation speed, diameter, and num- 
ber of blades. The power coefficient is computed, thence the 
corresponding ratio of helix displacement velocity at infinity to 
forward speed. From tables, the mass coefficient, advance ratio of 
the helix, and load distribution are obtained. Choosing a selected 
ideal lift coefficient, the chords at various radii are computed. 
The loss from profile drag is then computed and used to correct 
the estimated efficiency and useful power. 


‘4 Director of Aeronautical Research, National Advisory Committee 
for Aeronautics, Washington, D.C. Mem. ASME. 
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Chapter 7 discusses the slip-stream contraction; Chapter § 
describes propeller-selection problems, and Chapter 9 sketches 
the treatment of body-interference problems. 

The reviewer considers the compact presentation as an ex 
cellent commentary on propeller theory by a leading expert in the 
field. 


Theory of Oscillations 


THEORY OF OscILLATIONS by A. A. Andronow and C,. FE. 
English language edition by S. Lefschetz. 
Press, Princeton, N. J., 1949. 
358 pp, price $6. 


Chaikin, 
Princeton University 
Cloth, 58/4 X 9 in., 313 figs., ix and 


REVIEWED BY J. P. DEN Harroa® 


( NCE upon a time, in 1877, Lord Rayleigh pubtished a book 

entitled ‘Theory of Sound,” which was the first textbook on 
vibration. The subject has grown greatly since that day and 
many other books have followed it. These newer books usually 
contain discussions of many modern applications, but all of those 
are explained on the basis of Rayleigh’s original theories, so that it 
can be stated without much exaggeration that no book on vibra- 
tion has appeared since 1877 which differs essentially from the 
great. classic. 

Now, however, we have before us a publication in an entirely 
different class, written by two Russian scientists, originally pub- 
lished in Moscow in 1937, and recently made available in an 
Knglish edition. (March, 1949.) The work of Rayleigh and of 
most of his successors deals with the vibrations of linear systems 
only. Scattered papers have appeared on nonlinear vibrations, 
most of which go back to an epoch-making one by Van der Pol on 
“Relaxation Oscillations,” in 1926. Other papers in this field 
are on the general mathematical theory, primarily by the great 
French mathematician Poincaré, but these are so difficult as not 
to be understandable to most engineers, even to those specialized 
in vibration, such as the reviewer. 

The present book by Andronow and Chaikin is written by en- 
gineers for engineers. It treats the general theory of nonlinear 
systems, but in each chapter a number of rather familiar physica! 
cases are discussed in detail first, before the generalizations are 
drawn. Thus each step of abstract theory is made much mor 
easily understandable by reference to the behavior of a familiar 
example. These examples include the squeaking door, the 
pendulum with a rotating axle in its pivot with friction, vibrating 
systems with dry friction or square velocity damping, vacuum- 
tube oscillators, cathode-ray sweep circuits, and many others. 
Most of the examples deal with mechanical or electrical systems, 
but they extend beyond that: the case is discussed of the two 
kinds of fish in the ocean, one of which feeds on plants and the 
other of which feeds on the first kind of fish. Thus the second 
kind cannot exist withoyt the first; the population of either kind 
goes up and down with time in regular cycles. 

The mathematical methods by which all of these rather com- 
plicated phenomena are discussed are surprisingly simple: the 
principal feature is that for each case a diagram is made wher 
displacement is plotted against velocity. This has been done in 
the past (among others inevitably by Rayleigh in 1877 for lineat 
systems, and later by Van der Pol), but the innovation is that 
systematic study of these displacement-velocity diagrams reves 
the most significant properties of the behavior of all nonlineat 
systems. 

It is clear that we have before us an important publication 
The English edition is not just a translation; it has been “edited 
by Professor Lefschetz of Princeton University, who explains “ 


5 Professor of Mechanical Engineering, Massachusetts Institute © 
Technology, Cambridge, Mass. Mem. ASME. 
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the prefac © that he has shortened the hack considerably by re- 
taining all the physical examples and by omitting many existence 
This undoubtedly has made the book 
very much easier and more profitable to engineers. Many 
readers Will be grateful to Professor Lefschetz for the service he 
has thus rendered the profession. 

It is unfortunate indeed that the authors, Andronow and 
Chaikin, are now spiritually separated from us by a set of cireum- 
stances which are even more complicated and certainly more 
The reviewer ends by ex- 
pressing his regret that such is the case and by stating his convic- 
tion that if these authors could appear before us at one of our 
Society’s meetings they would be given a warm welcome and re- 
ceive well-deserved applause for a beautiful job well done. 


and convergence proofs, 


serious than nonlinear vibrations. 


as Distribution of Deformation 


DistRiBUTION OF DeFoRMATION (a New Method of Structural 
Analysis). By C. V. Klouéek. Translated from the Czech and 
German editions by A. H. Waddell-Zalud and F. H. Zalud. 
Published by C. V. Klouéek, Prague, Czechoslovakia, 1949. 
Paper, 9'/2 X 6'/2in., 215 figs., 510 pp. (This first English edition 
has been printed only in 350 copies for the information of foreign 
specialists.) 

By Jack R. BENJAMIN® 


TTHE method of rigid frame analysis developed in this book is 

based on a consideration of the deformation of the frame when 
the joints rotate. The term 
to the distribution of angular joint rotation throughout the frame 
This is not a method of successive 


distribution of deformation”’ refers 


when one joint is rotated. 
approximation, but an algebraic method wherein the structural 
action is evaluated before loads are applied. Application of loads 
then results in direct computation of joint rotations which, when 
combined with the action of the loads, 
moments. The solution of simultaneous equations is not required 
and accuracy is limited only by the normal structural assump- 
tions. The fundamental equations are simple and easily applied 


yields the span-end 


with results comparable in speed with those of moment distribu- 
tion. 

Almost the exact same method has been presented in the 
United States by Evans, “Rigid Frames’’; in Sweden by Efsen, 
“Method of Primary Moments.”’ By an extension the results of 
Lin, “A Direct Method of Moment Distribution” are obtained. 
These and other comparable methods are derived on a different 
basis, but the end results and equations are fundamentally the 
same, 

The extension of the method to include chord rotations is 

standard until the problem of multistoried frames is attacked. 
Solution of sidesway in multistoried frames is handled by the use 
of a substitute cantilever beam with knots of stiffness at each floor 
level. The substitute cantilever is then used to calculate story 
deflections from which moments are obtained. The substitute 
cantilever works well for simple structures, but with more difficult 
problems the method increases greatly in complexity. Extension 
of the cantilever beam with knots to a horizontal beam with knots 
affords a new solution to the Vierendeel truss. 
_ The theoretical development is logical and thorough and the 
investigation of accuracy of the method and simplifications is 
complete. The operation of the method is illustrated by many 
examples. 

This book once again points out that purely algebraic methods 
can compete with the methods of successive approximation. The 
method used by any designer then is a matter of personal pref- 
erence and experience. 


* Assistant Professor of Civil Engineering, Stanford University, 
Stanford University, Calif. 
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Scandinavians and men from the Low Countries. 
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International Association for Bridge 
and Structural Engineering 


INTERNATIONAL ASSOCIATION FOR BRIDGE AND STRUCTURAL ENGI- 
NEERING. Third Congress, Liége, Belgium, Sept. 13-18, 1948, 
preliminary publication. Edited by F. Stuessi and P. Lardy. 
Eidgenéssische Technische Hochschule, Zurich, Switzerland; Ecole 
Polytechnique Fédérale, Zurich; Swiss Federal Institute of Tech- 
nology, Zurich, 1948. Cloth, 7 X 9%/,4in., illus., diagrams, charts, 
tables, 697 pp., 400 Belgian fr; 300 Belgian fr to members of 
[ABSE, 


REVIEWED BY N. J. Horr? 


"THIS carefully printed and illustrated volume contains ad- 
vance copies of papers prepared for presentation at the Third 
Congress of the International Association for Bridge and Struc- 
tural Engineering which was held in Liége, Belgium, in Septem- 
The association was organized in 1929 and has its 
offices at the Federal Polytechnic Institute of Zurich, Switzer- 
land. It is of some interest to compare the publication of this 
first congress after World War II with those of the two earlier 
ones. 
The first congress of the association was held in Paris in 1932. 
It was attended mostly by Central European engineers who had 
The papers were submitted to the con- 


page Preliminary Publication in the original language—pre- 
dominantly German—and in French translation. Only two con- 
tributions were accepted from England and one from the United 
States. Summaries of all papers were published in the three 
working languages of the congress. The preliminary publication 
of the second congress, held in Berlin in 1936, has all the earmarks 
of the lavishness of a dictatorship which wants to impress other 
countries with its appreciation of engineering science. A separate 
volume was published in each of the official languages—French,- 
English, and German—containing the original or a complete 
translation of every paper accepted by the general secretaries 
and technical advisers. The English edition contained 1583 
pages. In spite of the large number of papers there were only 
three’ English and five French authors with a sprinkling of 
Allethe other 
contributions were of Central European origin. 

Judging from the present volume, the geographic center of the 
activities of the association shifted to the West and North after 
World War II. Contributions from the various countries are 
distributed as follows: France 18, England 9, Sweden 8, Belgium 
7, Holland 4, Switzerland 3, U.S. A. 3, Czechoslovakia 2, Poland 
2, Denmark 1, and Spain 1. Papers were accepted in one of the 
three official languages and printed as received. It appears, how- 
ever, that many of the European, particularly Scandinavian, 
authors prefer English to the other two languages. The volume 
contains altogether 32 papers in French, 21 in English, and 5 in 
German. Again, all summaries appear in each of the three 
languages. 

The papers are arranged in five groups. Those in the first deal 
with connections and design details of steel structures. Their 
importance follows from the observation that failures of bridges 
are almost always caused by incorrect detail design rather than 
errors in the general layout and analysis. One of the details that 
has caused much trouble in recent years is the welded joint—one 
has to think only of the Liberty ships. Four papers deal with prob- 
lems of welding. It is observed that triaxial states of stress pre- 
vailing because of the residual stresses lead to brittle failure. The 
“weldability” of a steel depends just as much upon design details 
as upon the composition of the material. Other problems of 
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Capacity of structures. 


interest are the optimum arrangement of stiffeners to retard the 
buckling of the web of a beam subjected to bending, the calcula- 
tion of the buckling stress of plates beyond the elastic limit, and 
the behavior of thin sheet elements of built-up girders after 
buckling. 

The second part, comprising more than one third of the book, 
deals with concrete, reinforced concrete, and prestressed concrete 
structures. The trend toward rational, instead of empirical 
methods is noticeable in this part as well as in the preceding one. 
The first eight papers contain analytical and experimental studies 
of the optimum grain sizes and the composition of concrete; of 
the properties of vibrated concrete; resistance of concrete to 
frost; crack formation in reinforced concrete; the supersonic 
method of testing concrete structural elements; the determina- 
tion of the bending moment that causes failure in a rectangular 
reinforced-concrete beam; and the effect of transverse grate-type 
reinforcements upon the strength of rectangular concrete columns. 

The remaining thirteen papers of the second part describe rein- 
forced-concrete structures, mostly bridges, erected since 1936 in 
Belgium, Holland, Spain, France, Czechoslovakia, England, and 
Sweden. Reasons are given for the choice of the particular type 
of construction; dimensions, loads, bending moments, and 
stresses are quoted; photographs show the completed structures, 
sketches explain design features, and methods of erection are dis- 
cussed. It is worth noting that some of the reinforced-concrete 
bridges described replace earlier suspension bridges. Of particu- 
lar interest are descriptions of a number of structures utilizing 
prestressed concrete. Prestressing eliminates cracks in the con- 
crete to such an extent that pipe lines can be constructed which 
remain watertight when subjected to internal pressure. 

Part 3 is entitled ‘‘Developments in Long-Span Steel Bridges.”’ 
It deals mostly with suspension bridges which have become the 
preferred choice for very long spans. Because of the intrinsic 
complexity of the theory of the suspension bridge, research men 
in this field have to make use of advanced mathematical methods. 
The “elastic” theory has long been superseded by the “deflection” 
theory, but even the accuracy of the accepted version of the latter 
is put to the test in the first three articles of this section. It is 
found by means of worked out numerical examples that the maxi- 
mum moments in the stiffening girder may be in error up to 7 per 
cent if the horizontal displacements of the cable are disregarded 

(Melan’s equation), and up to about 4 per cent if the effect of the 
hanger deflections is neglected. Results of preliminary wind- 
tunnel tests are given on the influence of design details of stiffen- 
ing truss, deck construction, handrailing, etc. upon the aero- 
dynamic instability of suspension bridges. Plans for the con- 
struction of a special wind-tunnel accommodating bridge models 
up to a length of 50 feet are disclosed. 

Reinforced-concrete slabs and thin-walled shells are the subject 
matter of Part 4. In the analytical treatment of these problems 
difficulties arise, as a rule, from satisfying the boundary condi- 
tions. At the same time the complexity of an exact mathematical 
treatment is often not warranted because of the uncertainties in- 
volved in the evaluation of the actual boundary conditions. 
Three papers in this group treat of the rigorous, approximate, 

and experimental determination of the strength and stability of 
continuous slabs. Two more describe actually completed 
structures. 

The fifth and last part of the volume deals with questions of 

safety and dynamic loads. Six papers discuss the general con- 


cept of safety and point out the need for a statistical approach to 


the problem. It is shown that results of strength tests do not 
_ follow the probability curve of Gauss. One article emphasizes 
- the importance of inelastic deformations in the load-carrying 
Advances made in the understanding of 
_ dynamic effects are described in five papers. Of particular in- 
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terest are two articles on the vibration of beams under the in- 
fluence of moving loads. 

In conclusion, it may be stated that the average level of the 
papers is high and it is regrettable that so little interest was 
shown on this side of the Atlantic in the work of the Congress 
The only three American contributors are O. H. Amman, “Cen- 
eral Report on Developments in Long-Span Steel Bridges’; G. 
Winter, ‘‘Performance of Thin Steel Compression Flanges”; and 
A. M. Freudenthal, “Inelastic Behavior and Safety of Struc- 
tures.” A greater participation by American civil engineers in 
the deliberations of the next congress should benefit the art and 
contribute to a better understanding between at least one group 
of people in Europe and the United States. 


The Aeronautical Quarterly 


THe AERONAUTICAL QUARTERLY. Vol. 1, Part I, May 1949. Pub- 
lished by the Royal Aeronautical Society, London, England. Stiff 
paper, 63/4 X 93/,in., 10s. 


REVIEWED BY ALEXANDER KLEMIN® 


EK VERY branch of applied science proceeds steadily from the 

~ simple to the complex. Before World War I several men 
could justifiably say that they had read all the technical aero- 
nautical literature of the day. Today that would be an impossibl: 
task. When in every scientifically minded country there issues « 
flood of research reports and technical studies in aviation, th 
problem for the serious worker is to select what should be read 
and what should be retained or at least indexed, and what to 
discard as of ephemeral interest. The new Aeronautical Quar- 
terly should help the situation. The first number is impeccably 
edited, the mathematics are well set out, the editorial board has 
selected its seven papers or articles wisely. 

The first paper is on “Control Reversal Effects on Swept-Back 
Wings” by Haydn Templeton, which is one of the most difficult 
and most modern problems in airplane design. The author in his 
summary says “With the descriptive treatment adopted, th: 
analysis is of necessity broad and general but is designed to appeal 
to those not too familiar with the subject.”’ It is this sentence 
which shows why the Quarterly will be valuable. Authors and 
editorial board apparently understand that it is impossible for 
any technician to understand the specialized mathematics 0 
every field without proper background. 

G. N. Ward in ‘Calculation of Downwash Behind a Supersonic 
Wing” makes use of the thought that once the linearized lilt- 
problem for a supersonic wing has been solved, the complete flow 
round the wing and the downwash behind the wing may !« 
found. His treatment is difficult and ultramathematical. 

It is a nuisance when studying airplane dynamic stability «n¢ 
changing a parameter to have to solve all the equations. 4. 
Mitchell in ‘‘Estimation of the Effect of a Parameter Change 00 
the Roots of Stability Equations’? shows how the effects of such 
changes on the roots may be determined fairly quickly. 

W. J. Duncan is an international authority on flutter. 0 
“Flutter of Systems With Many Freedoms’ he discusses the 
choice of a minimum set of freedom and how to conduct flutter 
calculations so as to minimize labor, an objective that will appes 
to many readers. 

E. C. Pike’s “Note on Propeller-Turbine Reduction Methods 
deals with an interesting topic. Methods of presentation ané 
reduction in this field have not yet become standardized. 

That the Quarterly will be catholic in its viewpoint is proved by 
G. W. Trevelyan and D. R. Blundell’s “Determination of Drs 
of Jet-Propelled Aircraft in Flight” because this is a practical 
topic discussed by practicing engineers. F. Ursell’s ‘Notes 
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the Linear Theory of Incompressible Flow Round Symmetrical 
Swept-Back Wings at Zero Lift’’ is a fine linearized treatment of 
a difficult problem. 

The foreword says in part “It is the primary object of the 
editorial board of The Aeronautical Quarterly to encourage work- 
ers to submit papers describing new and original work, or papers 
reviewing the progress in some specialized field of activity and 
.,.. to make the results of these researches available to all work- 
ers or design groups concerned with aviation.” If the Quarterly 
continues as it has begun, it should achieve the object thus 
defined. 


Advances in Applied Mechanics 


ApVANCESIN APPLIED MecHANtIcs. Edited by Richard von Mises and 
Theodore von K&rm&n. Vol. 1. Academic Press Inc., New York, 
N. Y., 1948. Cloth, 6 K 9 in., 293 pp., illustrated. $6.80. 


REVIEWED BY ERIC REISSNER® 


"THE present book is the first of a series intended for graduate 

students, scientists, and engineers who are familiar with the 
contents of textbooks and handbooks in the field of applied me- 
chanics, but who feel in need of integrated surveys of the results 
and methods contained in the recent periodical literature. This 
need becomes more and more pressing with the increased volume 
of research which is carried on in fluid and gas dynamics, in elas- 
ticity and plasticity, and related subjects. Both experimental 
and mathematical techniques are becoming more refined and 
more and more we are witnessing extreme specialization among 
research workers. While twenty or so years ago many a man 
could claim familiarity with the state of knowledge in applied 
mechanics in general, today we find many who are having diffi- 
culties in keeping up with progress outside their own specialty. 
In view of this trend it is extremely commendable that the two 
world-renowned editors have undertaken the task of assembling 
surveys of various fields which will facilitate, for those who feel 
that this is worth while, the task of becoming acquainted with 
recent progress in many of the subdivisions of applied mechanics. 
It is valuable advice which the editors give by saying “the more 
research in mechanics expands, the more interconnections of 
seemingly far distant fields become apparent.” One needs to 
think only how mathematical methods from supersonic aero- 
dynamics are now being utilized in the theory of plasticity and 
how early methods in plasticity have been rediscovered by gas 
dynamicists. 

Coming to the contents of volume 1, we find first a summary 
of advances since 1938 concerning boundary-layer flow, written 
by H. L. Dryden. Among these advances is the experimental 
verification of mathematical-stability theory by means of low- 
turbulence wind-tunnel tests and the phenomenon of stabilization 
of the boundary layer by means of suction through slots or porous 
walls, 

N. Minorsky gives an informative account of qualitative and 
quantitative procedures for the solution of second-order non- 
linear ordinary differential equations. In particular we find dis- 
cussion of periodic solutions and analysis of nonlinear resonance. 

C. B. Biezeno surveys contributions to elasticity published dur- 
ing the period 1940 to 1946 in Holland. Quite a large number of 
papers on plane stress. beams, plates, and shells are abstracted in 
this article. 

J. M. Burgers is concerned with the statistical theory of turbu- 
lence. This is an enlightening discussion of a mathematical 
model, that is, of a system of equations simpler than the Navier- 
Stokes equations but incorporating essential features of these 
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Although progress is evident, much work appears still 
to be required before one can speak of a rational solution of even 
the simplest problems of the statistical theory of turbulence. 

Hilda Geiringer presents two finite difference methods for the 
analysis of problems of one-dimensional wave propagation in 
compressible fluids. One of these methods is by the author, the 
other one by J. von Neumann. Both have not been generally 
available heretofore. 

R. von Mises and M. Schiffer offer a lucid introduction to the 
method of Stefan Bergman for integration of the linear partial 
differential equation which governs the problem of two-dimensional 
steady compressible flow when velocity components instead of 
The 
discussion is carried out for an isentropic gas and for a hypotheti- 
cal gas more nearly isentropic than the one with linear pressure- 
volume relation. One may hope that a future article will bring 
a discussion of associating the solutions which are obtained with 
the physical flow problems which are here of interest. 

The appearance of this volume 1 of ‘Advances in Applied 
Mechanics” is a noteworthy event. One looks forward to addi- 
tional volumes of this series, assembled and written in the spirit 
of the present first volume. 


equations. 


space co-ordinates are introduced as independent variables. 


Memoires et Travaux 


MEMOIRES ET TRAVAUX DE LA Socifté HyDROTECHNIQUE DE FRANCE. 
Vol. 1, 1948. Published by Société Hydrotechnique de France, 199 
Rue de Grenelle, Paris 7, France. Paper, 8'/2 X 111/2 in. 


REVIEWED BY ARTHUR T. IpPEN 


][ NTEREST in hydrodynamics and especially applied hydrau- 
lics has expanded to a very remarkable degree in France since 
the war’s end as evidenced by the opening and remarkable growth 
of several excellent laboratories and by the already well-known 
periodical La Houille Blanche. The Société Hydrotechnique de 
France has now ventured to publish by agreement with La Houille 
Blanche two editions yearly of its own ‘‘Memoires et Tra- 
vaux.”” These will appear as special numbers of La Hoville 
Blanche dedicated exclusively to the committee work and field of 
interest of the Société Hydrotechnique. The first number in this 
series contains the minutes of two meetings of the technical com- 
mittee of the society held on November 19, 1946, and April 29, 
1947, with extensive discussions of a number of papers published 
in La Houille Blanche or other scientific journals by the members. 
This number thus is to bring up to date the records of the society 
since the break in publication in 1945. Summaries of later meet- 
ings are to appear in the following issue. A series of papers are 
also contained therein, the titles of which may be given here to 
elucidate the scope of the scientific field covered. 

Mr. R. Legendre introduces corrective terms into the Kaérmaén 
logarithmic equation for velocity distribution in pipes to extend 
the validity to the zone near the pipe axis, in his paper on ‘“The 
distribution of mean velocities for turbulent flow in cylindrical 
pipes.”’ Mr. L. Escande extends the water-hammer theory to the 
vase of ‘“The maximum pressure surge obtained in the governing 
of hydroelectric units equipped with relief valves.” Mr. G. 
Labaye has summarized and evaluated critically the results on 
the “transport of sediments by streams’’ obtained in the past by 
investigators of all countries. 

Mr. A. Nizery compares the problem of ‘‘Constant-depth waves 
in the neighborhood of a jetty” to the optical problem of diffrac- 
tion of light at the edge of a large screen. Mr. G. Remenieras 
investigates the ‘‘possibility of direct conversion of the energy 
of a fluid stream into electric power” by passing the stream 
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through a magnetic field. The conclusion is that this would be 
practical only for the hypothetical case that the energy of the 
primaty fluid could be efficiently transmitted to an intermediate 
fluid of high electric conductivity. The direct application of the 
method for velocity measurements by A. Kolin is well known 
and will probably remain its primary function. Nevertheless, it 
is often instructive to speculate. Mr. M. Pardé comprehensively 
and appreciatively surveys the American attacks on the problem 
of floods in ‘American studies of floods” with conclusions applied 
to his own country. 

Judging from the variety of problems dealt with in this first 
issue of ‘“Memoires et Travaux” in such a useful and excellent 
manner, it can be well recommended to all hydraulic engineers in 
the U.S. as representative of the best efforts of their European 
colleagues. 


= Computation Curves for Compres- 


sible Fluid Problems 


CoMPUTATION CURVES FOR COMPRESSIBLE FLUID Prospiems. By C. 
L. Dailey and F. C. Wood. John Wiley & Sons, Inc., New York, 
Pe ee and Chapman and Hall, Ltd., London, England, 1949. 
_ Paper, 8'/: X 11 in., graphs, figs., x and 33 pp., $2. _ ; 
q & 
REVIEWED BY ASCHER H. SHaprro! 


O THE growing number of useful aids in working out design 
problems in the high-speed flow of gases may be added this 
compilation of charts covering many of the compressible-flow 
functions most commonly employed. 
The scope of the work may best be indicated by outlining the 
various groups of curves: 


Isentropic Flow. Curves of temperature ratio, pressure ratio’ 
density ratio, and area ratio, all versus Mach number (from 0 to 
4), and for specific-heat ratios from 1.25 to 1.40. 

One-Dimensional Heat Addition Without Friction in a Constant- 
Area Channel. Curves for finding final Mach number, pressure 
ratio, and stagnation pressure ratio as functions of initial Mach 
number (from 0 to 4) and of stagnation temperature ratio, for 
specific-heat ratios from 1.25 to 1.40. 

Oblique Shocks. With initial Mach number (from 0 to 4) and 
turning angle (from 0 to 38 deg) as independent parameters, 
curves of shock angle, stagnation pressure ratio, pressure ratio, 
density ratio, temperature ratio, final Mach number, and en- 
tropy change. The normal shock is shown as a limiting case. All 
curves are for a specific-heat ratio of 1.4. 

Prandtl-Meyer Flow. For a specific-heat ratio of 1.4, stream 
turning angle versus Mach number (from 0 to 4.0). 

Conical Shocks. With initial Mach number (from 0 to 4.0) 
and cone angle (from 0 to 52 deg) as independent parameters, 
curves for finding shock angle, stagnation pressure, Mach number, 
velocity, pressure, and stream direction at the surface of the cone 
and in the region between the shock and the cone. 

The curve sheets are preceded by a short text giving the under- 
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lying assumptions and derivations of the formulas on which the 
curves are based. 

Although curves can hardly be expected to yield the precision 
of tables, the seales of the curves are sufficiently large for the 
accuracy required of most engineering computations. Great care 
has obviously been given to the organization, drawing, and bind- 
ing of the charts. This, together with the importance of the sub- 
ject matter, makes the collection of graphs a valuable tool as 4 
supplement to some of the extensive numerical tabulations which 
are already available. 


Practical Solution of Torsional 
Vibration Problems. 


PRACTICAL SOLUTION OF 
Ker Wilson. John Wiley & Sons, Inc., 
Cloth 5°/s X 85/sin. Vol. I, xx and - pp., 
694 pp., illus. Each volume $10, U.S. A. 


REVIEWED BY G. 8S, CHERNIAK?!? 


. en being out of print for several years, the second edi- 
tion of this book has been reprinted and is again available 
The purpose of this review is primarily to announce the reissue of 
this valuable publication to many who, like the reviewer, have 
been fruitlessly attempting to locate a copy for the past several 
It also might not be remiss to examine briefly the content 
or the benefit of those who have not had occasion nor the oppor- 


TORSIONAL VIBRATION PRoBLEeMs. By W. 
New York, N. Y., 1948, 
illus.; Vol. II, xxi and 


years, 


tunity to use this reference. 

Dr. Wilson’s books represent One of the most complete but by 
no means all-inclusive sources of data on techniques for the analy- 
sis of torsional systems and the measurement of such vibrations. 
Volume I comprises chapters on the following: Torsional Vibra- 
tion, Natural Frequency Calculations, Equivalent Oscillating 
Systems, Flexible Couplings, Geared Systems, Determination o! 
Stresses Due to Torsional Vibration at Nonresonant Speeds, 
Effective Inertia Method of Torsional-Vibration Analysis, Aero 
Engine Air-Screw Systems. Volume II deals with the following 
Determination of Stresses Due to Torsional Vibration at Reso 
nant Speeds, Measurement of Torsional Vibration Amplitudes 
and Stresses, Analysis of Torsiograph Records, Torsional Vibra 
tion Damping Devices, Rotating Pendulum Vibration Absorbers, 
Dynamic Characteristics of Electrical Generating Sets. 

The presentation of this material is hucid and amply illustrated 
by numerous examples. An excellent bibliography is included, 
as well as a selected list of patents relating to vibration study 
Naturally, the current printing does not contain any references & 
recent publications such as the SAE compilations on ‘“Evalus- 
tion of Effects of Torsional Vibration” and ‘‘Co-Operative Testing 
of Torsiographs and Calibrations.”’ It is also regrettable that the 
very recently published methods of extending the Holzer metho: 
to forced damped vibrations (J. P. Den Hartog and J. P. li 
Trans. ASME 1946; and T. W. Spaetgens’ ASME paper + 
APM-12) could not of course be included. 
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Supersoni Flow 
Airfoils examined in this paper are constituted by de- 
velopable surfaces with arbitrary cross sections, all the 
generators of the surfaces, including the sharp leading 
and trailing edges, being supersonic. The tips are con- 
stituted by supersonic sections, which are generally blunt. 
The flow past an airfoil is determined by application of 
linearized equations, by means of Busemann’s conical 
flow theory. The two fundamental cases are that of a 
plate at a small angle of attack, and that of a slender 
wedge at zero angle of attack. In both cases, the super- 
sonic leading edge and the subsonic tip may have arbitrary 
directions. The tip, particularly, may be either parallel 
to the flow, or acting as a leading edge, or else acting asa 
trailing edge, and each condition must be considered 
separately. 
tion of the two fundamental cases, antisymmetrical con- 


All other conditions are solved by superposi- 


ditions resulting from the first case, and symmetrical 
conditions, from the secend. Thus the general solution 
for the flow about a developable surface with arbitrary 
thicknessand camber distributions, limited toa plane sub- 
sonic tip, is simply obtained under the conventional re- 
strictions of the linear theory. While the absolutely 
general case of a developable surface, constituted by the 
tangents to an arbitrary edge of retrogradation, appears 
to be of limited interest, major applications correspond to 
special cases of developable surfaces; cylindrical, prismati- 
cal, conical, and pyramidal airfoils. 

pa NoMENCLATURE 


The following nomenclature is used in the paper: 


C, = local pressure coefficient a 
C,,Cp = lift and drag coefficients 7? 
D,L = total drag and lift 
M,,M, = moments 
Din, t), E(n,t) = pressure-distribution function and moment 
function 
I = functions (Equations [105}) 
J = functions (Equations [116]) 
H, N’, Q’, H', R, R’ = constants (Equations [108], 
{113]}) 
= Mach number corresponding to U, 
= cos \ = tan w/8 = reduced slope of a leading 
edge 
p = local pressure perturbation; pe = perturba- 
tion for a two-dimensional flow; p, = per- 
turbation for a swept-back plate 
q = dynamic pressure = '/.9U,? 


‘Before his death the author was connected with the Design Re- 
search Division, Bureau of Aeronautics, Navy Department, Wash- 
ington, D. C., and was a Member of the Society. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, New York, N. Y., November 28-December s. 
1948, of Taz American Society oF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted 
until January 10, 1950, for publication at a later date. Discussion 
received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
oftheSociety. Paper No. 48—A-23 
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Past Airfoil Tips 
r = radius = WV yy? +22 


- 1 R = function (Equation [108]) 


s = variable: 2s/(1 +s?) =t 
t = variable = 8r/z; (t’, see Equation [106]); (t, 
along a tip) 
U,O,O = undisturbed velocity 
u,v, w = components of velocity perturbation 
uo, O, w = velocity perturbation for two-dimensional 
flow 
u’,v’,w’ = conjugate quantities of u, v, w (in the ¢-plane) 
U, V, W = complex quantities in the ¢-plane (U = u + 
iu’) 
z,y,2 = rectangular co-ordinates 
Y,Z’ = functions (see Equations [115], {118]) 
— | a = geometric angle of attack, (a. = aerody- 
ad ag namic angle of attack) 
= angle, seen 
v= w = angle of slope (supersonic edge), angle of 
sweep 
6 = 2/y 
= functions (see Equations [115], [118}) 
= functions (see Equation [112]) 
iy = se = complex variable 
= conjugate variable (¢ + ¢ = real quantity) 
y= ; = (see Equation [28]); complex variables 
o = pressure ratio = C,/Cpe = u/ue. 


= 2¢/(1 + 


i 
p = mass densitv 
: dQ; d*2 = elementary areas, Equations [98], {100} 
dy; d?%¥ = elementary moments of areas, Equations [99], 
[100] 
INTRODUCTION 


In the present state of supersonic aerodynamics, it appears use- 
ful to study as many special conditions as possible of various flows 
past given bodies with shapes of possible future interest and, 
while more exact methods are not readily available, applications 
of the linearized equations give first approximations to these 
various problems. 

It is almost certain that the conventional airfoil planform, 
consisting of two trapezoidal or nearly trapezoidal wings, with 
important departures regarding airfoil section, thickness ratio, 
aspect ratio, and sweepback, is to be currently applied in the 
supersonic domain. 

In the present paper, the flow past this class of wing tips is in- 
vestigated by Busemann’s conical flow method (1).?. In a pre- 
vious paper (2), the author has examined the flow about the type 
of wings examined here, in the region beyond the domain of in- 
fluence of the tip, i.e., outside the Mach cone of the fore point 
of the tip. 

Generators change direction at the plane of symmetry of a 
wing, except in the case of a cylinder without sweep, and they also 
change direction at sections at which taper or sweep may change, 
Fig. 1. Designating by 1, 2, and 3, respectively, the various 
regions of interest thus delimitated, it appears that regions 1 can 


? Numbers in parentheses refer to the Bibliography at the end of 
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_ be analyzed as shown previously (2), regions 2 by the procedure 
; examined hereafter, while regions 3 can be examined by a method 
initiated by A. E. Puckett (3). 

Puckett’s method is fairly general, since the airfoil surface need 


requires that the fore Mach cone drawn from a point where the 
velocity and pressure are to be determined, be separated into 
ig - > two noninteracting volumes by the airfoil and the undisturbed 
y region fore of it. This restriction does not apply to symmetrical 
flow, since a fictitious plate can be placed in the plane of sym- 
_ metry without modifying the flow while extending the airfoil to 
meet the requirement just given. 
_ With the approach used hereafter, applicable to developable 
; airfoils with supersonic leading and trailing edges and subsonic 
tips, it is possible to determine the velocity and pressure distribu- 
tion in the plane of the airfoil entirely, except for the region of 
the wake. 

The conventional procedure of dividing the flow past a body of 
_ arbitrary shape into a symmetrical flow past the “symmetrical 
component of the body” and an antisymmetrical flow past an 
“antisymmetrical component of the body,” is applied hereafter, 
a since the airfoil is assumed to be thin and to have a small camber 
and small angle of attack. Preceding the main subject, super- 
_ sonic sweepback relations and Busemann’s conical flow relations 

are summarized. 


ForMULAS FOR SUPERSONIC SWEEPBACK 


An infinitely thin plate is defined with respect to rectangular 
axes (z, y, z) by the angle w that its trace in the (z, y)-plane forms 
with the y-axis, and by the small angle a that its trace in the 
(x, z)-plane forms with the z-axis, Fig. 2. A supersonic flow 
directed along the z-axis (components Uo, O, O) hits the plate 
with the apparent angle of attack a, and the corresponding angle 
of sweep is w. The Mach number of the flow being M, the rela- 
__ tive Mach number M, and the normal flow component U,, cor- 
responding to the “true” angle of attack a, are defined as func- 
tions of one another by 


= a; COS w} Ui = Us cos M: = Mcosw...... (1) 


Velocity perturbation components are designated by (wm, 1, 
a 4 w;) for the given plate, and by (uo, O, wo) for a reference plate 
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without sweep, placed at the same angle of attack a. The corre 
sponding pressure perturbations (p, and pe) and pressure coefl- 
cients (Cp; and C9) are related by 


= Cre = po/g; with = (2) 
q, the dynamic pressure, being a function of the mass density 
p upstream, and the pressures resulting from the linearized 
Bernoulli equation 


Po = —pUous and p, = —pUom............[8) 


From the two-dimensional linearized supersonic-flow theory 


Po = apUo?/B; pi = [4a] 


with 


p= V/M'—1; = (4) 


Po a M M,?— 1 V1 — (tan w/B)? 


This relation can be interpreted geometrically, Fig. 2. The 
distance PO = 8, along the z-axis, defines a plane normal to the 
flow, and the trace of the Mach cone which has its apex at P iss 
unit circle (Mach circle) on this plane, while the trace of the swept 
edge is E. The tangents ET and ET’ to the unit circle define 
the radii OT and OT", which form with OF the angles + ) de 
fined by 


n = cosd = tanw/8; sind = V1 — (tan w/f)?....16 
so that Equation [5] becomes 


The v and w velocity components are, respectively 


tanw 
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Summary of Conical Flow Method. 


4Oplane 
or (8,6)- plane 
Kia. 3 
separately the same linearized differential equation => 


the motion being assumed to be without vorticity, with the ex- 
ception of isolated vortex filaments or sheets. With the variable 


2 


6=tan-'—-; t=8 
y 


Equation [9] becomes an equation in two independent variables 
(t, 0) or (8, @) since, by definition of a conical flow, all perturbations 
are constant along radii originating from P. Moreover, with the 
variables (s, 6) Equation [9] becomes a Laplace equation in 
polar co-ordinates 


This capital result, established by Busemann (1), applies to 
each velocity perturbation and to the local pressure perturba- 
tion, and means that in the plane (s, @), all these quantities are 
harmonic functions, Since the plane (s, 6) represents twice the 
interior of the Mach circle (¢ < 1), the method applies to the in- 
terior of the Mach cone corresponding to the apex of the body, 
while sweepback relations apply to the exterior of the same Mach 
cone, 

The (s, )-plane can be considered as a complex plane, defined 
by the variable 


Introducing the harmonic functions (u’, v’, w’) conjugate of 
(u, v, w), respectively, in the plane ¢, the analytical functions of 
the variable 


W=w t+ iw’..... [13] 


are connected by the relations 


Boundary conditions on the inner surface of the Mach cone re- 
sult from continuity with the conditions on the outer surface of 
the cone, which must be determined beforehand. If the conical 
body is partly or entirely inside the Mach cone, additional bound- 
ary conditions exist on the surface of the body. In the case of thin 
bodies placed at small angles of attack (airfoil theory), all the 
triangular surfaces of the body which have a common apex are re- 
placed by a common plane, hereafter the (2, y)-plane, which must 
form small angles with the actual surfaces in order that the ap- 
Proximation be acceptable. The velocity components along the 
body do not change, but are applied to the common plane. In this 
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Velocity perturbations 
(u, v, w) to a flow (Us, O, O) past a conical slender body which 
has its apex at P, Fig. 3, and causes small deflections, satisfy 
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transformation, a plate is replaced by a system of “vanes” and a 
wedge is replaced by a system of “‘sources and sinks.” 

Since w is a constant over a plate, it can be written, using the 
notations Re and Im for the real and imaginary components, re- 
spectively, of a complex quantity, 


w= Re(W) = const... [15] 
equivalent to—from Equations [14] 


uw’ = Im(U) = const = 0.............. [16] 


the last constant, being arbitrary, is chosen to be zero, at least 
over one surface and, in the case of antisymmetry, it is chosen 
to be zero in the plane of symmetry. 

The boundary conditions thus written may be incomplete, be- 
cause the origin of co-ordinates (¢ = 0) may be the locus of a 
singularity, due to the character of Equations [14]. If dU/dt #¥ 
0 at the origin, then dV/d¢ and dW/d¢ are infinite, so that the 
functions V and W have singularities at the origin. This fact 
is important, in view of the possibility of using arbitrarily U or W 
as the first unknown, and calculating the other unknowns from 
the first. If there are singular points, it becomes possible to ob- 
tain various values and locations for the singularities, depending 
upon which unknown is determined first, and care must be exer- 
cised in the choice of these singularities, which result from physi- 
cal considerations, as it will be seen hereafter. 

A more complete review of Busemann’s method is given in (4), 
and the main results established hereafter have been condensed 
by the author, in 1946, at the Sixth International Congress of 
Applied Mechanics (5). Part of these results have been pub- 
lished by other authors (6). 


Fiat TRIANGULAR PLATE AT A SMALL ANGLE OF ATTACK 


One Edge Coincides With Direction of Flow. Busemann’s 
method, applied by him to the case of a leading edge normal to the 
flow (1), can be extended to an arbitrary direction of the leading 
edge (outside the Mach cone). Fig. 2 shows the problem with its 
boundary conditions. The unknown u is antisymmetrical, has 
a singularity at O, and can be represented by U = ivs, since 
this function has the values i for @ = O and +1 for@ = +x. An 
additional transformation » = JV ¢, replacing the ¢-plane by two 
half »-planes, leads to the following boundary conditions 

u=0 | | u’ =0 


| 


t-plane| arc TAT’; OA ares TB andT’B| OB 
v-plane ares and T,T;'; AA, ares TT,’ and T;T’, BB, 


u = +u/sind 


Logarithmic singularities represent discontinuities occurring 
at points such as 7'(v»), and the solution can be written in the 
form 

taUo (v — v)(v — 


the notations being shown in Fig. 4. With the variables ¢ (Equa- 

tion [12]) and n(Equation [6]), with = 1 and + = 2 cos 

\/2, U becomes 

v? + v(vo + +1 
v? — v(vo + + 1 


[18] 
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Introducing the variable r 
| 
2 


which is equal to ¢ along the real axis (¢ and y have opposite 
senses), it is found 


U aly 21+ n)r 
1—nt |) (= [20] 
d, by application of Equation [14 mahi 
. and, by application of Equation [14] res 
1 + nr 
alt +2 =}; (== [21] 
al 
W | l nr ] bait wd 49 
tam r(1 +n)f’ (22] 


Over the plate (r = ¢ > 0), wand v are given by Equations [20] 
and (21], where 7 is replaced by t, while w = —aU,. In the 
plane of symmetry, outside the plate (¢ < 0), u and v are null and 
w is given by Equation [22], with the same substitution of t to 


8 

wp tin 


: These results can be obtained directly from Fig. 4. Along 
BB, (airfoil portion interior to the Mach cone) u, the real part of 
U, is 


fee. 


and, from geometrical relations 


dane V s+ sin d/2 


cos 2 = — —— 

+ ¢’) 
so that, over the plate, the value Equation [20] is obtained. In 
_ this expression, tan w and n are positive for sweepback and nega- 
ns ee, tive for sweepforward. The ratio of u to the two-dimensional 


value u; corresponding to the same sweep is 


JOURNAL OF APPLIED ME CHANIC 


] 
E(t, 0) = - + 
~ 


DECEMBER, 1949 


and the load over a strip of the airfoil normal to the flow is pro- 


portional to 


E(t, n) = | D(t, n) dt = Z | 
0 wh 
— V1 + ncos-' (1 —2 0 


(1 ta) 
1 + nt 


On the Mach cone 

this quantity representing the load reduction inside the Mach 
cone, due to the tip. For n = 0, Equation [26] must be replaced 
by 


(1 + nt) cos~* 


+n)... 


E(\1, n) = 


1 — 2¢ 


Vi (1 


For the values (—1, 0, +1) of n, the corresponding values of 
E(1, n) are (0, 1/2, 2 —*V 2), respectively; the second value has 
been given by Busemann. Figs. 5 and 6 give D(t, n) as a fune- 
tion of t, n being a parameter, and n) asa function of n. The 
reference pressure is always the pressure on the swept wing corre- 
sponding to the given vaiue of n. 

One Leading Edge and One Trailing Edge. The edge interior 
to the Mach cone may be either a trailing edge, Fig. 7, or a lead- 
ing edge, Fig. 9, and the corresponding solutions are entirely 
different. In the first case, u is null along the trailing edge; in the 
second case, u is infinite along this edge, which is leading, because 
an additional term must be introduced in order to satisfy the 
condition of continuity of w at the Mach cone axis; the condi- 
tion u’ = 0, which exists only, does not imply that w is continu 
ous through ¢ = 0 

The solution of the present section results from the previous 

solution by an inversion, which is a conformal transformation. 
This introduces a new é-plane, in which the trace R of the raked 
edge is brought to coincide with the center of the Mach circle, 
which remains unchanged, Fig. 7. In the ¢-plane, this trace Ris 
represented by two points R and Rk’, with OR-OR’ = 1. If the 
pole of the inversion coincides with R’, the modulus of inversion 
being equal to the power of R’ with respect to the unit circle (ie, 
[R’C]?), this circle transforms into itself while R, conjugate o 
R’ with respect to the circle, comes to coincide with the center of 
the circle. While the geometrical inversion brings 7 to 7'*, the 
complex inversion adds a symmetry about the real axis, bringing 
T to T. In order to avoid interchanging left and right, a sym 
metry about O is added, bringing 7' to 7(&) of the new plane 
The modulus of the inVersion is 


R'G? = R'T - R’T = RO* — OG? = — 1 


and the complete transformation is defined by 


1 1 8 +f 
+- —-)j=1—-—, or and 


The angle = cos~! (tan w/8) becomes in the transform 
tion, and from Equations [28] applied to T(t») and 7''({#), # 
is found 


(1 + 8%)cos + 28 
1 + 8? + 289 cos » 


1 + nb 


n’' = cos)’ = 


nits iek 


% 
Usa 
u = (26 — 2p — [23] 
Rath 
Spee aes Substituting ¢ to s (Equation [10]) and n to cos X, it is found 
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¢ 
2(1 — n) 
2 — (1 + t) (1 + nr) 


[30] 
fp Btany’ —n'to 2to( 1 +3 
On the real axis, where s = — ¢ and s’ = — , Equations ql r(1 + &) 
[28] yield Over the plate (t < ¢ < 1), u and v are given by Equation 
J — 8 , [34] and [35], in which 7 is replaced by t, and w = —al/y. Be 

= and 8 = tween the plate and the axis of the Mach cone (0 < < u 

and there exists a vortex sheet corresponding to a constant value 


_ Boundary conditions in the plane are similar to those in the of» 
¢-plane in the first part of this section, except that the transforma- [1 + nto 
J tion has the effect to displace points along the boundaries; points v= —aly 5 ost 
A and B, however, remain fixed. Superimposing the transforma- ( _ 
tion » = +/£ to Equation [20] can be applied, in which 
1/r = —1/x(¢ + 1/3) is replaced by + 1/8) and, inside [ 2(1 — n) (te — 
the brackets, is replaced by n 1 (1 + nl +h) 


| (1 + n’) | 
eos“? | 1 — [32] 1+ nto — 
From Equations [28], [30], and [19] Between the axis of the cone and the surface of the cone 
1 + £)2 + (sof th —1 (—1 <¢< 0), wand vare null, while w is given by Equation [36), 
= ———...- [83] in which ris replaced by t. 
2(sof + 1) (8 + $) 
The load over a strip normal to the flow is given by (sé 
and, substituting into Equation [32], with the value of Equation Equation [34]) 


[29] for n’, it results in 
E = D t, dt = - t -1 


(1 + nt) (1 —&) n 


2(t — ta) 


_ and, forn = 0 this expression is replaced by 


By application of Equation [14], it is found 
n al 2(1 + n) (r — &) 


~ (l= &) to, 0) = — t) (t—t) + («— 


= 
con 

t 
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On the surface of the Mach cone, ¢ = 1, and jenna aid d 


1 — to 
1+ V(1 + nt)/(1 +n) 


Fig. 8 shows the vorticity and velocity distributions in the 
plane of symmetry. While w is single-valued, u and v have op- 
posite values on the two faces of the airfoil, or are null. Inside the 


| 


to, n) 
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does not satisfy the condition of continuity of the w-component 
along the axis of the Mach cone, and a correction must be super- 
posed to the previous solution, satisfying, in terms of an un- 
known function 6U, the following conditions: 
= 0 on the Mach cone and in the plane @ = 

edge of the plate and the Mach cone. 

du’ = 0, along the plate. 

d(é6U + U)/d¢ = O along the Mach cone axis, U being the solu- 
tion of the previous section 

Since the harmonic function éu is null at the boundary, it has 
a singularity inside the boundary. A function which satisfies 
the boundary conditions and has a singularity at the center of the 
circle, instead of the leading edge, is 


0, between the 


+5 


sf + 1 


formation 


Mach cone, w is constant over the plate, u decreases as a cos~?! 
curve and v, depending on the sign of the sweep, passes through 
zero (sweepforward, w < 0) or, as represented (w > 0), remains 
hegative. Component v reaches a maximum at the plate edge 
and is constant between the edge and the axis of the Mach cone, 
constituting a vortex sheet, the half strength of which is given by 
Equation [37]. In this region, u = O and w increases logarith- 


For negative values of t, u, and v are null, while w varies from 
4 logarithmic infinity to zero at the surface of the Mach cone. 
Kutta condition, here u = 0, is satisfied at the trailing edge. 

Two Leading Edyes. The solution of the preceding section 


a 


adT 
most easily written in terms of the variable », U being defined by 
Equation [34] 


{x(i—3)4 + -— 
y? sin AX Ly — vy — Es 
Thus the value of K is 
to 2(1 + nto) 
K = — 45 
Va—mat+@ 
The corresponding functions 5U, 5V, and 6W are 
1 + nto 1 — 


eet 

+ |...... [44] 

\ 8o + | 

_ The unknown K is defined by the third condition, which is 7 ites 

(a) @) §- plane 

i> 

— 


2 
1 — to lo 
aU, fit+nmef 1 i + 4 


ite 


The first terme in the beasinta cancel out the second terms of 
the corresponding functions, Equations [34], [35], and [36], and 
the final expressions of U, V, and W, in the case of a subsonic 


Jeading edge, are 


+ nto) (1— 7) 


[49 
(1—n)(r —&) J 


+ nto)(1 — 7) 


(1 — n)(r — to) 


i 
(1 + nr)(1 


(1 + nto) (1 + 7) 


Over the plate (ts < t < 1), Equation [49] and [50], in which 
7 is replaced by ¢, define u and v, while w = —aU,. In the plane 
of symmetry, off the plate (—1 < ¢ <t), wand vare null, while 


(1 + nt)(1 + &) 


(1 + nt)(1 +0) 

_ The velocity distributions inside the Mach cone are shown in 


a Fig. 10. Since pressures are infinite along a subsonic leading 
edge, the linearized equations indicate the existence of suction 
forces along the edge, which are similar to those which are shown 

to exist in an incompressible flow, since the same type of mathe- 
__—‘ Matical singularity in k// r, where r is the distance to the lead- 
ing edge, exists in all cases. Momentum relations (7), or the 
a condition of zero drag in subsonic flow (8), can be used to deter- 
a mine the suction force. 

This force is of second order, like all drag forces, while the 
general theory used to define the velocity distribution is of the 
_ first order. This fact, by itself, does not present a contradiction, 
since all drags are of second order because they result from the 
__ multiplication of first-order pressures by first-order slopes. The 
; 4 difficulty arises from the fact that leading-edge suction forces re- 
quire either the existence of infinite tensions in the fluid, which 
is physically impossible (and incorrectly represented by the lin- 
_-—s earized equations, if true physically), or the use of rounded 

oe 4 edges (9), which is also in contradiction with the assumptions of 
x the linear theory, but makes a physical interpretation possible. 
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In both cases, experimental data are necessary to ascertain the 
range of angles of attack, aspect ratios, thickness ratios, radij 
of curvature and Mach numbers, for which suction forces exist, 
Also, it is necessary to determine if theoretical maxima are 
reached, and the best airfoil geometry for that purpose, as well 
as the influence of suction forces on the other aerodynamic char. 
acteristics, especially the lift. 


(Mach 
cone) 
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Suction forces can be determined by application of Puckett 
and Stewart’s formulas (10), which agree with the results of more 
refined analyses (7, 8), which lead to more involved methods 

Puckett-Stewart relation, Equation [23], gives the normal 
suction force 7’ per unit edge length 


in which y is the angle of the tip with the z-axis, Fig. 9, andr 
is the distance between the leading edge and the point at which 
the pressure increment is p. From the geometry of the figure, for 
a point infinitely close to the edge 


L cos 
Sai 
where L is the distance to the apex. From Equation [46] 
0 


and it is apparent that p V1 is a finite quantity if r = Oort =4 

The drag coefficient per unit of triangular area which has 
hypothenuse equal to £, and which is limited to a parallel and tos 
perpendicular to the flow (cross-hatched area on Fig. 9), sine 
T varies linearly from zero to its value T at a distance L from the 
apex, is 


2T 
pU.?L cos 


T sin y - (L/2) 
q:'/2 L* sin cos p 


lonin 

By substitution of values, Equations [52], [53], 
AC pit is found 


[53a] into 


ba? 1 + the i +6 
ol 


The corresponding normal force 7 per unit length of edge, 
also equal to the drag force per unit length perpendicular to the 
flow (y-axis), hasthe value 
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T=qL ACpcosy = 


(56] 


From the previous considerations, it appears that Equations 
[52], [55], and [56] represent theoretical maximum values, which 
must be compared to test data. 

Suction forces being excluded, the total force acting on a 
strip of the subsonic zone of the tip, comprises two terms. The 
first term is given by the same formulas as established for a sub- 
sonic trailing edge (Equations [35], [39], and [40]). The second 
term results from the pressure distribution over a plate due to an 
inconrpressible flow, when the Kutta condition is satisfied at the 
trailing edge, here the generator ¢ = 1 on the Mach cone (u 
0, Equation [49]). 

This analogy is due to the identity of the calculations in the 
incompressible plane and in the plane corresponding to the trans- 
formation 2/r = —({ + 1/¢), in which the portion of the plate 
inside the Mach cone is not distorted, since r = ¢ along the real 
axis. The condition which determines the circulation is replaced 
by the condition of continuity at ¢ = 1, which means that the 
second term of u is null at this generator, while the first term in- 
sures continuity. This condition is thus identical to the Kutta 
condition. However, the constant factor is different since, pres- 
ently, it is defined by a slope condition at the generator t = 0 
(refer to the foregoing). Designating the second pressure-dis- 
tribution term, similar to the function D, by 


t 1 1 to) (1 —t 
tt + + nto) (I=) 
\ore — bo) t— te 
itis found 
t 
Ett, to, n) D(t, to, n) dt = —* V(1 +n) (l+nt) | 
to 
2(t — te) 
1— 2 [58 
| {cs | [58] 
», for From the incompressible flow theory, the average lift coeffi- 
cient is 
u 
the average perturbation velocity u,, being at mid-chord, corre- 
sponding tot = (1 + %)/2. From Equation [58] it is found sla 
130 
Cis 4a lo 1 + 
has 
m the conwied shag od 
where Cz is the two-dimensional lift coefficient 4a/8. 
The total lift on a strip of unit width which extends from the 
it. leading edge to the Mach cone is defined by a lift coefficient Cz 
defined by 
Ge + Cis Eli, ten) + 
| - 1 1 21 
Vi--nLVi 1—t 
f edge 
to the 


The determination of the center of pressure corresponding to 
the first term requires the calculation of a function F(t, te, ) 
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t 
1 
2(1 + n) (t — 1 


Vii — t)(t — te) + (: 1+) E — 
n 


If n = 0, this expression is replaced by 


On the surface of the Mach cone 


(l—) [5 + 3i—n(4 + 3% + 


8(1 — n) 1 | 
vibe l—n 


= (64) 


F(1, t&, 0) = (1 — &) (5 + 3%) /16, with % 


The center of pressure which corresponds to these forces is de- 
fined by the corresponding value of t 


5 + 3le—n(4 + + 
ne + +8) (1 


(66) 


and,forn=0 


Thus the center of pressure corresponding to the first term is 
located at a distance 


(tiep — = 5(1 — [68] 
from the leading edge (no sweep). This location coincides with 
the centroid of an area limited by a curve y = cos~! (1 — 2z), 
tangent to the z-axis at z = 0, Fig. 11(a). From the incom- 
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pressible flow theory, the center of pressure is at the quarter point 
from the leading edge, Fig. 11(b). Thus — 


(ta)ep — to = (1 — &)/4, and (t:),, = (1 + 3%) /4 


Comparing lift coefficients when, for a given n, te varies, and 


considering the case where n = 0, Equation [64] yields, for to < 0 
Ci/Cio = — — &) = (1 — 3%) /2(1 — &) 


9 
t 
re : 
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3% 
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while, for >0 


/Cw 


The total forces are caunieiie to (1 — t) for t > 0, and to 
(1 — 3to) for fo < 0, as shown in Fig. 12, which indicates the share 


of each term of the lift, for a subsonic leading edge. 


(a) Actual lift 

(b) ‘Two-dimensional lift 

(ec) Subsonic trailing edge 

(d) Subsonic leading edge / 
12 Fia. 13 


Wepce at Zero ANGLE or ATTACK 


The supersonic edge is a sharp leading edge, while the subsonic 
edge, which may be either trailing or leading, is blunt, Fig. 13. 
The solution of this problem can be used as an elemental solution 
for the velocity distribution about an airfoil of finite thickness 
with a straight blunt tip, which may be raked positively or 
negatively. The symmetry of this problem is opposite to that 
of the plate at a small angle of attack. The principal unknown is 
w, instead of u. 

Blunt Edge Coincides With Direction of Flow. In terms of 
w, the boundary conditions in the (¢, @)-plane and in the {-plane 
are, Fig. 14, » being the half wedge angle 


are TAT’ 
0 


| +OB; arc TB | —OB; arc T’B 


w | wo = Un | —Wo 


The singularities at T, T’, and O are logarithmic, and W may 


be represented by an analytical function se 
> 


K log 


we 
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represent the imaginary term in Expression [72], it appears that 
this term is constant on the unit circle and on the real axis. The 
constant is 


— — log 


Uo 
T 


expression in which ¢; and have been replaced by and 


‘respectively. The corresponding functions U and V re 


sult from Equations [14] applied to W 


4 dg + 1 — 2gn) 
‘at Um n+r 

U = —— {| — ——_}...... 
avin“ ( 1+ 
= Uo coh — + —=— cos"! (- (76 


Along the real axis, substitution of ¢ to r in Equations [75] an 
[76] yields u and v; w is null for t < 0 and has the value Uen few f 
t> 0. 

If the leading edge has no sweep (n = 0), then 


T 


At the edge of the wedge, u is proportional to the angle (* —\ 
and to the value of the two-dimensional velocity perturbatios 


due to sweepback 


Figs. 15 and 16 represent the pressure and velocity distribe- 
tions in the case when there is no sweepback. Along the su> 


Um 
B sin 


_ sonic edge, velocities v normal to that edge are logarithmically 


infinite. In the general case of a raked edge, u also has a term 
which becomes infinite along the edge. 
Boundary conditions are similz 
those of the previous section; the difference is due to the d* 
placement of the subsonic edge, Fig. 17, so that point R does ne 
coincide with O. No difference is to be made between a trailixt 
and a leading edge. An inversion brings R to coincide with ( 
inversion which is effected on the variable ¢. After the inve- 


_ sion, from Equation [73] 


iUon 


~ 


where n’ is defined by Equation [29]. 
written as 


This expression can 


This result can be also found if a discontinuity between ¢ - 
and ¢t = ¢ is assumed to exist along the real axis, along wh? 


d | 
where and are T ¢ 
B @ A 
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+ Ug. It can be shown that this discontinuity corresponds 


toa distribution of W 
a 


— 
and, by superposition with the distribution, Equation [73], 


Equation [81] is obtained. Functions U and V are easily deter- 
mined from W, and it is found on 


Ue —— cos~? | — 
Ey —n? ( 1 + nr 


Fia. 15 Pressure Distrisution 


| 


Fig. 16 Vexrocitry Distrisution 


a 


Along the real axis, r must be replaced by ¢ in Equations [82] 
and [83], yielding the values of uand v, Figs. 18 and 19 show 
the velocity distributions for two cases, fo and n positive, fy and 
n negative, respectively. 


~ 


Fig. 20 


The sign of n influences the sign of v at £ = +1 and the sign 
of ¢ at the point for which cos~! [—(n + #)/(1 + nd] = x/2, 
i.e., the location of the point where the curvatures of the first 
right-hand members of Equations [82] and [83] are reversed; 
the second members are independent of sweepback. 

The infinite values which are always found at the subsonic 
leading edges are not the consequence of the presence of a blunt 
edge, but are functions of the total slope 7 at the edge, since 
Equations [82] and [83] are additive with respect to n, for a 
given value of %&. If an airfoil with the planform, shown 
in Fig. 20, is investigated, it appears that there is no infinite 
velocity at the trailing edge if the section has the shape (a), 
while velocities are infinite in the case of shape (0). 

The first terms of the expressions of u and v correspond to the 
two components of a velocity perturbation normal to the leading 
edge, which falls off to zero on the Mach line exterior to the wedge. 
The second terms of u and v correspond to the two components 
of a velocity perturbation normal to the subsonic edge, which 
reach zero on the Mach cone. Two conditions are represented 


& 
== | \% Ty 
| 
oi 
ent = _ 


= 


in Figs. 21 and 22. The pressure distributions result from and the pressure coefficient is 
Equation [82] and the total force acting on a strip normal to 


the flow is obtained by integration with respect tot. The average (t<-4) Crp 1 
us 


[88] 


The moment of the strip loading with respect to the origin 
= 0 is obtained by integration of the pressures, multiplied by 
t; the center of pressures being designated by 2, it is found 


Ce — nt n?} 1 


1 


lo 


For the entire subsonic strip (¢ = 1) oy 

1 — a! 


— (1 — nto?) cos~! fee )| — (1 + nto) — 


¥ 1 + nto 
— 


=~ 
Tx 


wy II—Second terms of u and v 


<2 
I—First terms of uandv 


— (1 — nto) cos? to} (90) 


If the leading edge has no sweep, Equation [86] replaces 


Equation [82] and 


C 1 


sande + (cos~! t — cos~! t) —- to Vi —t? 
Fia. 22 2 
to(t? — 1— tto 
pressure coefficient Cy in the interval from t = t and ¢ is given > t — cosh 
by the relation 
t —1 n + te — (cos~! tg — cos~) 
wi cosh™* to \t [84] Developable Surfaces Without Thickness, The airfoil is 
a — stituted by a developable surface without thickness, more 


For the entire strip, between ¢ = to andt = +1 pe begper cifically, by a cylindrical, prismatical, conical, or pyramidal 
i face. The leading edge is a generator of the surface and th 
| +n) is a subsonic section by a plane parallel to the z-axis. All ' 

a ban wh —n generators of the surface are supersonic, Fig. 23. The trailing 

of wt ) ms edge is supersonic at each point, and may be a straight |i 
Tito) cos~* — (1 + . [85] plane, or askew curve. 
1 + nl The Mach cone originating at the intersection of the lea ling 

edge with the tip Po, defines two regions on the surface. Reg 
1 can be examined by two-dimensional methods (2) and, in this 

region, the pressure is constant along each generator. The | 
responding pressure coefficient is 


po 


‘If the sweepback is null, Equation [82], for r = t, becomes 


are t 
(98a) 
edge. 


Zo, 


At 


(¢ — &) (—t) + V1—# 

4 — V1 — to? — ———— cosh! | —— 87] 

and, for the entire subsonic strip 

) 
— 
[89] 
( 

wh 
ere 

af consic 
| 
Over 
corres 
— 
L= 
aa 


93 
V/1 — n? B 0 dz 


Cp 


where 


n = tan w/f and no = tan w/8 (leading edge).... [93a] 


and a is the angle of attack corresponding to a generator. 

In region 2 the pressure perturbation decreases from the 
Mach cone line PoMo toward the tip, and Equation [93] does not 
apply. It must be modified by introducing the effects of the 
conical flows which appear at the end points of all the genera- 
tors, in the case of a developable surface, or at the ends of all 
the generators corresponding to the intersection of plane tri- 
angular elements, in the case of a polyhedron. 

At a point such as Q, the pressure variation corresponding to 
the conical flow at Po is given by one of the following relations: 


(a) The tip is a trailing edge (Equation [34]) 


1 
b>0; o= = ——— Dit, n) = 
Cpo 4/1 af 


2(1 + mo) (t — to) 
| — 94 
| (1 + nel) 


(b) The tip is a leading edge (Equation [49]) 
Co V1 — no? 


(1 + mol) (1 — te) 


[945] 


c 
ty < 0; 


In both cases, at points where’ > 1,¢ = /V/1 — no’. 

Similar expressions, where no is replaced by n, give the values 
¢ corresponding to conical flows distributed along the tip, either 
continuously (developable surface) or discretely (polyhedrons). 

The parameter ¢ is a constant for a given tip, while n and ¢t 
are two variables. The reduced generator sweep n (Equation 
(93a]) varies from no to 7, value corresponding to the trailing 
edge. The reduced slope ¢t of the line connecting the apex Pr 
(Zo, yo) of a conical flow to an arbitrary point Q(z, y), varies be- 
tween f) and 1 over the surface of the airfoil 


t = —B(y — yo)/(z — 2); to = —Byo/%o....... [95] 


At a given point Q, the total pressure coefficient (per face) is 


2 Pi 2 ni 


where the slope « along the generator passing through P can be 
considered as a function of the sweep n of the generator. The 
integration is limited to no (leading edge) and n, (end point P,) 
corresponding to Q. 

The total lift, drag, and moment are obtained by integration 
over the airfoil of the products of Cy (Equation [96]) by the 
corresponding factors, thus 


fcwo, [ fase, 


Where d?Q is a projected area on the (z, y)-plane, and a is the 
of the generator passing through Q. The moments are 


[97] 
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determined about the (z, z)- -axes, which have their origin at Po. 

The slope a being constant along a generator, and Cp being 
also constant along the portion of the generator which is in re- 
gion 1, a simple sequence of integration for the double integrals 
in Equations [97] is as follows: 


(a) Integrate along a strip limited by two infinitely close 
generators, ¢ being the only variable. 
(b) Integrate across the generators. 


Moreover, since Cy, Equation [96], generally varies along a 
generator, it is convenient to interchange the sequence of integra- 
tion between (a) and the integral defining Cp. The first in- 
tegration is then made along a strip, for a given apex, and the 
second integration is made for a varying apex. Then the fol- 
lowing general sequence can be adopted for the treble integrals 
represented by Equations [96] and [97] combined: 


(a) Along a strip limited to two generators at an infinitely 


(b) Fora given strip, P being variable. 
(c) Across the generators (variable strip). —_ 


small distance apart, Q being variable, and P fixed. 


If the surface is a polyhedron, integrations (b) and (c) are re- 
placed by summations. 

The main advantage of this sequence is that the results of 
integration (a) can be given in a general form, without any 
reference to a specific planform, as shown hereafter, so that 
only a double integration is required for each specific problem. 

The elemental area of a strip limited to two generators and 
two ordinates, y; at the tip and y, is 


1 
dQ = (y Yi) dz + (y? yi?) B dn, [98] 


where dn, is the variation of n,; which corresponds to the interval — 


dz, measured along the z-axis. 
static moment about the z-axis is 


The corresponding elemental 


1 1 
d¥ = 3 (y? ou dz + 3 (y dn [99] 


If Cy is a constant along a strip, the products dQC, and d¥C, 
directly give forces and moments. If C, is variable along a 
strip, then, differentiating Equations [98] and [99] with respect 
to y, itis found 


dy dz + ydy Bdn } 
y dy dz + y*dy Bdn 
and Equation [97] can be developed 


ani 


= 


= 


= yi 


peg. 
j 
* 
> 
1 
3 
A 
» ae 
5 
til 
4 
ung 
this 
x 
| 


— (M,/4q) = oy dy 

= 

0 ao yi 


_ These expressions indicate that only three first integrals are 
to be explicitly written, in order to calculate all eight treble 


integrals 
y y 
= cydy; 4 o y? dy. . [105] 
yi yi 


In these expressions, ¢ is defined by Equations [94]; the first 
re. integrals are required for forces and the last two, for mo- 
ments. In the case of cylindrical or prismatical surfaces, only 
one integral of each group is required, so that the integral J. can 
be dropped in this case. The integrals are computed along the 
generators, and not along the co-ordinate lines x = const. 

A linear transformation leads to the substitution, along each 
generator, of a dimensionless parameter ¢’ to the ordinate y. This 
parameter, whose interpretation is given in Fig. 23, is measured 
along a t-axis, defined by its distance 6 to the corresponding 
apex P(2o, yo) the origin being chosen at O(2o + 8, yo). A paral- 
lel to the generator n(QP,) being drawn through O, the inter- 
section 7’ of this line with PQ has a projection 7’ on the ¢-axis 
passing through O; from Fig. 23, the ordinate ¢’ of 7” is 


= t/(1 + nt) 


and the projection of CQ on the y-axis is 


t’ (a1 — 2) (1 + [107] 
with 

Bm — (1 + ite) /B = — (m + 1/t) 
[108] 


replacing moby n,itisfound é perm 
7 —n 
forio <1, o = og = + Ax] {11]] 
rV1 
nz 
a 
M — N't' 
P oP 
{112} 
— 
t' — ty’ 
and 
| 
M = 1 + to + 2ton, N = 2 +n + nlo 
P=1—b,Q = n(l—bt), N’ = N+ Mn 
Q’ = Q— Pn = (n — m) (1 — to) 
2t [113] 
: 
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ry 
The values of t’ corresponding to the ve (t = to) and toi =] 
are, respectively 


to’ = to/(1 + mito) and t,’ = 1/(1 + m)....... {109} 

Also 
Yi — Yo = — Xo) /B, y = — ao) [t’(L + 
{110} 


Ratios o, Equation [94], can b be expressed as functions of 1’; 
oat 


= Vil +n) (1 + nk) 


+n) (1 + nto) (L +m) | 
1 + nito 


) ia | 
" 
| | 
* 
4) a | 


th 


Js. 


Jy = 


wher 


meg 
5 
= 
a 
: 
— 


13] 


4 
+ 2m o dt’ + o dt’ 


All of the three integrals [105] can be expressed as functions 
of three additional integrals in t’ 


to’ 


n= car ot’ dt’ 
to’ te’ 
I, = Ryo? o dt’ 
to’ 


It is possible to represent the integrals in o as functions of 
three integrals in ¢ and three integrals in x’ (or in x). The 


integrals in x’ (or in x) are, with the notations - a 
(t’— to) and 


= tan-!0/ (t! — to’) /(th’ — [115] 


7 ) 
| x! dt! = + —b’) 
to’ 


3to! os ty’ 73 
to’ 2 


arab 


1 
+ 2 — to’) (4 . (116) 
1 
to’ 


3 
+ 8 (15to’? Ato’t,’ | 8 to’) (t,’2 
+ 2ty'to’ + 5to’2)0’ 


The integrals in ¢ are 
1 
¢gdt' =¢ 


gt’ dt’ = 


Lyf |! : 
2 nm er n | 

| 

(m n) 


3 
+ 2 (to’ + | 


> [117] 
gt’? dt! = - 3° 


1 2 
ty 
6 


/ 


4 + my) (to 


1 (1 + m)bo’ 


(1 + n)(1 + 


(1 + m) (1 + mite) 


If t’ is replaced by ¢ in the foregoing equations, all accented 
quantities become unaccented. Expressions [117] do not apply 
‘0 the case n = m,, i.e., when the leading edge is parallel to the 
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generator under consideration. 
replaced by 


1 1 
J, = t’ dt’ = - ——- (3ty’2 2to’t;’ 
1 gt ¢ 3 | o? + 2to't 


1 3 
+ | E + - (to + 
ad 


a (a) For to > 0 (trailing edge) 


In this case, these formulas are 


to’ 


to’ + t,’ 
2 ) + 


1 
i= | E — (lo! 
1 


le! 

+ 15to’? + + 154 


Thus the three integrals I (Equations [100]) have the follow- 
ing expressions: 


R 


For to < 0 (leading edge) 


I = 


[yo(Jo + + + 


[121] 
[yo%(Jo + H’Jo) + 2Ry(Ji + 


Bquations [101] to [104] can written now in their final form 


L/4q = (1/8) is Ida + dn Iida. . [122] 


a 
D/4q = Iida +f a dn; Ida 
ao 0 


a nz a 
M,/4q = (1/8) f dz +f + f dn f Iida. . [124] 
0 0 ao 
a mz 
—M = ave Iida + [roam Iida 
ao ae 


Symmetrical Developable Surfaces With Thickness. The airfoil 
is constituted by a symmetrical volume, limited by two developa- 
ble surfaces symmetrically located with reference to the (z, y)- 
plane, so that the angle of attack is zero and the resultant force 
isa drag. The leading edge is a generator common to the two 


> 


é 
= 
} 
4 
; . [120] 
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suriaces and the tip is a subsonic section of the surface by a Considering now the area limited by the upper contour of the fs 
plane parallel to the z-axis. All the generators are supersonic _ airfoil section, the chord and the abscissas z = 0 and 2, it can be p! 
and the trailing edge is supersonic at each point; usually, it is written ‘ 
a generator common to the two surfaces. ; 
The tip being considered as the origin of distributed or con- 
centrated conical flows, the same general procedure as in the Thus 
preceding section is applied to the determination of the local pres- r 
An important theorem can be established if the symmetrical dx dx? . a 
r low ylindrical or prismatical, i.e., if 
Integrating by parts the inner integral, designated by J, it is 
mean camber surface may not satisfy this condition; under these found 
assumptions, the base drag of the tip region is equal to the drag T aA dA , T 4 th 
due to the two-dimensional flow which would exist over this re- J = Z an (r—2z,) dx = a (x — 2,) | f —. vi 
gion if the airfoil were extended beyond the tip. ” of aad Ze ze dx . 
This property does not extend to the induced drag, which is pecause at the two extremities 0 and 7, z = dA/dz = 0, it results an 
reduced proportionally to the lift, as compared with the two- that 
dimensional value. In addition, since the base drag is unchanged .. J 
and the friction drag materially unaffected, except at high angles 
of attack, it appears that the tip has a low lift over drag ratio and 
(L/D), as compared with a two-dimensional wing. 
The theorem can be established as follows, Fig. 24: The 
pressure at each point Q inside the Mach cone of the tip fore point Pa 
194 


The slope » is null at the leading edge, since the integration 
must include the conical flow concentrated at that point, ahead 
of which the slope actually becomes null. This can be proved 
directly if the half wedge angle m at the leading edge is explicitly 


introduced, so that a term m St F andz ‘is introduced in the ex- 


pression of J. 
This term can be written then in the form 


T 
T QA dA dA 


Ald since dA/dzr = z = 0 at both extremities. Then, noting that 


is the sum of the pressure due to the two-dimensional flow and An the 

of perturbations due to the presence of the tip. It will be shown @A , 2A 

now that the resultant of these perturbations is null, which will I= Ar + dA — 
dz? s= 0 


prove the theorem. By reason of symmetry, this resultant is a 
drag. Considering, for example, the case of a cylindrical sur- Tv ar 
face, the conical flows which produce the perturbations are dis- 20+ f dA d (“4) an i (*4) | a? 
tributed along the tip and, over a distance corresponding to a — 0 ix : 0 
slope variation dy,, the strength of the conical flow is proportional 
to the slope variation. It is not necessary to introduce explicitly 
____ the actual pressure distributions along the generators, since they 
are all given by the same law, the generators being parallel, and 
the rake of the tip being constant. 
: This shows that the average pressure on a strip such as AB, 
: limited by the tip and by the Mach line originating at P, and 
produced by the conical flow originating in the vicinity of P, is 
_ proportional to the strength of this flow, i.e., proportional to 
_ dn, The drag component of the force acting on AB and due to 
¢ conical flow originating in the vicinity of P is thus propor- 


This proves the theorem, since the quantity J is proportional 
to the total drag perturbation due to the tip (Equation [126)). 
On the other hand, the drag of a wedge decreases in the vicinity 
of the tip, and the previous result shows that the drag increases 
in the aft region of the airfoil which is closest to the tip, and de 
creases in the fore region. For instance, in the case of a doub! 
wedge, the pressure distribution is shown in Fig. 25, on whic 
+ p represents two-dimensional pressures and + p’ represen' 
age conical pressures, due to the half wedge angle. It is a; 
that the resultant of p’ is null, since the pressures are 


fi tional to dy,, to the angle of attack » of AB, and to the area of 
AB, which, in turn, is proportional to (2 — z,)dz. Thus 
a dD ~ dz (x — 29) ndn which equals twice area 1 or area 3, so that the total resu 
dragwise is (— 1 — 1 + 2)p’ = 0. This establishes ag 
_ The total drag perturbation is thus proportional to HAO general theorem, but in a simple case. 
- t TELS eg) In the present symmetrical case, it is also possible to 
f las for the drag and for the moment M, due to drag, 
ayaa vedi mn are equivalent to those established in the case of a cambered % 


—p’ over area 1, + p’ over area 3, — p’ over area 2 


i> 
ESS = 
dx* jo 0 dz 
fe) 
& < TN -P-p 
3 
: 
34 
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face without thickness (Equations [115 to 121]). In these ex- 
pressions the value of o, Equation [111], would be replaced ” 
(see Equation [82]) 8 


while the four Equations [101] to [104] are reduced to the two 
expressions for D and M,, Equations [102] and [104]. 

In general, the base drag has small values, as compared with 
the maximum values of the induced drag. Moreover, the pre- 
vious theorem shows that for cylindrical wings, with or without 
sweep, the tip produces no additional base drag, while for delta 
and arrow wings, there is no separate tip effect altogether. Con- 
sequently it appears that, at least in general, it is an unnecessary 
refinement to determine base drags due to tips, i.e., the force and 
moment differences with two-dimensional values. 
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Discontinuities of Stress in Plane Plastic Flow 


¥ ly 


This paper presents a method of discussing the stress 
distribution in the neighborhood of a surface of discon- 
tinuity of stress in a field of plane plastic flow. The plastic 
material under consideration is supposed to obey the laws 
of the Saint Venant-Mises theory; the surface of discon- 
tinuity is assumed to be plane, but the intensity of the 
discontinuity is allowed to vary along the trace of this 
plane in the plane of flow. 


HEREAS statically determinate problems of plane plas- 

V V tic flow have been widely discussed during the last 25 

years, the possible occurrence of stress discontinuities 
has only recently been pointed by W. Prager (1).4 He, and A. 
Winzer, and G. F. Carrier (2) treated several examples involving 
one or more planes of discontinuity separating regions of constant 
stress. The present paper is concerned with the stress distribu- 
tion in the neighborhood of a plane of discontinuity separating 
two regions of varying stress. 

On account of the relative novelty of the concept of stress 
discontinuities in plane plastic flow, it seems worth while to point 
out the analogy between these discontinuities and those en- 
countered in plastic torsion. This is done in the next section. 
A general technique of studying stress discontinuities of varying 
intensity in plane plastic flow is developed in the third section. 


DISCONTINUITIES OF STRESS IN PLastic Torsron® 


Consider, for instance, plastic torsion of a prismatic bar of 
rectangular cross section. When the torque has reached the 
limiting value determined by the dimensions of the cross section 
and the yield stress in shear, k, the stress distribution is obtained 
from the sand-hill analogy of A. Nadai (3). For the rectangular 
section, the sand hill has the form of a roof, consisting of four 
planes which all have the same slope with respect to the rec- 
tangular basis, Fig. 1. Accordingly, the cross section is divided 
into four regions of constant stress, two of which are triangular, 
the other two trapezoidal in shape. In the triangular regions of 
Fig. 1, the shear-stress vector has the magnitude k, is parallel 
to the y-axis, and directed, say, upward on the right and downward 
on the left of the figure. In the trapezoidal regions the shear- 
stress vector has also the magnitude k, is parallel to the z-axis, 
and is directed to the left on top and to the right at the 
bottom of Fig. 1. 


1 The results presented in this paper were obtained in the course 
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by the Office of Naval Research and the Bureau of Ships, Navy 
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of this analogy. 
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The lines separating these four regions of constant stress are 
thus seen to be lines of discontinuity. On the two sides of AB, 
the shear-stress vectors are parallel to these lines and of equal 
magnitude (k), but opposite directions. Along AB we therefor 
have a discontinuity of the constant intensity 2k. The shear 
stress vectors on the two sides of BC, on the other hand, form 
angles of 45 deg with this line. Decomposition of these shear. 
stress vectors into components normal and parallel to BC, Fig. |, 


y 


Fic. 1 Srress Discontinuity oF Constant IntTensitTy; Torstoy 


shows that the normal components are the same on each side od 
BC, whereas the tangential components are of equal magnitude 
(k/+/2) but opposite directions. Therefore, along BC we haves 
discontinuity of the constant intensity k/+/2. 

An example of a discontinuity of varying intensity is furnished 
by the torsion of a cylindrical bar the cross section of which is 
bounded by the oval® 


2 = [a + b(cos 2a + 2)] sina 
y = —la + b(cos 2a — 2)] cos a 


> 
where a, b are constants and the parameter a denotes the ange 


between the tangent to the oval and the positive z-axis. Th 
normal at the point a = a; of this oval has the equation 


(x — 2) cos ay + (y — m1) sin a = 0........[2 


where 2, 4% are the co-ordinates of the point P, which cor 
responds to the value a of the parameter. This normal, Equs 


ly 
P(x, y.) 


Torsis 
tion [2], intersects the z-axis in the point Q with the abscisss 


Fig. 20 
= + tan a = 4b sin q........-+ (3 
¢ As V. V. Sokolovsky (4) has pointed out, this type of oval les4 
to much simpler formulas for the torsion problem than an ellip* 
without differing much in shape from an ellipse. 
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In all points of the segment PQ, the shear-stress vector is 
normal to PQ, directed to, say, the left and of the magnitude k 
The x and y-components of this vector are 

7 = k cos a, Ty = 
If P’ is the image of P with respect to the z-axis, the components 
of the shear-stress vector in all points of P’Q are 


= —kcosm, = ksinm............ [5] 


Hence at the point Q, we have a stress discontinuity of the 


intensity 


2k cos ay 
or, on account of Equation [3] i- = 


Equation [6] shows the intensity of this discontinuity to vary 
from 2k at 22 = 0 to zero at z, = +4b. In terms of the sand- 
hill analogy, this discontinuity corresponds to a sharp ridge con- 
tained in the vertical plane through the z-axis and connecting 
two points with the abscissas + 4b. 
In this case of the torsion problem, discontinuities of stress 
| are found directly from the sand-hill analogy as edges or ridges 
of the sand hill. In the case of plane plastic flow no such intui- 
tive way of locating discontinuity surfaces is available. The 
systematic study of various types of stress discontinuities is 
therefore all the more important. 


Power SERIES REPRESENTATION OF STRESSES NEAR A DISCON- 
TINUITY SURFACE 


As an example of a discontinuity surface’ of constant intensity 
separating two regions of constant state (1), Prager uses a 
straight wedge with unifornily distributed normal pressure on 
one of its sides, and a wedge angle less than r/2. Let us now 
investigate an analogous problem from the “inverse” point of 
view. Starting with a shock of variable intensity (separating 
regions of variable stress), find the bounding surfaces and the 
normal loads acting on them. It is shown that the bounding 
surfaces are no longer plane, nor are the pressures acting on 
them uniform. Also, the two regions I and II are no longer 
symmetrical with respect to the shock. Note, however, that, 
initially, in the neighborhood of the origin, the results here 
reduce to those of the problem previously mentioned. 

If the stresses are denoted by o,, ¢,, 7,,, the equations which 


must be satisfied are the equations of nears ium Taos 
Oo, OF 


and the yield condition 


where k is the yield stress in pure shear. The yield condition 
may be satisfied by — 


= k(2w + sin 20) 
20 = k(2w —- sin 20) [9] 


Try = —k cos 20 
will be 


in this point on, the term “discontinuity surface” 
replaced by the shorter term ‘‘shock.” 
For further details see reference (1). 
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Substitution of Equations [9] into [7] yields the following equa- 
tions 


xe 

— cos + — sin @ | 
dy 


0 


sin — cos @ 
oz oy 


=w—O 


where 


Equations [10] may be solved by setting ’ 


where, in turn 


* 
a ™ a, 
mn 
here 
= 0 + (& no) + 2 (Onn 


m,n 


also, as the reference (1)* would indicate in detail, 0 = 3(f — 
no) is the angle between the characteristics and the negative y- 
axis at the origin of co-ordinates. 

The plastic domain consists of two regions denoted by I and 
II, separated by the shock, which, for convenience, is placed 
along the negative y-direction. Correspondingly, there are 
two series expansions each of the type Equation [12]; that is, 
there are two sets of coefficients a and b corresponding to I and 
II. The coefficients corresponding to I will be denoted by a 
letters, those corresponding to II by unprimed ones. 

‘Substitution of Equations [11] in [10] results in a set of ak 
taneous equations in the coefficients a and 6 subject to suitable 
boundary conditions. These boundary conditions are given 
upon determination of the shock intensity, that is, upon choos- 
ing a @ and w in region II, say, for x = 0, and all negative y (since 
the shock is placed along the negative y-direction for simplicity). 
This choice in turn determines a,,, 6,,, which serve as initial 
conditions for the solution of the remaining coefficients in 
Equations [12]. Application of the jump conditions results in 
the determination of the corresponding quantities, a’,, and b’,,, 
and so a’,,, and b’,,,, for region I. 

For the particular problem worked here the computation was 
carried out for m + n = 4; if a larger region of convergence is 
desired, the number of terms in the series must be increased, 
of course. Furthermore, 4 is chosen equal to 2/3, i.e., the bound- 
ary makes an angle of 15 deg with the shock initially, and 
6,(0, y+) varies with y, while a;(0, y+) = w + w (0, y+) = 
with w = 3(f& + 0) = 0 in region II, Fig. 3. These condi- 


tions lead to 
) 
6,(0, y) _ 


= 


Py 
2 
h cor 
Equs- 


and, because of this particular choice, ao. = —bo: = —1, a,, = 
bon = O for n > 1, from which all further coefficients can be 
evaluated. From the jump conditions, Equations [14], across 
the discontinuity the corresponding quantities may also be 
evaluated for region I, where 


6,(0, y) = —O + y 


ll 


Now the initial coefficients are obtained (see Equations [12]) 


n 


on + if 


(0, y—) 2 


where the primes denote the series coefficients in region I. 


y” = sin 2(% — y) 


This 
a’n = —(1 + 2 cos 2%) 
= 1 — 2 cos 26 


= = —2 sin 209 


4 
= = 26 


2 
= = 266 
= = —— cos 2% 
15 


4 


Upon solving for the remaining coefficients, as determined by 
the substitution of Equations [12] into [11], into [10], the fields 
on both sides of the shock are found. 

To find the bounding surfaces and the normal stre stresses s acting 


on them the equations we 

= tan *) for region II 

17 
must be solved numerically with the initial conditions 7 = 
Yo = 0. 


The normal stresses N; and Nj, acting on the surfaces defined 
by Equations [17] are obtained from 


where 


A 
Fie. Stress Discontinuity oF VARIABLE INTENSITY ALONG O04; 
PLANE STRAIN 
(Regions of variable stress I, II; normal pressure N,/k, Nj,/k acting on 
OB, OB’, respectively.) 


wy = sin 20) + (0 = 60°) 


mn 2 


are evaluated for the points (z, y) found from Equations / 17). 
Finally, a uniform hydrostatic pressure, here taken equa! to 
—1, may be superimposed. 


CONCLUSION 


The method as outlined gives a rather general systematic way 
of constructing the field of stress in the neighborhood of discon- 
tinuity surfaces of variable intensity in problems of plane plas 
tic flow. Its use is rather tedious, but it will yield accurate 
results within a certain region, limited by the number of terms 


taken in the series. 
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Relation of Experiments to 
_ Theories of Plasticity | 


Several classes of mathematical theories of plasticity 
for work-hardening materials are surveyed and their ad- 
vantages, disadvantages, and agreement with experiment 
discussed. Consideration is given to the proper correla- 
tion of tests on thin-walled tubes subjected to tension, tor- 
sion, and internal pressure in fixed but arbitrary ratio. 
The continuing debate between octahedral-shearing-stress 
and maximum-shearing-stress criteria of plastic deforma- 
tion is re-examined and the more general alternatives are 
restated. Through an analysis of Osgood’s experimental 
results, it is made apparent that the more general point of 
view is required for the best correlation. A series of ex- 
periments are outlined which make the distinction be- 
tween the various criteria of loading or deformation very 
large instead of just a few per cent as in previous work. 
In the evaluation of present mathematical theories it is 
shown that incremental-strain theories avoid obvious 
drawbacks of the so-called deformation type of theory. 
The concept of isotropic work hardening, assumed in 
practically all stress-strain relations, is explored and gen- 
eralized. Strong limitations indicated by the Bauschinger 
effect, which cannot appear properly in such theories, are 


out. 


aa, 


The following nomenclature is used in the paper: 
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rections, respectively 


[8] 

= second-order invariant of the plastic strain tensor 
1/2¢,;"€;;" or equivalently a constant times 

= third-order invariant 

= second-order invariant of stress deviation '/28;;8 ;; 
or equivalently a constant times 79? 

= third-order invariant '/38; ;8 


'The conclusions presented in this paper were obtained in the 
course of research conducted under Contract N7onr-358 sponsored 
jointly by the Office of Naval Research and the Bureau of Ships. 
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function of state of stress, used only in Equation __ 


tests 
Poisson’s ratio 


p, a, P,Q = functions of J2and J;in general 
Pi, P2 = functions of J2 or re 
s = average of principal stresses 
8;; = stress deviation = o;; 
$1, 8, 8; = principal stress 
t;; = deviation of square of stress deviation 
Z,y,z = rectangular co-ordinate system, z-radial 
= Kronecker delta = 1 fort = = 0 for 
t #j) 
€;; = strain (tensor) 
«;" = plastic strain (tensor) 
¢;;’ = elastic strain (tensor) 
= 


normal strain, subscript denoting direction (engi- 
neering notation) "denotes plastic, ‘elastic 

principal strains 

shearing strain (engineering notation) 

octahedral shearing strain 


= 
= 
3382 


Lode’s variables, = 
& 


(Modified) de” 
ratio of circumferential to axial stress in tube 
tests 
stress (tensor) 

Cartesian components of stress; superscript 0 de- 
notes a particular set 
principal stresses 


= 


1,792,093 = 


The complete objective of a mathematical theory of plastitity 
is to determine the history of the state of stress and strain at all 
points in a partially or totally plastic body when the history of 
the boundary loadings and displacements are specified. Rela- 
tively little has been accomplished along these lines for work- 
hardening materials, and so it is desirable to start with the 
simplest approach which can yield practical results. Real ma- 
terials are often reasonably isotropic in the unstrained state and 
therefore initial isotropy is naturally assumed because of the 
resulting relative simplicity. Similarly, although large strains 
must be considered in manufacture and physical metallurgy, 
the strains are generally small in the ordinary problems of 
stress analysis. Hence the simpler assumption of small strain 
is made because it avoids enormous complication and still per- 
mits the solution of practical and important problems. Time 
and temperature effects, also, though often very important, are 
not significant in the slow application of load to many metals at 
room temperature. They too will be neglected. 

To recapitulate, the following discussion is primarily con- 
cerned with small elastic and plastic straining of originally iso- 
tropic material exhibiting no time or temperature effects. Iso- 


variable scalar appearing in description of ae 


6, og Tequiv = an equivalent shearing stress, a weighted average 
= stress points in Figs. 8 and 10 of all shearing stresses. Two examples are as 
= a plastic modulus, a function of re follows: 4 i 

= Young’s modulus Tmax = maximum shearing stress 
= loading function or criterion of further plastic = octahedral shearing stress 

= function of Jz and J; INTRODUCTION 
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tropy in this sense means only that all tensile specimens will 
have the same stress-strain curve no matter what the orienta- 
tion of their axes in the original block of material. Similarly, 
all compression specimens will give one curve. However, the 
stress-strain curve for tension and the curve for compression need 
not coincide. 


UNIAXIAL TENSION AND COMPRESSION 


There is no necessity for a mathematical theory of plasticity 
to describe the behavior of material in simple tension or com- 
A set of stress-strain curves for repeated loadings 
and unloadings is sufficient. On the contrary, physical theories 
are of extreme value but constitute, as yet, a quite separate phase 
of the theory of plasticity. 


pression. 


Tests—ConstTANT BUT ARBITRARY STRESS RatTIos 


If a thin-walled tube of circular cross section is subjected 
to any combination of increasing tension, torsion, and internal 
pressure applied in fixed ratios, the state of stress is nearly 
statically determinate and is of the form 

Ka,°, Ko,°, 


Try 


neglecting the z or radial compressive stress produced by the 
internal pressure. The axes z and y are perpendicular to the 
radius or z-axis. The number K starts at sero and increases 
monotonically as the test proceeds, and o,°, o,°, r,,° describe the 
state of stress at some particular time in the loading process. 
If only one set of ratios o,/0, and o,/r,, is considered, there is 
again no need for a theory of plasticity no matter what the 
variation of K. A set of loading and unloading curves, plotting 
any one of the stresses against any one of the strains, and a sup- 
plementary table of ratios would suffice. However, a correla- 
tion of such a test with a uniaxial tension test or tests with other 
ratios of the stresses requires the start of a mathematical theory 
of plasticity. 

Bridgman has shown that, in the usual stress range, a super- 
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imposed hydrostatic pressure has only a little 
influence in the small strain range. Therefore 
\v shear stresses are the predominant factor 
in plastic deformation, which is a succession 
of permanent shear strains. A _ variable 
which is a function of the shear stresses 
plotted against a function of the shear strains, 


~ can be used to correlate the results of all 
such tests on a given material. Not just one 
‘b variable, but many homogeneous functions 
of the shear stresses, will work reasonably 
+ well although one should be best. 


A plot of maximum shearing stress versus 
maximum shearing strain can be used with 
v reasonable success, as shown in Fig. 1, a 
copy of the results obtained by Osgood (1). 
The octahedral-shearing-stress plot, Fig. 2, 
Fic. 3 Eaquiva- of Osgood also shows good correlation. 
LENCE OF EquaL However, these are only two possibilities 
among agreatnumber. As shown by Prager 
AXIAL Compres- _ (2), if shearing stresses alone are important, 

SION all are included in combinations of Jz and J3, 
the second and third invariants of the stress 


deviation; J: is essentially the elastic shear strain energy, or a © 


constant times the square of the octahedral shearing stress. Al- 
though J; does not have as simple a physical significance, it 
enables the proper relative “weighting” of all the shearing stresses 
acting on all the planes. Maximum shearing stress is just one 
and octahedral another way of averaging. They and all others 
are represented in the most convenient manner as f(J2, J;) some 
function of J, and J;. In the usual tensor notation, with re- 
peated subscripts indicating summation 
is the stress 


A 


= — = is the stress deviation 
3 


« Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


40000, 
4 
I 7 
ro 
= CIRCUMFERENTIAL TENSION 
10000 A: P=0 
VAP=1 
o:P= 206 


O02 | 04 06 08 


40 14 46 48 


002 006 .008 


| 


014 


4 f(Js, Js) Grves Berrer CorreELATION 


010 012 016 018 


t 
gx 
7 
Sok 


x4 In the customary engineering notation 


wim 


iS the sum of principal 
6,; is the Kronecker delta 


1 1 
J; == 855 = 2 + + 83?) 


2 


= 3 (si3 + + 83) = 815283 


where si, $2, 8; are the principal stress deviations. 
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where 


1, 7; are principal stresses 
T1, are principal shear stresses 


1 


2 (o2 — 2 (o3 — 2 — o2) 


As soon as this more general viewpoint is admitted, it is worth 


while examining the data more carefully. If the scatter in Os- 
good’s points were obviously experimental there would be no 
reason to proceed beyond drawing the best average curve. How- 
ever, closer scrutiny reveals that this is definitely not the case. 
On the contrary, the care with which the material was chosen, 
machined, and tested shows up clearly in the data. In the octa- 
hedral-shearing-stress plot, Fig. 2, the points representing a ratio 
p, of circumferential tension to axial tension of 0, 1, and infinity 
are together on the high side, while those for '/, and 2 group 
on the low side and are markedly separate. 

Fig. 3 gives a partial explanation. The addition of a uni- 
form all-round compression to a state of equal biaxial tension 
leaves uniaxial compression. Therefore, p of 0, 1, and infinity 


must lead to the same points if the material is originally isotropic, 


with the same properties in tension and compression, and if 
shearing stresses alone are of importance. The coincidence of 
the points for p = '/,; and 2 is a matter of isotropy. There is, 


_ however, no need for the two essentially different sets of points 
- to coincide for either of the arbitrary weightings represented 
by the maximum shearing stress or by the octahedral shearing 


_ tion of the proper correlating variable f(J:, J;). 


stress. 
Insufficient information is available for the definite determina- 
More tests 


_ would be required and additiona] data would have to be re- 


ie 2 Fig. 4 shows the great improvement resulting from 


the use of 
S(J2, Js) = Js? — 2.25 


which may be expressed in terms of an equivalent shearing stress 

Tequiv = to(1 — 2.25 J;? /J3*) 6 
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where 79 is the octahedral shearing stress. The octahedral shear- 
ing strain has been retained as abscissa although it is not the best 
variable to use with equiv. However, the work hardening js 
rather small and a change of strain variable will have practically 
no effect on the resulting curve. 

A large variety of similar and also of quite different functions 
would work equally well. Some of the means for making the 
best choice will be discussed later. 2 


The determination of the correlating variable f or requiv for 
the simple tube tests is only a first step in the development of a 
mathematical theory of plasticity. In itself it merely enables the 
prediction of what will take place in additional tube tests when 
ratios of the loads are kept constant. Many varieties of stress- 
strain relations would be consistent with the results obtained 
by such tests. The simplest are the so-called deformation type 
(2, 3, 4, 5). 

Deformation theories of plasticity for work-hardening mate 
rials postulate that the state of stress determines the state of 
strain uniquely as long as plastic deformation continues. They 
are identical with nonlinear elastic stress-strain relations as long 
as unloading does not occur. If isotropy is assumed, the axes of 
principal stress and strain coincide. Prager (2) has given the 
most general form of deformation theory on the assumption of 
isotropy, plastic incompressibility, and the absence of influence 
of the sum of principal stresses 

A, 
where «,;” is the plastic component of strain; the elastic com- 
ponent is assumed to be given by Hooke’s law. As before, 
8;,; is the stress deviation, and t;; = 8,4 84; — */s(J26;;) is the de 
viation of the square of the stress deviation. 

A special case is obtained by taking Q = 0 and P = 
In engineering terminology, this relation may be written as 


where C is the plastic modulus, a function of J2, or equivalently 
the octahedral shearing stress. 

Such a mathematical theory of plasticity could be usable for 
general stress histories only if it is explicitly stated that a fune- 
tion f(J2, J3) is the criterion of loading or further plastic de 
formation. When its magnitude increases, the permanent 
strain changes in accordance with the plastic stress-strain re 
lation; when it decreases unloading takes place in accordance 
with some other relation. The usual assumption made is that 
changes in strain on unloading are given by Hooke’s law. The 
foregoing description off applies strictly to a single loading which 
may be followed by one unloading, and implicitly assumes § 
material whose stress-strain diagram in simple tension is 20 
linear to start. Modifications are required for more general 
stress histories and for materials with an initial elastic range. 
The usual yield point is included if it is understood that plasti¢ 
deformation will not take place until a definite value of f# 
reached. Similarly, loading following unloading will not pre 
duce plastic flow until the prior highest value attained by f is onee 
again reached and exceeded. 

Unfortunately, although deformation theory is the simple* 
of all possible types, it is based on a restricted class of tests, and 
it is not reasonable to expect it to apply when general variations 
in the state of stress are considered. The fundamental inco® 
sistency can be expressed in different ways. Loading and ur 
loading expressions do not coincide for neutral changes in stress 
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that is, for stress changes in which f(J2, Js) remains constant 
so that there is neither loading nor unloading (6). Looked at 
differently, even for constant directions of principal stress, de- 
formation theory must predict large finite changes in permanent 
strain for some changes in stress representing infinitesimal or, 
in the limit, zero loading (7). The permanent strain changes 
are not only large but (unbelievably) independent of the amount 
and rate of strain hardening exhibited by the material. 
Mathematical theories which relate finite although not total 
changes in strain to finite changes in stress (3) are deformation 
type and lead to the same contradictions. Basically the difficulty 
lies in the fact that deformation theory and the existence of 
f(J2, Js), even in the most limited sense, are incompatible. 
Work 


HARDENING 


INCREMENTAL THEORIES OF 


The next simplest type of theory that has been developed is 
consistent with the assumption of a criterion of loading, f(J2, Js), 
and so avoids the difficulty encountered in deformation theory. 
Fig. 5 shows several contours of a possible f for two-dimensional 


Fic. 5 Possinte Conrours or Loapina Function f 


states of stress with principal stresses o; and o». For three- 
dimensional states, 0; should be interpreted as 0; — o;, and o as 
o;— 03, Where o; is the third principal stress. The addition of a 
hydrostatic stress, —o3, to 01, o2, 0;i8 presumed to have no effect 
on the plastic behavior. A logical self-consistent theory results 
from the assumption that once a given value of f is reached, no 
further plastic deformation will occur until a higher value is 
attained, and also that the increments in permanent strain are 
proportional to the increment in f. The latter condition may 
also be phrased as the requirement that the derivative of each 
component of permanent strain with respect to f exist and be 
finite, 

In a true sense, such a theory is isotropic because the principal 
stresses may have any orientation with respect to axes fixed in the 
material. However, it is anisotropic in that the principal direc- 
tions of the increments in plastic strain will coincide with the 
principal directions of the state of stress existing during the in- 
finitesimal changes in stress constituting loading and not with 
the stress increments. The anisotropy is introduced by the state 
of stress, but it is not intrinsic. Removal of the stress leaves a 
material isotropic in the usual sense. Similarly, rotation of the 
state of stress with respect to the material rotates the anisotropy. 

Many of the essential features of incremental theory can be 
illustrated by the most elementary form, f = f(J:), the well- 
known but rarely completely correct assumption that the octa- 
hedral shearing stress is the criterion of loading, Fig. 6. In 
tensor form, incremental strain theory then reduces to (6) 


Where de,;" is the increment in permanent strain, dJ; is the incre- 
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ment in the second invariant of the stress deviator. The in- 
crement in elastic strain is given by Hooke’s law. A marked 


similarity can be seen between deformation, Equations [1] and 
[2], and incremental theory, but the difference is extremely im- 
portant. Now when dJ; = 0, i.e., when the octahedral shearing 
stress does not change, there is no change in any component of 
plastic strain. 
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—maximum shear 


Using engineering terminology, this most elementary form of 
incremental theory can be written componentwise as 


1 1 ) 
E (o, + 


de,” = 


3 4 


where 7 is the octahedral shearing stress, d 79 its increment, 
and C(r9) is a function of the octahedral shearing stress, 

Cunningham, Thomsen, and Dorn (8) have recently used this 
set of relations expressing them in a modified Saint Venant form. 


de,” — de.” de” — de; de,” — de,” 


The equivalence can be seen by taking the square of each of the 
components of the permanent strain in Equation [3] and adding 


de, ;” de;;” p*(J2)s;,8;;(dJ 2)? 


or 
= pil(J2)dJ2 as 8;;8;; = 


Therefore 


where p; and p; are simply related to p(J:). Assuming unique- 


> de; ; de,, p2(J2) 
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where the G’s are oft stress and include both 
Paste gal sOmorm the elastic and plastic behavior. An increment of shearing stress 
may produce an elongation or contraction, and similarly an incre. 

ment of normal stress may cause a shearing strain. 
As the loading function f can be any function of and J;, it is 
Replacing the permanent octahedral shearing strain by an possible to fit experimental » versus » curves with curves of con- 
integral of infinitesimal increments, which depends upon the path 8tant f having greatly different shapes, and conversely to have 
of loading, avoids the major difficulty of deformation theory. wide variation in the « versus v curves with only slight difference 
However, if modified Lode’s variables (9, 10), namely, » and » in the f-curves. Therefore any series of simple tube tests can 
be correlated completely within the limits of the expe rime ental 


are considered 
202 282 — 382 
= -_= 


71 — G3 81 — 83 81 — 83 


Qde2” de,” de;" 3de_” 
de,” — de;” de,” — de;"” 


a it is easily seen, by direct substitution for de” from Equations [3] : 
: or [5], that » = v when the octahedral shearing stress, or J2, is 


v= 


te) 


taken as the criterion of loading. Experiments by Lode (9), Fie. 7 Tue v Versus » Revationsnip Is DereRMINED BY THE 
Taylor and Quinney (11), Davis (12), and others show quite Loavine FuNctTION IN AN IsoTROPIC-INCREMENTAL-STRAIN THEORY 
~ eonclusively that, except at 0 and +1 where they must coincide, 
_ y is numerically less than u. An often encountered set of values errors. In fact, the band on a plot of the octahedral shearing 
@ isu = 0.5, » = 0.35. stress versus octahedral shearing strain is always so small that 
This large deviation indicates he strong desirability of a more the job is too easy. Note, however, that if « * v, f must be 
general mathematical theory of plasticity. Hodge and Prager f(J2, Js) and not f(J/2) alone. 
- (13) have extended and analyzed the relations proposed by Actually, this correlation problem itself is of only minor im- 
Handelman, Lin, and Prager (6), taking into account J2 and J;, | portance from the viewpoint of general incremental-strain theory. 
the stress deviation s,;, and t;; the deviation of the square of the It makes only a small difference on the usual tube-test plots 
stress deviation. The most general incremental strain theory whether the maximum or the octahedral shearing stress is the 
on the assumption that further plastic deformation (incom- criterion of loading, or if f is somewhere between or adjoining. 
_ pressible) depends upon shearing stresses alone and that work- However, the form of the function f is of the utmost importance 
hardening is isotropic, i.e., the loading function f = f(s, 82, 83), in stress analysis when general stress histories must be taken into 
Rs is shown to be account, and the predictions based upon the maximum and the 
q 


octahedral shearing stresses are very far apart. 
de;;" = Ja) 8:5 + Ja) 
; EXPERIMENTAL PROGRAM—CRITERION OF LOADING 


Suppose a thin tube to be stretched in tension in the plastic 
(1 +n) +n) (1 = range. As before, Figs. 1 and 2° will be used as reference. Imag- 
neat ty, ah momen Oe Oy... ine the tensile stress A (see point A, Fig. 8), in the tube to pro 
a, i duce a maximum shearing strain of 0.010 of which approximately 
< one half is elastic and one half is plastic. If internal pressure is 
— added while tension is still applied, but varied in such a manner 
n(d o, + do,)], ete. so as to keep the octahedral shearing stress constant at 0.471 4 
. (curve A-M, Fig. 8), then it is possible to obtain a state of stress 
time. all in which the axial tension is equal to 24/+/3, and the circum 
con, 6 dy.,’ = 2(1 + n) a ferential tension is A/+/3 (point M). The maximum shearing 
ibhography , Figs. 5 and 6. 
to obtain the total de. Poisson’s ratio is n, Young’s modulus is 
and s is the average principal stress or '/;0,,. Unique stress 4 
increments in the interior of a body result from givenincrements 
in boundary loading if 


to which must be added the elastic-strain increment a ” 


curve of constant max 
shearing stress 


CIRCUMFERENTIAL 


where F = F(J2, J3). This means that the loading function f il 

determines the u versus relationship, Fig. 7. It is worth noting 

that if components of the foregoing stress-strain relation are 

written out, with the stress increments appearing explicitly, they AF 

look like a highly anisotropic incremental generalized Hooke’s 


law. As in the forms of the theor, the anisotro is 
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stress will have been increased from A/2 to A/+/3, an increase of 
15 per cent, or numerically from approximately 25,000 psi to 
almost 29,000 psi. If one wished to be on the safe side, the axial 
force could be kept slightly low so that the octahedral shearing 
stress would actually decrease while the maximum shearing stress 
increased to, say, 28,000 psi. 

The advocate of octahedral shearing stress would then say 
that unloading has taken place and therefore only 
changes in strain could occur. They 
Hooke’s law 


elastic 
can be computed from 


1 
Ae, (Ao, — 


10.3 X 10° 


(6000 — 0.32 28,000) 

-0.0003 

a. 


1 
Be = (Ae m = 


(28,000 — 0.32 6000) 


| 
| 
| 
| 
| 


= + 0.0025 


ignoring the radial stress due to the iateneel pressure. The pro- 
ponent of maximum shearing stress on the contrary would main- 
tain that loading and additional plastic strain must have oc- 
curred. Elastic changes would also take place as just noted, 
but from Fig. 1 he would conclude that the maximum shearing 
strain would increase from its original value of 0.010 for 25,000 
psi to over 0.02 for 28,000 psi, and that practically all of this 
change in strain would be plastic or irreversible. The maximum- 
shearing-stress school of thought is not highly organized, and 
it is not clear what changes in principal strain would be pre- 
dicted. However, on the basis of either deformation or incre- 
mental theory, the axial strain would be expected to increase 
while the tube thickness diminished. An increase in the per- 
manent strain of over 0.01 would be predicted for the axial direc- 
tion. Over a 4-in. gage length this would mean an increase of 
more than 0.04 in., as compared with the elastic changes of the 
order of 0.001 in. in the opposite direction. The difference is not 
small, requiring the use of extremely accurate measuring de- 
vices, but instead is so large that dividers cnd scale can be used 
although of course they are not recommended. 

The converse experiment, in which the maximum shearing 
stress is kept constant, or decreased slightly while the octahedral 
shearing stress is increased, is even simpler to perform. Internal 
pressure is applied first until the material is well in the plastic 
range, Say, an octahedral shearing strain of 0.010. The state of 
stress is now B circumferential tension, and B/2 axial tension, 
where B is approximately 55,000 psi, an average value calculated 
from Fig. 2. If the tube is pulled while the internal pressure is 
kept constant, the intermediate principal stress B/2 can be in- 
creased to B without increasing the maximum shearing stress, 
Fig. 8. In the process, the octahedral shearing stress will have 
been increased by 15 per cent. A small reduction in the internal 
Pressure as the axial tension is increased to, say, 53,000 would 
mean a decrease in the maximum shearing stress as the octa- 
hedral increases. 

Again, the protagonists would be sharply divided but now they 
will have changed sides. The believer in the maximum shearing 
stress would predict only elastic or recoverable changes in strain 
Ae, = +0.0025 and Ae, = —0.001 computed from Equations 
[9], with Ac, = 53,000 — 27,500 = 25,500, and Ao, = —2000 
Psi. The octahedral-shearing-stress disciple must now claim 
4 large change in the plastic octahedral shearing strain. On the 
basis of deformation theory the increase would be over 0.01 to a 
‘otal of more than 0.02. The much more realistic incremental 
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theory would predict a change based on integration of Equation 
[3], or equivalently Equations [5]. This change would also be 
over 0.01 and, as before, the difference between the predictions : 
of the two schools of thought are extremely large and do not 
require precise experimentation for their determination. 

Materials with more work hardening than the 24S-T chosen : 
for illustration will produce smaller permanent strains. How- 
ever, in all cases, the ordinary strain-measuring devices have 
far more than the required precision and accuracy. 

As previously shown, it is likely that neither criterion of load- 
ing will be found to be valid for any of the common structural 
metals. Plastic deformation apparently depends upon some 
more complicated function of the shearing stresses than J2 or the 
octahedral form, i.e., upon J: and J3, and upon something 
“smoother” than the maximum shearing stress. However, the 
two simple experiments described will test the two most favored 
theories so clearly that there will be no difficulty in coming to a 
decision about each for the particular metal being investigated. 

After the question of octahedral and maximum shearing stress . 
has been settled, a great many other experiments will be useful 
for obtaining more detailed information about the behavior of 
materials when the axes of principal stress do not rotate. Only 
axial tension and internal pressure will be required. 

The object of this extended series of tests is the investigation 
of the range of validity of the incremental-strain theory whose 
most general form is given by Equation [6]. This reduces to 
the study of the loading function, or criterion of loading, f. In 
this theory, f is a homogeneous function of the shearing stresses 
only, f = f(s, 82, 83), so that if it exists it can be found by the 
procedure illustrated in Fig. 9. Homogeneity means that the 
slope of the curves of constant f, drawn for a two-dimensional 
state of stress, depends only upon the stress ratios and, there- 
fore, will be the same at each point along a radial line from the 


origin. For a three-dimensional state of stress, the co-ordinates 


= 
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of Fig. 9 are to be interpreted as the differences between the 
principal stresses in the plane under consideration and the third 
principal stress. 

Starting with any value of the principal stresses, various paths 
of loading must be explored to determine if f has the relatively 
simple form postulated. Strain measurements will tell when 
only elastic changes take place. The limiting direction, the ex- 
treme of slope for which no plastic strain develops, gives the di- 
rection at the point of a curve of constant f. The concept of the 
related family of loading-criterion curves enables useful informa- 
tion to be obtained about all points on a radial line from the ori- 
gin from measurements at any one point in the plastic range. g 
Therefore, if f is a homogeneous f(s:, s2, 83), the complete curves 
can be obtained segmentwise and pointwise by going out fur- , 
ther and further into the plastic range, using just one specimen. a 
The homogeneity or constancy of slope along a radial line from 
the origin must be checked experimentally for several radii. 
With proper planning the strain can be kept well under a maxi- 
mum of 2 per cent, and so the complications resulting from large 
strain can be avoided. 

Alternatively, the method used by Taylor and Quinney and 
other investigators of the criterion of yield should corroborate or 
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disprove the simple form of f. Partial or complete release of 
load and subsequent reloading with a different ratio of prin- 
cipal stresses should not lead to further plastic deformation until 
the highest previously reached value of f is exceeded, i.e., until 
the loading path crosses the f-curve at the beginning of the un- 
loading. 

A further check on incremental-strain theory is provided by 
predicted and measured uw versus » curves. According to such 
theories, f determines the u versus »v curve uniquely, Fig. 7. It 
is interesting to observe that for the form f = J25 — k J;?, if k 
exceeds 2.25, v will be negative for small positive values of u. 

Experiments with axial tension and internal pressure only 
cannot provide sufficient proof of incremental-strain theory nor 
establish a more general theory. The rotation type of experi- 
ment (14) is necessary. Isotropic incremental theories assume 
that the anisotropy is caused by the orientation of the axes of 
principal stress and is not in the material. Therefore, once a 
given value of f has been reached during plastic deformation, no 
further deformation should occur if the axes of principal stress 
are rotated while the magnitudes of the principal stresses re- 
main unchanged. Also, after any such rotation, any increment 
in f should produce additional plastic deformation, if the theory 
is correct. 

The experimental program may or my not bear out the valid- 
ity of an isotropic incremental-strain theory of plasticity for a 
particular metal. In fact, as will be shown in the next section, 
it is extremely unlikely that such theories will be found correct 
for all stress paths. However, it is possible that in a limited 
region, e.g., the tension-tension region for two-dimensional 
states of Stress, isotropic work hardening will be a reasonable first 
approximation. 


Tue Case Acoainst Isorropic Work 
INGER EFFECT 


Enough information is now available on the behavior of ac- 
tual materials to indicate very strongly that the concept of 
isotropic work-hardening in the form f = f(J2, J3) or, more gen- 
erally, f = f(01, o2, 03) can have only limited validity. Practically 
all metals in the engineering strain range show a very pronounced 
Bauschinger effect (16). If they are stressed to o; in tension and 
then unloaded, a slightly larger stress than o will be required 
to cause appreciable additional tensile plastic deformation, but 
a very much smaller compressive stress will cause flow in com- 
pression. Similarly, if compression is applied first, there is a 
hardening in compression and usually an actual “softening’’ in 
tension, in any case much less hardening for the reversed stress.® 

This is shown in Fig. 10 where the solid line represents the 
initial yield curve, point A the increased tension to which the 
material has been subjected, and point B the resulting “flow 
stress” in subsequent compression. If work-hardening were 
isotropic, and the yield curve symmetrical for tension and com- 
pression, the curve of constant f, when the tension has been in- 
creased to A, would be symmetrical and pass through A’, as 
shown dashed. An incremental theory under these conditions 
would predict that no changes in plastic strain would occur as 
the state of stress changed from A to A’ along the dashed curve 
df=0. While thereare, strictly speaking, no experimental data 
for such a stress path, it is extremely likely that plastic deforma- 
tion would occur before a compressive stress A’ is reached which 
is so much higher numerically than B, the flow stress in direct 
compression. It is always implicitly assumed that there is not 
any essential difference between actually traveling along df = 0 
and cutting across through an elastic region, so that the Bausch- 


* Prager (17) has given a reasonable mathematical account of the 
more general phenomena produced by normal stress and shear. 


te 


inger effect and the existence of f(c1, 02, 3) are probably incom- 
patible. 

This is a physical, not a mathematical difficulty, and the 
smaller the effect the closer the mathematical solutions to reality, 
On the other hand, the inconsistency in deformation types of 
theories is mathematical, therefore, of necessity also physical, 
and solutions of truly two or three-dimensional problems based 
on them are questionable. 


Acatnst Isotropic 
f =f (s, Ja, Js) 


GENERAL Isorroptc HARDENING 


In the preceding sections, f has been taken to be a function of 
the state of stress alone. A more general isotropy would be ob- 
tained if f were assumed to depend upon the strain as well as 
stress. The simplest form would be f = f(a, o2, 4”, €”, 
where the principal stresses and strains enter but their directions 
do not. If plastic deformation is assumed to take place without 
change of volume, f can be expressed as f(s, J2, Js, [2, 7s) wher 
the J’s are the invariants of plastic strain corresponding to the 
J’s, and s is the average of the principal stresses. The elastic 
strain components are taken care of by the stress terms. Mor 
general isotropic forms are possible in which the strain history 
enters as well as the final strain. For example, the integral intro 
duced by Cunningham, Thomsen, and Dorn, Equation [5], could 
appear in addition to J». 

At first glance it might appear that this type of modified ir 
cremental-strain theory could take the Bauschinger effect inw 
account. For example, if the material initially has the same 
properties in tension and compression, the yield curve might 
look like curve 1, Fig. 11. Due to simple tension o in the plas 
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BY AN Isorropic WorK-HARDENING HYPOTHESIS 


tic range, permanent strain is introduced and the loading-fuse 
tion curve, f equal a constant, could change in shape becomité 
say, curve 2. Upon reversal of o:, the Bauschinger effect appes* 
properly and all seems to be well. However, the theory is * 
tropic, direction is not important, and therefore it must wrong! 
predict the same softening effect for compression, follows 
o1, in any direction. The physical incorrectness of isotropy 
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shows up more strongly for torsion or shearing stress. An iso- 
tropic theory cannot predict a Bauschinger effect in shear, be- 
cause the orientation of the principal stresses alone distinguishes 
between twisting and untwisting. As is well known (15), the 
softening is as strong in reversed shear as in compression follow- 
ing tension, or conversely. 


CONCLUSION 


Experiments indicate that a mathematical theory of plasticity 
js required in which the anisotropy produced by the state of stress 
and of strain is intrinsic. The appearance of s;; and ¢,;; in the 
present incremental-strain theory, Equation (6, does not give 
this real anisotropy, as rotation of the state of stress without 
change in magnitude requires no expenditure of energy. How- 
ever, the appearance of the corresponding total or permanent- 
strain terms would produce the right kind of effect as they cannot 
be rotated freely. Work is now in progress on the very difficult 
task of developing a consistent theory of this type which will 
lead to unique solutions. Anisotropic metals should be cov- 
§ ered by such a theory if the lack of isotropy is due to prior 
straining. 

Actually there is no guarantee that even so high a degree of 
complication will result in a theory which will fit practically all 
physical facts and lead to solutions which in all cases will be veri- 
fied experimentally.”?. Therefore the logical first step is to work 
with the Prager incremental theories and obtain solutions with 
them to truly two-dimensional problems other than torsion. 
These theories are self-consistent so that unique solutions must 
exist. In limited ranges they agree sufficiently well with known 
facts to warrant a comparison of mathematical solution and 
physical experiment. 

As outlined in this paper, the most fruitful experimental in- 
vestigations to establish a valid mathematical theory of plasticity 
seem to be those which will prove or disprove present elementary 
ideas and which will point the way to the next forward steps. 
The decision for or against the octahedral shearing-stress or the 
maximum-shearing-stress criterion of loading is relatively easy, 
Fig. 8. The establishing of the range of validity of incremental- 
strain theory with isotropic stress hardening, Fig. 9, is more 
difficult but of great value. 


"It has been assumed implicitly that a theory developed from ex- 
periments with homogeneous states of stress will apply to nonhomo- 
geneous stress distributions. Such an extension may or may not be 
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7 - N a previous paper of the same title by the present author? the 
path of the center of a Diesel-engine crankpin was calculated 
by means of equations developed for bearings subjected to 
varying load and making use of the calculated polar-load diagram 
published by Stone and Underwood. The results appeared as 
_ Figs. 11 and 12 of the original paper. 

The equations employed in those calculations did not take 
~ aecount of side leakage, and no side-leakage calculations for 
= loaded bearings have as yet been made. At that 
time the only exact calculation of side-leakage factors available 
for the range of eccentricity ratio n above 0.7 were those of Waters 
for 120-deg centrally loaded partial bearings which are subjected 
to aconstant load. Accordingly, these were used on the assump- 
tion that regardless of the different type of loading and extent of 
bearing, the side-leakage factor, which is the “ratio” of the dimen- 
_ sionless load or Sommerfeld variable of the bearing with side leak- 
age to that of the same bearing at the same eccentricity without 
side leakage, would be approximately the same for both types of 
bearings. The method of application of these factors is de- 

seribed in the original paper.? 
However, within the last 
7 year there have become availa- 
ble performance data calcu- 
Jated by Cameron and Wood‘ 
on the constantly loaded full 
journal bearing, taking ac- 
count of circumferential dis- 
continuity of the oil film at 
high eccentricities as well as 
of side leakage. These data 
- would seem to.be more appli- 
_ cable to the present connect- 
_ ing-rod bearing since the latter 
is a full bearing, and the ec- 
er centricity ratio turns out to 
7 be large. Accordingly, the 
ealeulations for this bearing 
ss were repeated, using the latter 
data instead of those of Waters. 
In the course of the calcula- 
2 tions, a serious numerical error 
_ was discovered in the original 
computations which had al- 
tered the values considerably. 
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~The Calculated Performance 


The corrected values of the crankpin position » throughout 
cycle, including the effect of side leakage, based on the Cameron 
and Wood data, are plotted in Fig. 1 of the present paper and 
should be used instead of either Fig. 11 or Fig. 12 of the original 


paper. 
PROVIDING FOR SipE LEAKAGE IN CALCULATIONS 


Before discussing the results shown in Fig. 1 it may be of interest 
to outline the procedure for applying the Cameron and Wood 
data in the present calculations to take account of side leakage. 
The method is somewhat different from that described in the 
original paper? and is believed to be somewhat simpler and in- 
volve less assumptions. Cameron and Wood‘ showed analyti- 
cally that, in an infinitely long bearing (L/D = ~) forthe case ofa 
discontinuous film resulting from the tendency toward negative 
pressures at high eccentricity ratios, the dimensionless load 1/8 
is inversely proportional to 1 — ». In other words 


4“The Full Journal Bearing,’’ by A. Cameron and W. L. Wood, 
presented to The Institution of Mechanical Engineers, 1948. 
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Eccentricity Ratio ror Fut, JouRNAL BEARING 
(From Cameron and Wood.) 


This analytical proof was restricted to the case of L/D = ~, but 
the author has found that plots of the numerically calculated data 
for the various bearings of finite length appear empirically also to 
obey relations of the form of Equation [1]. This is seen from the 
plot shown in Fig. 2 for the case of L/D = 0.66 (as interpolated 
from Cameron and Wood’s values), which is the ratio for the 
connecting-rod bearing in question, as well as for L/D = o. 
This empirical relation greatly facilitates the application of fac- 
tors to take account of side leakage in the present situation where 
the instantaneous values of the dimensionless load 1/S, defined as 
P 
(R/C)*uN 

are known, but the values of the actual eccentricity ratio are 
unknown at the beginning. 

The actual steps used in the calculations are as follows: Values 
of » are obtained from the differential analyzer, as described in 
the original paper,? on the assumption of no side leakage. These 
are denoted as 7,,. From these values of 1/(1 — »,) are cal- 
culated. These latter values are then multiplied by a constant 
K’ defined as the ratio of 1/(1 — ») for L/D = 0.66 to the ratio 


of 1/(1 — ») for L/D = @ at the same value of 1/S. In other 
words® 
1/l1—no {2} 


R'is the ratio of the abscissas of the two curves plotted in Fig. 2, 
and is also plotted in Fig. 2. It is seen to vary between the 
limits of 1 and 3.1 and asymptotically to approach a value a little 
over 2 for large values of 1/S. This latter characteristic is con- 
Venient since it means that the value of the maximum eccentricity 
tatio which is the quantity of greatest practical interest will be 
relatively insensitive to the value of 1/S at which K’ is taken. 


[3] 


‘Note that K’ is defined differently from K in Equation [26] of the 
original paper, although both are called side-leakage factors. 
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(Imep = 109.5 psi; speed, 2000 rpm; maximum load, 9360 Ib; 2 stroke; 
numbers indicate crank angle in degrees. From Stone and Underwood.) 


The values of » obtained by this procedure from Equation [3] 
are the ones that are plotted in Fig. 1 and therefore take account 
of side leakage. This plot shows the position of the crankpin 
center relative to the center of the connecting-rod bearing through- 
out a complete revolution of the crankshaft. The numbers 
written on the curve give the crank angle in degrees measured 
from top dead center. 

It is seen that the journal center moves between the limits of 
¢ = —46 deg and ¢ = +159 deg, referred to the axis of the con- 
necting rod. This means that it spends its time in the upper and 
right-hand part of the clearance space. Comparison of its angu- 
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lar position with the direction of the load, shown in Fig. 10 of the 

original paper and reproduced here as Fig. 3, is of interest. 
It will be noted that the angular “range” of the journal- 
q center path corresponds quite exactly to that of the load on the 
bearing, but these angular positions are not occupied by both at 
- the same crank angle, except in a few instances. The journal 
- center spends most of the cycle in the right-hand portion of the 
b clearance space, during which it reverses direction five times, 
whereas the load spends most of the cycle in the upper half of the 

bearing, during which it reverses direction only twice. 

The journal! center makes its most violent angular motion be- 
tween a crank angle of 310 deg and 30 deg when it moves counter- 
clockwise from ¢ = +159 deg to ¢ = —46 deg and then back to 

= +88deg. Thus it travels a total angular distance of 339 
deg while the crank moves through only 80 deg. This occurs 
during development of the pressure peak in the chamber due to 
; - compression and firing. During this same period the load travels 
fi from +136 deg to —13 deg, an angular distance of 149 deg, and 

passes through its peak value of 1875 psi. The maximum eccen- 
tricity occurs only 18 deg of crank angle after the peak load. 

' The upper and lower limits of the eccentricity ratio n are 0.918 

and 0.819, respectively. These are equivalent to minimum film 

ra thicknesses of 0.00014 in. and 0.00031 in. during different parts of 


the cycle. These film thicknesses are considerably greater than 
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those reported in the wtiieh paper 7" suggest that the Diesel. 
engine connecting-rod bearing is operating hy drodynamically 
with a reasonable margin of safety. a 


A correction must also be made to the expression for the pres. 
sure distribution, given in Equation [1] of the original paper! 
which should be written as follows 


2 
po = (£) 
c 


|-4 
n + 7 cos 6)? (1 +)? al 


Equations [2] in the original paper for the load capacity of the 
dynamically loaded bearing, and all subsequent equations are 
correct as written. 


2+ n cos 6) sin 0 d 


(2+ + c0s0) de 


(a — 28 — 2p) 


Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted 
until January 10, 1950, for publication at a later date. Discussion 
received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 


of the Society. 
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A new method is demonstrated for finding the bending 
moments and deflections of a twisted cantilever beam due 
to both transverse and axial loads. The actual physical 
system is approximated by a lumped or discrete system 
which is handled by matrix methods. It is shown that 
good accuracy may be expected even with slide-rule com- 
putation, since the method corresponds to a set of suc- 
cessive numerical integrations. The setup is particularly 
adapted to investigating the effects of changing the initial 
offset and of different rotating speeds of a propeller or tur- 
bine blade. In addition, a procedure is demonstrated for 
the application of a successive approximation method, 
analogous to a Stodola solution, to a problem which would 
otherwise show oscillating divergent results. 


The following nomenclature is used:in the paper: 


A = area of cross section _ 
E = Young’s modulus 
h, i,j, k = indexes of position and summation 
I = moment of inertia; matrix of moments of inertia 
J = unit matrix 
L = length of beam 
M = bending moment 
m = assumed concentrated mass; summation mass matrix 
n = number of segments 
Q = final matrix 
= subscript denoting critical values and vectors 
u = deflection from unstrained position 
= initial offset 
= co-ordinate axes; y is axis of rotation, z is a radial 
line, and z is in plane of rotation perpendicular to 
the other two 
mass per unit volume; radius of curvature 
length of one segment 
summation matrix 
principal axes of inertia 
variable-pitch angle; matrix of sin @ and cos @ 
angular velocity of rotation, radians per sec 


INTRODUCTION 


Deflections of airplane propellers due to transverse loads are 
commonly found by considering the propeller as a cantilever beam, 
untwisted, and often as if lying in the plane of rotation (1).* 


— Professor of Mechanical Engineering, The Rice Insti- 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Presented at the National Conference of the Applied Mechanics 
Division, Ann Arbor, Mich., June 13-15, 1949, of Tae AMERICAN 
Sociery oF MecHANICcAL ENGINEERS. 
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received after the closing date will be returned. 
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A Matrix Method of Calculating Prope 
Blade Moments 


By R. PLUNKETT,! 
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and Deflections 


HOUSTON, TEX. 


This last assumption of course makes no difference if the blade 
is not rotating and there is no centrifugal force. These as- 
sumptions are made to reduce an already complicated problem 
into one of one independent variable and one dependent variable. 
However, considering the effect of twist introduces only one more 
variable, which, as will be shown, may less than double the 
amount of numerical calculation, and must increase the accuracy 
tremendously in the case of a highly twisted blade, e.g., 30-50 
deg in the length. 

While it is entirely possible to set up the differential equation 
of this deflection, it is not very useful (2), since all the proper- 
ties of the beam vary in an arbitrary manner along the length, 
which makes it necessary to resort to numerical calculations in 
the end. Therefore in this paper the relationships will be set up 
from the outset as if the blade were made up of a series of con- 
centrated masses connected by rigid rods with elastic hinges. 
It makes no difference in the final accuracy if the mass is con- 
sidered concentrated at the hinge or halfway between, but the 
notation is somewhat simpler in the former case. Obviously, 
it is simpler to consider all the rods as of equal length, although 
better accuracy for a given number of points may be attained 
with closer intervals at critical points. Sufficient accuracy may 
be obtained by assuming that the mass is equal to the area at a 
given station times the length of one segment times the mass per 
unit volume, except at the tip where a better estimate from the 
curve of area versus length must be made. 


DEFLECTION EQUATIONS 


The rectangular Cartesian co-ordinates are defined as follows: 
Let y be the axis of rotation of the whole propeller, positive for- 
ward; let z be a radial line approximating the line of centers of 
gravity and positive outward; and let z be perpendicular to the 
other two such that zyz is a right-handed system. All the aero- 
dynamic forces will be essentially perpendicular to z, since the z- 
component is negligible in comparison to the centrifugal force. 
The system at standstill, in the equilibrium position, then con- 
sists of a set of n + 1 masses, very close to the z-axis and con- 
nected by a set of rigid rods L/n = 6 long, with one mass at the 
origin of co-ordinates. 

The original co-ordinates of the ith mass in this condition 
are U,; in the z-direction due to initial offset, U,,; in the y-direc- 
tion, and 76 in the z-direction, Fig. 1. This last is not strictly 
true since 6 is measured along the blade, but is very close. It is 
simplest to express the elasticity of the blade in terms of its re- 
sistance to deformation in the direction of the principal axes of 
inertia at a given point. If a uniform bar of cross-sectional 
moment of inertia J and modulus of elasticity E is subjected to 
a uniform bending moment over a length 4, the only effect is to 
bend the bar through an angle (M4)/(£I/) it this is a direction of 
principal moment of inertia (first moment area theorem). This 
may be considered as an abrupt change in angle at the midpoint, 
Fig. 2. This viewpoint is exact if 5 is small enough so that M 
may be considered constant over the whole length. 

In order to refer to the principal axes of inertia, a local pair of 


* This is the same as using a discrete approximation to the integral 
equations of the actual continuous physical system (2). Ow late 


361 


( £5 
ally 
ij - 
Tres- 
en = 
[4] 
the 
are 
tary, 
ted 
> 
a 
« 
of 
| 


H 


Fic. 1 


axes, £ and », are needed, perpendicular to each other and parallel 
to the zy-plane; & is the major axis of inertia, 7 the minor axis, 
and @ is the angle between z and ~. It may be seen then, that 
for a twisted blade, @ is a variable along the length, and a new set 
of axes is needed at each station, Fig. 3. In this paper J; will 
designate the moment of inertia Saga that is, 7g is the moment 


of inertia which influences curvature in the £-direction. 

Since the elasticity is concentrated at the hinges, a bending 
moment has no effect except at the hinges. We will let Mg be 
the bending moment at the 7th mass, which causes curvature, 
and thus deflection in the positive -direction. While this nota- 
tion is at variance with that commonly used, it is adopted in this 
paper to emphasize the fact that J; and Mg are the factors in- 
fluencing the curvature in the &direction. By using principal 
directions, the deflection equations become simpler but the 
moment equations more complicated; however, as will be shown, 
an over-all simplification results. 

Since expressions will be found for the bending moments M, and 
M, somewhat later, it is of interest now to determine the rela- 
tionships among these and Mz and My. These are most easily 
shown as vectors, Fig. 4, according to the right-hand rule; thus 


M,; cos 6; My sin 0; 
My = —M,, sin 6; + M,,; cos & 


The effects of Mzgi and M,; alone will now be found. At the 


point j, outboard of 7, these will cause deflection 


4 Different subscripts are used on J, M, U, and u to indicate various 
things, either alone or in combination: z and y, ¢ and » indicate the 
direction in which deflection is influenced; h, i, 7, and k refer to any 
one of the stations along the beam and are used either to show that 
the equation refers only to any one point or as indexes of summa- 
tion; O and n indicate either the fixed end or the tip station, re- 
spectively, when used as subscripts. 0 as a subscript, as in Moz, 
refers to the action caused by the applied transverse (aerodynamic) 
forces acting alone; p as a subscript indicates a matrix of matrixes 
which includes all the ¢ and » values, as in Equations [3e] and [3f]. 
Thus M,;; is the bending moment at the ith station, causing bending 
in the z-direction, due to the applied forces only; Moo is the re- 
sultant bending moment at the base point due to the applied forces 
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and 


These are of little use as they are in the variable directions gov- 
erned by 6;. ‘Putting! in z and y-co-ordinates it may be seen from 
Fig.3that | 


x = §cos — nsin 


y = + cos 0 
or 


= cos 6; sin 6; 


(j — 1) cos 0; — sin 6, 
ti El 


— i) sin 0; + My 
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where 
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Then the total x and y-deflections at j, due to stress alone, are 
given by the sum of all such terms inboard of j since the bend- 


ing moment outboard of, or at j has no effect atj. Thus 


j 


Mai 
Ely 


j — sin | 


[IIA] 
an =e at 2 
uy; = i) 5* sin 8, 
M 
<> 


Matrix EQuaTIONs 


It is obvious from Equations [IIA] that such expressions 
when put in € and -co-ordinates, and with the M’s expressed in 
terms of the forces, would become cumbersome; so matrix nota- 
tion will be introduced. However, it would be entirely possible, 
if desired, to work with the expressions as given. A short, clear 


since 


—cos 6 sin 0 + sin @ cos 


@ + sin? 6 
7 sin? 6 + cos? @ 


—sin 6 cos 6 + cos @ sin @ 
0 


= 2 


where J is the identity matrix, 6, ;. 
Also, Jg~! is the diagonal matrix of 1/Jg and J,~* for the other — 
principal direction, the limber one 


(; (3d) 
If the beam is rigidly fixed at the base then 1/Ig9 = 0 ete., if y 


elastically fixed, these values may be found from a consideration _ ‘ 
of the spring constants. M, is the column matrix of the (n +1) | 
Mt (Men = 0), ete. 


The column matrixes of the u’s are given in the same manner so 


description of matrix notation and multiplication is given by that 
A. Michal (3). 
For simplicity of notation, let ‘it U. = [3f] 
) 


where 7 is the row index and j the column index and both 7 and j 
tun from 0 to n, and 


7 OS i, in the z and y-directions, respectively, it may be seen that 
0; 
cos = 10 0 008 0 due to these forces alone 
and sin @ be similarly the diagonal matrix of the values of sin 6;, g pet PF agevenees [4a] 
= Fy — t) 8 


i= ( cos @ sin @ 
1 “\_ [3c] 


where @ is a matrix of matrixes. Then (3) 


0 
sin @ cos 6 
‘It will be noted that cos @ and sin @ with no subscripts are not the 
tine and cosine of a particular angle, but rather the diagnonal ma- 


trixes of such trigonometric functions. Similarly, @ is a matrix of 
matrixes and is not an angle. 


It may be verified by direct substitution and multiplication of — 
the last four matrixes of Equation [IIB], that this equatian and 7 
Equations [IIA] are identical. 


The bending moments may be found in a similar manner. 
Letting F,; and F,; be the aerodynamic forces per unit length at 


BENDING-MOoOMENT EQUATIONS 


There is also a bending moment due to the centrifugal force. 
On the jth particle of mass m,, this will be a force of 


directed parallel to the zz-plane perpendicular to and through : = 
In this, @ is the angular velocity of rotation in radi- - 


the y-axis. 
ans per second. The components of this force are shown in 
Fig. 5. These forces contribute a moment at 7 in the z-direction 
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= which may be verified by expanding and comparing with Equa- 

m,Q?(U,; + us;) 5(j — 7) ‘rime tions [4d]. 

‘ Since the stresses and thus the moments are the important fac- 
7 tors, u may be eliminated between Equations [I1B] and [IV], 
_-_Tf the deflections are desired after finding the bending moments, 


+ — they may be found from Equations [IIB]. Rewriting Equation 


j=itl [4e] numer 
proces 
and in the y-direction of M = + + M, 

M,;=— ) m2%8j(Uy; + uy; = Wea natlcas »-2 This has been broken down so that all the factors in the last two tions [ 
an terms are known and may be calculated direetly. Substituting Fort 
for u from Equation [IIB] and for M from Equations [IILA] these a 

ne 


225i m,(U,; + Uz;) M, = 6 + 230m U + M, 


i | 
n " This is a set of 2(m + 1) simultaneous equations for M, which 


My = @3(U,; + u,,) jm; will: reduce to 2n since Mtn = Man = 0. 
jottl omit. They may be solved either in the normal way (4), or by finding 
the inverse of the matrix multiplier of M,. Either way is apt t 
» tedious since yn = 10 should be taken 
__ on be tedious since for reasonable accuracy n 
jm; giving 20 equations. It will be shown that only one half of 
isin p ye wills these equations are important, and the solution of ten such equs- 
Letting ; may tions is by no means impossible. However, it has been found that 
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a solution by successive approximation may be utilized in this 2 i" : 
k=j+1 
MeEruHop oF CoMPUTATION 
While it would be perfectly feasible to expand Equation [V] 
numerically by multiplying out the individual matrixes, the 7 Pe ro 
process may be simplified considerably by combining them 


algebraically. The first method would correspond to setting up 
the sets of Equations [IIA], [4a], and [4c] and substituting Equa- 
tions [1A] into the others 

Fortunately, the two most complicated matrixes combine easily; 
these are mand A 


These expressions have a simple physical significance which 
may be found from an examination of Equation [V]}. 


075 
M, = 6 (mA) (@—7,-1M,) + U + M,....[V] 


m, 0 Ay 0 m, A 0 | 
ma= 0 m/\o a .-[64] The first term on the right-hand side is all that is of interest at 
. the moment: 053/E is a constant factor; @ changes z- and y- 
From Equations [3a] and [4e], employing the row-by-column moments into § and 1 moments; 1,'M, o proportional to an 
rule for multiplication abrupt change in angle in the é and »-direction at each point, 
Fig. 2; and @-! throws this into the z and y-co-ordinate 


n —s system. Therefore, (mA);; must be the bending moment in 
(m, di)ey = — ) i(k — j)m, i<j fiers the zy-system at 7, due to inertia forces caused by an abrupt 
1 unit change in angle at j7, with U = 0. From this it may be 


seen that the z-part has no effect on the y-direction, which con- 
firms the fact that the upper right and lower left quadrants 
are all zero; also, Maxwell's reciprocal theorem makes clear 
the reason for the symmetry, although this theorem is usually 
stated in the reverse manner. Fig. 6 shows the effect for the z- 


n 
sSTt1 oo ] ie Since all slopes in the actual case are considered small, deflec- 


tions are equal to the distance times the angle. Since (mA) does 

where (m, A; );; is the element of m, A; lying in the ith row of the 20t include the values of the abrupt change in angle, and there- 
jtheolumn. Likewise fore refers to a unit change in angle, the deflection at k due to a 
unit change in angle at 7 is effectively (k —i)5. The total inertia 

force has an effective moment arm at j of (k — 1)(j5/k), and an 

effective component of m,0*k4, Fig. 5. Summing over all points 


i(k—j)m, -- [60] 


] 
' 


kei+l 


= — > (k — j)km, 


k=j+l outboard of j 


k=j+1 


This expression may be simplified further by using the trans- Biv. - a 
formations m,278? ij + ki) be 
n 
k=i+1 kettl hek =i h=k+1 


meat 
which is most easily verified by expanding both sides. In addi- which j is exactly Equation [6b]. The term for j < imay be found 
ion, it may be seen from an inspection of Equations we and [6c] in a similar manner. Taking only the component parallel to the 
that ; z-axis and summing as before, the y-term will be found to agree 
with Equation [6c]. 


(m md); 


This indicates that only about one half the terms need be found a 


since the matrix is symmetrical about the main diagonal. Using ? a 
k=} $1 
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with A, instead of m,, then 


so that hezgune 
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where p is the mass per unit volume. 


= bpA, 


Let m4 be the 


= 6 
pm 


NUMERICAL CaLcuL ATIONS 


For ease in computation the necessary equations may be made 
nondimensional by referring to a reference section. 
stead of m, it is simpler to use the areas Aj, i.e. 


in- 


Also, 


matrix m 


(mg + 5298 m, U + 


TABLE 2 


[VA] 


” 


Dividing both sides by M,o, the resultant base bending moment 
due to applied forces alone, to make the bending moment dimen- 
sionless, and rearranging terms to make 


dimensionless 

4 
M,o Elo L Ag 
ws EIg AolAQ%p M, \ 


Ao is the maximum area, L is the length, and J the maximum 
moment of inertia. 
constant relating inertia force moment, Q2*LpA gL’, to the stiffness 
ratio L/(EI9); and (EI9)/(LM,9) is the constant relating applied 
bending moment to stiffness ratio. 

The values for a five-segment approximation used in this cal- 
culation are shown in Table 1 
tations needed for Equations [6¢] and [6f]. 
tions headed “Check” is an independent computation of the di- 
agonal terms of (m,A,), Equation [6b], which gives a complete 
check of all the numerical work up to that point. 


TABLE 1 APPLIED FORCES AND PHYSICAL CONSTANTS OF 
PROPELLER 
Mo A 
z z deg 
0 —0.640 1.000 1.91 0.0 69.8 
1 —0 446 0.933 1.000 —0'170 63.4 
2 —0 258 0/861 0.700 —0 1312 52.6 
3 —0:110 0.530 0.443 —0 43.9 
4 —0 0220 0.300 0.298 —0 37 
5 0.055 —0 818 324 
1 0.553 0. 
2 0.340 0.0103 0239 
3 0.144 000279 0.453 
4 0.0340 0.00100 0.778 
+ 
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Nore: Asis estimated from the average value of A over the last half seg- 
ment, 


AUXILIARY CALCULATIONS 


n n 
Ah 
k=i h=k+1 hAh 
.0 
2.700. 1.000 
1.400 
0.408 1.329 
1.192 
0.0 0.275 


sin 


.00248 
—0 .0569 
—0.203 
—0.656 
—1.59 


d 


1 
cos 


Cueck 
(mz = & 
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the other quantiti 


+ [VB] 


M,o 


/ 


A (4 ma U 
LM,o_ Ago L 


Then (AoL‘Q%p)/(EI 9) is the dimensionless 


Table 2 is set of auxiliary compu- 
The set of calcula- 


Table 3 is the 


n n n 
k=i h=k+1 


5.196 13.930 
4.196 


whe) 


ae 
n 
0 2.496 
= 
0.055 
p 
nyred- re 
1 0.448 0.00127 
sin 6 I, sin 6 1 Table 
an 2 0.794 0.0024 "156 — 


7 = 


0 0 0 0 tine «1% 0 
1 0 1.210 0.541 ~0.183 -0.025 0 
2 0 ~0.732 ~0 1495 —0 067 0 
3 0 ~0.294 —0.590 —0 883 -0:119 0 
4 0 —0 —0 092 0.132 -0'175 0 
5 0 0 0 0 


a 0 0 0 0 0 
1 0 2.41 1.706 0.364 0.049 0 
2 0 0.957 1.915 0.648 0.087 0 
3 0 0.283 0.566 0.850 0.114 0 
4 0 0.033 0.066 0.100 0.133 0 
5 0 0 0 0 0 


computation of the last two terms of Equation [VB], using 
Equations [4e]. Then Equation [VB] may be written 
M M 
44 00 44 00 
where 
[ 5 mA 


and ,M is the second line of Equation [VB]. 

Table 4 shows the computation of (m4A)/Ao from Table 2 
and Equations [6e] and [6f]. @(m4A)/Ao is found from this 
by multiplying the rows of (m,A)/Ao by the corresponding 
Values of cos @ and sin @, since the separate matrixes of @ are 
diagonal matrixes. Then Table 5 shows the values of Q which 
are found from Tables 4 and 2 by multiplication of the ele- 
ments shown above the different quadrants. Since the sub- 
matrixes found in Table 2 are diagonal matrixes, each element of 
Qis the sum of two products. That is, the fourth element in the 
second row of the upper left-hand square is equal to the sum of 
Products of the fourth element of the second column of A and the 
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TABLE 3 COMPUTATION OF oMp, CONSTANT TERMS 


us Nore: 580 = 37.0 
j 0 3 
0 5.196 0 0 0 
1 0 4.196 —0.700 —0.443 —0.298 —0.055 
2 0 0 2.796 —0 886 —0 496 —0.110 
3 0 0 0 1.467 —0.794 —0:165 maz 
4 0 0 0 0 0.275 —0.220 | 
5 0 i) 0 0 0 0 
0 —0.0628 —0.1152 —0.1610 —0.217 —0.302 37.0 Uz 
—1.000 —1.400 —1.329 —0.992 —0.275 
; 1 0 4.196 —1.400 —1.329 —0.992 —0.275 
2 0 0 2796 —1.329 —0.992 —0.275 
“i 3 0 0 0 1.467 —0.992 —0.275 
oi aia 4 0 0 0 0 0.275 —0.275 
5 0 0 0 0 0 
ie 0 0.0 0.0883 0.1675 0.287 0.475 
—0.0307 —0.0496 —0.0136 0.0067 0 
0.640 —0. 446 —0.258 —0.110 —0 0220 0 
0.640 —0.477 —0.308 —0.124 —0.0153 0 
rip 
—0.157 —0.221 —0.188 —0.188 —0.0517 0 
ee. 0.769 — 0.553 0.340 _ 0.144 __ 0.0340 0 
0.322 0.152 0.026 —0.0177 0 
0.354 0.074 —0.066 —0.0715 —0.0229 
4 = oM:z cos 6 oMy sin 
es, 0.811 0.571 0.336 0.1048 —0.0049 0 oMy 
=—oMz sin + oMy cos 6 
TABLE 4 (mA) 
j ede 2 3 Se 4 5 0 2 3 
i mz Ai 
0 0 0 0 0 ay 
1 0 —2.700 —1,204 —0.408 —0.055 0 , O 
2 0 —1.204 —2.408 —0.816 —0.110 0 
3 0 —0.408 —0.816 —1.224 —0.165 0 
4 0 —0.055 —0.110 —0.165 —0.220 0 
5 0 0 0 0 0 my A: 
—1.742 


—13. —8.20 —4.26 — 1.636 —0.258 0 
— 7.81 —7.81 —4.05 — 1.560 —0.246 0 
— 3.60 —3.60 —3.60 —1.385 —0.218 0 
— 1.208 — 1.208 — 1.208 — 1.208 —0.191 0 
— 0.166 —0.166 —0.166 —0.166 —0.166 0 

0 0 0 0 


— 4.81 —3.01 —1.565 —0.601 —0.095 0 
— 3.92 —3.92 —2.03 —0.782 —0.123 0 
— 2.75 —2.75 —2.75 — 1.060 —0.167 0 
— 1.260 —1.260 —1.260 — 1.260 —0.199 0 
- —0.219 —0.219 —0.219 —0.219 0 


second element of a plus the product of the fourth element of 
the second column of B and the second element of c, or 


(—0.294) (0.00127) + (—1.208) (0.00253) = —0.00342 


All of the calculations in this paper were actually carried out by 
slide rule, but it may be seen that an electric keyboard calculator 
can speed up the process, since the foregoing operation can be car- 
ried out in one step. Full advantage should be taken in every 
case of those operations which involve multiplying several num- 
bers by the same one, such as finding 6 (m A) from mA. 

The matrix Q has a simple physical meaning, which can be seen 
from Equation [VC]. The value (—0.00342), mentioned be- 
fore, is the moment in the (stiff) direction at the fourth mass 
(point 3) which is caused by the centrifugal forces acting on the 
displacement caused by a unit moment acting only at the second 
mass in the stiff direction, all other hinges being rigid, and that 
hinge being rigid in the limber direction. Thus the upper left- 
hand square is the effect of the moments on the moments, 
the upper right the effect of the » (limber direction) moments on 
the &moments, the lower left, of the £ moments on the 7-moments, 
and the lower right of the 7 on the ». This then is a set of co- 


obs 
734 1.538 |. 742 —0.275 0 
O 742 l 742 |.742 —0.275 0 
279 0.275 ).275 —0.275 0 4) 
= 
= 


_ Tf only one problem for a given pitch setting is to be solved, 
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mA 


Aa + Be 

5] 0 1 2 3 4 5 

0 —0.0325 —0.0207 —0.0104 —0.0056 —0.0014 0 
il —0.0194 —0.0213 —0.0109 —0.0060 —0.0015 0 
2 —0.0090 —0.0100 —0.0115 — 0.0066 —0.0016 0 
3 —0.0030 —0.00342 —0.0040 —0.0073 —0.0019 0 
4 —0.0004 —0.0005 —0.0006 —0.0011 —0.0021 0 
(5 0 0 0 0 0 0 
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——— ——-Ab + Bd 
0 1 2 3 qa 
—0.0126 —0.234 —0.665 —1.120 —0.580 
—0.0075 —0.154 —0.286 —0.830 —0.475 
—0.0035 —0.0609 —0.273 —0.516 —0.352 
—0.0012 —0.0177 —0.073 —0.267 —0.259 
—0.0022 —0.0125 —0.0479 —0.162 
0 0 


—0.0038 —0.0021 — 0.0005 


—0. 7 —0. 9 —0.0018 —0.0014 —0.0003 
. 7 —0.0031 —0.0013 — 0.0003 
—0.0013 —0.0003 
—0.0002 

0 


oMn 


(1) + (2) 
avg (3) and (1) 


()(4) 
(1) + (5) 
ave (6) and (4) 


()(7) 
(1) + (8) 


(QMn)¢ 
oME + (QMn)g 


efficients of ten simultaneous equations (M, = 0) of which ,M/ are 
the constant terms, and which have the unknowns also on the 
other side with a coefficient of 1. 

It may be seen that a unique advantage is gained by using 
principal directions; as would be suspected, bending moments in 
the stiff direction deflect the beam very little. This is evidenced 
by the fact that the values in the left-hand side of Q are very small, 
about 1 per cent of the right-hand side or » values. Thus they 
may be ignored; which, at this point, cuts the number of un- 
knowns in half. If this result had been anticipated, it would 
have been simple to take all reciprocals of Jz as 0, which would 
have reduced the amount of calculation to this point by almost 
half. Once the M, are found, the M; may be found by direct 
substitution in the upper right-hand quadrant of Q. 

It is shown in the Appendix that a successive substitution proc- 
ess will continually oscillate, diverging further and further, but 
that an averaging process can be made to work. This is demon- 
strated in the lower half of Table 5. The first approximation to 
M, is taken to be ,M,, these values are substituted into Q, and a 
new set of values for M, is found. The second approximation is 
the average between this new set and the old, ete. As predicted, 
in the Appendix, five such steps give good values, and M¢ is found 
as just indicated. 

While five segments were used for illustrative purposes, it has 
been found from similar computations that the final answer 
is apt to be in error by about 20 per cent. Ten segments will 
give answers to within 1 or 2 per cent, but involve about four 
times as much work. It may easily be seen why five segments 
give such a poor set of answers since the moments of inertia and 
the areas vary rapidly enough so that a five-point curve is a 

poor approximation. 


Discussion oF METHOD 


@ . A similar procedure may be used for vibration calculation, and 


will be demonstrated more fully in a paper now in the course of 
preparation. 


avg (9) and (7) 1 


cocoooo 


Noo 


Q(10) 11 

(1) + (11) 12 

avg (12) and (10) 13 
Q(13) 14 

(1) + (14) 15 

ave (15) and (13) 16 
oMt 


0.811 0.571 0.336 0.1048 0.0049 
—0.180 —0.448 —0.475 —0.2810 0.0408 
0.631 0.123 —0.139 —0.1762 —0.0457 
0.722 0.347 0.099 —0.0357 —0.0253 
—0.036 —0.118 —0.076 0.0176 0.0176 
0.775 0.453 0.260 0.1224 0.0127 
0.749 0.400 0.180 0.0433  —0.0063 
—0.090 —0.254 —0.252 —0.1351 —0.0159 
0.721 0.317 0.084 —0.0303 —0.0208 
0.735 0.358 0.132 0.0065 —0.0135 
—0.066 —0.170 —0.160 —0.0703  -0.0014 
0.745 0.401 0.176 0.0345  —0.0063 
0.740 0.380 0.154 0.0205  —0.0099 
—0.080 —0.213 —0.199 —0.0915 —0.0081 
0.731 0.358 0.137 0.0133 —0.0130 
0.736 0.369 0.145 0.0169 —0.0115 
0.854 0.074 —0.066 —0.0715 0.0229 
=0.203 —0.112 —0.068 —0.0195  —0.0033 
0.151 —0.038 —0.134 —0.0910 0.0262 


the numerical work actually may be somewhat less if the s 
moment, slope, and deflection curves are calculated successi\ 
by numerical integration for each approximation. But in a 
case, the averaging method is necessary. If it is desired to f 
the effect of different applied forces, only M, is changed 
method. If the result of changing the offsets is to be ex; 
only ,M is changed. Finally, if the speed is changed, it is 
necessary to multiply all the values of Q by a factor equal to 
ratio of the square of the new speed and the square of the 
speed. This is a simple process on the slide rule. Slide-ru 
accuracy is sufficient throughout since the final accuracy shout 
be greater than the accuracy of the individual computations, s 
each step corresponds to an integration. 

This method may well be compared with the step-by-step ca- 
culations of the type used by Myklestad (5) and Stuart 
The difference is between integration of the differential equati 
and solution of the integrai equation. The step-by-step proces 
involves one calculation for each unknown boundary value # 
one end of the beam; in the twisted case, there would be fow 
such unknowns, in the untwisted case two. Then, a set of simur 
taneous equations must be solved for the unknowns and these 
necessity, turn out to be of the type where the answer must 
the small difference between two large numbers. Myklests 
(5) shows that six-figure accuracy must be carried for the ut 
twisted case, to get 1 per cent accuracy in the final answer; oth 
calculations have shown (2) that twelve figures would probab 
be essential in the twisted case. This makes the computation 
the solutions to the set of four simultaneous equations a rath 
formidable undertaking, in addition to which there is the orig 
work. 

A somewhat similar process is the relaxation method (6). T= 
is probably somewhat faster and easier in the case of a bes® 
supported at both ends, but a cantilever introduces new comp 
cations of a nature indicated by the foregoing discussion, and 
twist would make this indeed tedious. It also suffers from 
same difficulty of being a particular solution for a given losdif 
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—0.0046 -—0.0857  —0.243 —0.441 —0.212 

1 —0.0038 —0.249 —0.663 —0.774 —0.352 
—0.0026 -0.1339 -0.829 —1.150 —0.570 
—0.0012 -0.0520 -0.312 —1.148 627 
& —0.0002 —0.0081 —0.0469 —0.216 —0.690 
= 0 0 0 0 0 

nauticc 

well, C 

It is 

In our 
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stabilit 
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All of the methods should give the same answer if sufficient 
numerical accuracy is used, since they all refer to the same as- 
sumed system. The main difference may be emphasized by re- 
calling the difference in accuracy between numerical integration 
and numerical differentiation. 

If the gravity axis of the beam differs from the elastic axis, 
a modification of the system used to take care of initial offset 
could be applied. 
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It is desired to find the solution of a set of ee equa- 
tions which may be written in matrix form as 


Monografje 


ue In our particular problem Q is the only matrix which contains 
he 0, the rotating speed. If we examine the homogeneous equations 
{VIIA} 
ss we see that A, must be the parameter corresponding to elastic in- 
- stability. Physical considerations require all roots to be nega-— 


tive; this corresponds to reversing the inertia forces 
beam fails by buckling as a column. 


, so that the 
An investigation of Q for 


roots near —1, and all the rest are less than —0.2. The roots | 
are all real since the solutions have physical meaning. 

It can be shown that u and u, can be expressed in terms of 
unique linear combinations of the u,, or 


ab 


if 
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} our problem, Table 5, shows that there is one root of —2, two — 
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r 
Substituting Equation [7b] into Equation [VII] asa first approxi- _ 
mation to u 


r 


Keeping this up, it will be seen that the Hth approximation 
Ug = Qua-1 tu, b, rA,*u,....... [7c] 
r 


This will converge absolutely to the desired value u, if all \, are — 
smaller in absolute magnitude than 1. Where all the roots are _ 
negative, it may be seen that such a process will oscillate about 
the true values. 

On the other hand, consider a weighted average of u; and u, 
for the second approximation where 


. .[7d] 


Then 
u = eu + Deb, Au, + fu + Sfbu, = u + = b,u,(er, + f) 
r Tr 


Repeating this process and letting 


pall 


U, = CUg + fur-1 


This sequence will converge so long as (ed, + f) is less than 1 in 
absolute magnitude. It is apparent from Equation [7d] that any 
combination will work for A, less than 1 in magnitude, and that 
there is no possibility for A, larger than +1. In our particular 
case, the largest root is —2, so that e = f = '/; will give quick con- 
vergence; this is the simple average which is used in the body of 
the paper; then + '/; are the largest and smallest values to con- _ 
sider. Thus five such steps should give areductionto'/:or3per = 
cent. Considering all roots this will probably reduce the error to | 
5 per cent of its original value. If X, is larger, then e must be © 
smaller, ete. 

For the mathematically inclined, this process may be expressed _ 
as a Toeplitz summation (7) with a matrix whose elements are 
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_ Impact of a Mass 


transverse impact of a mass on a column with simply 
supported ends. Consideration is also given to the case 
in which the column has elastic support throughout its 
length. Formulas are obtained for the deflections and 
strains. Numerical examples illustrating the it are 
worked out in detail. vine! 


The following nomenclature is used in the paper: wi 


NOMENCLATURE 


= mass of body that strikes beam 


= velocity of body that strikes beam 
= coefficient of restitution 
= Young’s modulus of elasticit 7 +a 


= mass per unit volume ey ar 

= length of column 

= area of cross section of column 

= moment of inertia of cross section of column about 
neutral axis 

= reduced mass of beam (one-half total mass) 

= axial force 

= ratio of axial force to Euler critical load 

k = modulus of elastic support in force per unit length of 

column per unit deflection of column 


1 


kl‘ 

a= 

sm = number of nth mode of vibration of column » a 
pa = cireular frequency of nth mode of vibration of column 


F(z, t) = driving force assumed to be acting at any point z along 
column at time ¢ 
f(t) = driving or contact force at center of column during 
impact 
= length of time sinusoidal pulse is assumed to act on 
column 


= sum of potential and kinetic energy in column (and 
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Office of Naval Research, Navy Department, Project VIII, Contract 
N6 ONR-243. 

2 Assistant Professor of Mechanical Engineering, Johns Hopkins 
University. Mem. ASME. 
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until January 10, 1950, for publication at a later date. Discussion — 2 
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understood as individual expressions of their authors and not those 
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Presented at the National Conference of the Applied Mechanics — 


ASME, 29 West 39th Street, New York, N. Y., and will be accepted | = 


Statements and opinions advanced in papers are to be with elastic support 


In this paper a study is made of the problem of the ==  ~—___ potential energy in elastic supports if used) at e1 


ae contact between mass and column (t = 7',) 
, = dimensionless factor proportional to Ey, 
¥ 
w(x, t) = deflection of column 


w,(z, t) = deflection before end of impact 
w2(z,t) = deflection after impact 


Although there exists in the technical literature a numb: 
papers on the response of a beam to the transverse impac 
ceived from a moving mass, there appears to be no consider: 
of the case in which axial loads are also impressed on the bea 
column. In many applications of beams, such loads exist, a: 
is the very purpose of the column to support axial loads. 

While in structural columns there may be inertia effects i: 
axial direction arising from longitudinal vibration induced by t 
transverse impact, it appears reasonable to commence wi 
theoretical study of the deflections and strains in such a col 
when the axial load is assumed to be constant. 

In the present paper a study is made of a simply support 
column subjected to transverse impact. Apparatus and tes 
equipment are now nearly completed so that an experimenta 
vestigation can be made of impact on models of columns in t 


INTRODUCTION 


future. This work is now rapidly progressing and experiment 
results should be available in the near future. ape! af 


STATEMENT OF THE PROBLEM 

The column has hinged ends and it may be affixed to elasti 
supports along its length. The elastic supports are idealized asa 
large number of springs of small mass characterized by a factor f, 
called the modulus (1). In Fig. 1 is shown a general arrange 
ment with and without supports along the length. 


3 Numbers in parentheses refer to the Bibliography at the end of 


the paper. 
vr 
ot 
Tia 
| 


without elastic support 


Fig. 1 GrneRAL ARRANGEMENT OF COLUMN 
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DIFFERENTIAL EQuaTION OF MoTIon or COLUMN where 


The cross-sectional dimensions of the column will be considered e = coefficient of restitution 
small in comparison with the length, and the effects of shearing T';, = 0.855 Ty = 
force and of rotatory inertia will be neglected. The axial thrust S Ty = Hertz time of contact during impact 
will be assumed to be constant The nature of this force is dis The deflection depends on the unknown coefficient of restitu- 


cussed in a later section. The differential equation, including the 
effect of the constant end thrust S and the elastic foundation 
specified by k, is as follows (2, 3) 


tion e. Formulas have been developed (2) so that it may be de- 
termined in terms of the energy in the column, in the elastic 
foundation, and in the mass at the end of the time of contact. 


, w otw The total energy transferred to the column and elastic foundation 
+ kw + pA = [1] is 


A’ 


and putting 


pA’ where 
1 + cos 27Q, 
~ 201 — 4Q,?)? 


Inasmuch as the column is assumed to be simply supported at_ i 
its ends and initially at rest, the boundary conditions and the 
initial conditions are The function is plotted in Fig. 2. 


If the F(z, t) is particularized so that it re :presents a 

force concentrated at the midheight of the column and written as 7 coke. 
\ 

f(t), the solution of Equation [2] may be written as follows by 

separation of variables and use of Laplace transform (4) atest : 


Fie. 2 Eneroy Function 


The oe of restitution may be written in terms of ©, as MY 


Puss Baler load BENDING DEFLECTIONS AND STRAINS 


Now the deflection formula for the column is obtained by sub- 7 7 
stituting Equation [7] into Equation [4], and performing the _ 
integration. 

Substituting the first part of the equation for the impact force 
Equation [7], and integrating, then w; represents the deflection of > 


M = '/ Al 


Now it is necessary to develop an analytical expression for the 
contact force f(t) in terms of known physical parameters so that 


the integral in the formula for w(z, t) may be evaluated. the beam before the time 7. The second part of Equation [7] 


Tue Force or Impact shows that the impact force on the beam after time 7’, is zero. 
Therefore, after time 7’; the deflection w:, which is really the >. 
solution for a steady-state sinusoidally time-varying force, does - - 
not represent the deflection of the beam for the impact problem. — 
If, however, we add to w; a solution for the case of a sinusoidally 
time-varying force of the same shape as the original, but which is 


The method of obtaining the force of impact with aid of the 
Hertz contact theory (5) was explained in a previous paper (2). 
Itmay be written as a sinusoidal pulse 


t 
= mvo(l + O0<tsT, 180 deg out of phase in time with it, and which begins at time T,, 
L ----[7] we obtain the correct deflection we, for the time after T,. Conse- 7 
= 0 quently the deflection formulas may be written as follows = 


the requit 

< 

| 
gore 
| 

1 l 2M 0 Wee | 

= — a n =—a 
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sil 
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mmvo(1 + e) sin — 
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5 1,3,5 p,(1 — 4Q,?) 


The corresponding strains may be obtained by differentiating 
twice with respect to zx. 


NUMERICAL EXAMPLES 


In order to illustrate the foregoing theory, the details of deter- 

mining the deflection and strains for a simply supported column 
_ struck by a steel sphere will now be considered. 
The column is of constant square cross section. It is 59 in. long 
_ with a cross sectional area of 10 sq in. The sphere weighs 50 lb 
and strikes the columns normally with a velocity of 5 fps. For 
- both beam and sphere, Young’s modulus is 30 X 10 psi, Pois- 
son’s ratio is 0.3, and the weight per cubic inch is 0.284 Ib. 

Three cases will be considered: 


(a) Column without axial load and without elastic support 
along its length. 
- (b) Column with constant axial load equal to one half of the 
¢ 7 Euler critical load. (It may be noted that the column now under 
-___- gonsideration is actually a ‘‘short column.’’) 
(ce) Column with constant axial load and with elastic support 
along its length. 


For case (a) the circular frequencies of the symmetrically 
iis beam are in radians per second 


= = 523 


4707 


x4 
l4pA 

l4pA 


19705 
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and hence from Equation [10], the coefficient of restitution is 


Ws 


m 


WEN he 
50 X 1.86 be 
1 
2 x 59 10 X 0.284 
.05 
50 X 1.86 


xX 10 X 0.284 


It should be noted that the negative coefficient of restitution 
means that not quite all of the energy was taken from the spher 
during impact. 

Now all of the quantities in Equation [12] for the deflection ar 
known. The deflections at the midheight have been compute 
and plotted as functions of time for each of the modes in Fig. 3. 

The bending strains at the top and bottom surfaces of the see 
tion at the midheight have been computed and the results ar 
shown in Fig. 4. 
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Now, recalling the expression for Q, 


wines thor: i = 


_ and using the values of p, and 7’; just computed 
0.206, = 0.602, 


- From Fig. 2 it is found that 


Pat L 


= 0.77, % = 0.10 


m? (1 — v?)? 


jot 


= 1.004, = 1.405 
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In a similar manner the results for case (b) may be obtained. 
Examining Equation [5] it is seen that if the foundation modulus 
is zero the frequencies are 


a’ = ratio of axial load to Euler critical — —e 
n = number of the mode viah 


The ratio a* has been assumed to be '/2 in the present problem, 
therefore, forn = 1 


and the fundamental frequency is reduced considerably below 
that for the case in which a@ was zero. However, for the higher 
modes, n = 3, 5, 7, etc., the change in frequency is very small. 
The computed frequencies are 


Pi = 371, ps = 4600, ps = 12,910, py = 25,500 


The computed value of 7’; is as before 4.83 X 10~‘* sec; accord-— 
ingly 


Q: = 0.0285, Qs = 0.354, Qs = 1.00, Q = 1.97 
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so that the coefficient of restitution e, is again approximately = ; 


4 


—0.05. All of the quantities necessary for obtaining the de- — 
flection and strains are now known. 

The deflections and strains at the midheight as functions of © 
time are shown in Figs. 5 and 6, respectively. 

Finally for case (c), if we assume the axial load to be again '/; of a 
the Euler critical load, and the foundation constant y2 equal to 
unity, we find from 


as for case (a) 
ps = 8.85 X 523 = 4628 
nearly the same as for case (a) 


ps = 24.89 X 523 = 13,017 


The higher frequencies are practically the same as for case (a). 

The remaining parameters are then nearly the same as for case 
(a) so that the strain and deflection can be taken the same as 
those in Figs. 3 and 4, respectively. 


Discussion OF RESULTS 


Because the ratio of the length to the radius of gyration of 
cross section is about 65, the column considered in the numerical => 
examples is a short column. However, this distinction causes no 
difficulty in illustrating how the theory is used in making calcula- _ . 
tions of strain and deflection. By Euler critical load in the => 
definition of a? is simply meant the first eigen value for the 
differential equation of buckling of a simply supported column. © 

Equation [5] shows the frequencies as functions of the axial 
load and of the elastic foundation modulus. It is readily seen 
that frequency decreases with increasing axial load and increases 
with increasing foundation modulus. It also can be seen that the 
effect of the axial load is in the fundamental mode of the column 
almost exclusively, for with increasing n, a?/n? rapidly becomes : 
small compared with unity. " 

For moderate values of 72, the effect of elastic foundation is d 7 
also confined to the fundamental mode. a 

The third of the numerical examples shows that an elastic sup- 
port may be chosen for a column so that the effect of a given axial 
load may be practically removed. 

From the numerical results it is seen that the maximum deflec- 
tion at the midheight caused by the impact was increased 30 per 
cent by application of an axial load equal to one half of the Euler 
critical load, and the maximum strain increased 49 per cent. 


CoNncLUsIONS 


As a result of the analysis in this paper, the following general _ _ 
conclusions are presented: = 

A method has been developed for studying the effect of a con- . 
stant axial load on a simply supported column subjected to central ‘ 
impact by a solid mass moving with a given velocity. - 

By the introduction of a simple extension of the frequency lal 
equation, the effect of an elastic support along the length of the CA xsi 
column may also be determined. 

The effect of the axial load on the bending deflections Sel 
strains in a column may be almost completely eliminated by the ni al 
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proper choice of an elastic support for a given impact (m, vo 


given). 

As the axial load approaches the Euler critical load, the formu- 
las developed for the deflection show that the strains and de- 
flections become indefinitely large. 
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This paper presents generalized solutions for the re- 
sponse of a linear two-degree-of-freedom system excited 
by a single constant-magnitude sinusoidal force whose fre- 
quency varies uniformly with time. These solutions were 
obtained with the Cal Tech “‘electric-analog computer’’ 
which is described briefly since it has wide application to 
of this type. 


wee are numerous physical systems which are excited 

by one or more forcing functions whose frequencies vary 

appreciably with time. Important mechanical vibratory 
systems excited in this manner include electric-motor generator 
ets and various rotating systems driven by reciprocating en- 
gnes. A knowledge of the torsional stresses set up in the shafts 
and the mounting stresses during acceleration or deceleration is of 
considerable importance in system design and operation. 

Previous analyses have been made for a linear single-degree- 
o-freedom system excited by a single constant-magnitude sinu- 
sidal force whose frequency varies uniformly with time (1).* 

In this paper the analysis is extended to systems with two 
degrees of freedom. This study was accomplished with the 
Cal Tech “electric-analog computer.” Since this computer is 
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suitable for more complex mechanical-vibration studies, includ- 
ing the extension to more than 100 degrees of freedora, certain 
types of partial differential equations (such as those encountered 
in connection with dynamic beam problems), nonlinear systems, 
and more complex types of excitation functions, it was considered 
desirable also to discuss briefly the applicability of the computer 
to such problems. 


Tue Evecrric-ANALoG COMPUTER 

The electric-analog computer at the California Institute 
Technology, although only partially complete at that time, was 
placed in active service in June, 1947 (2, 3,4). This computer __ 
is designed to extend the principle of electric-analog computation = 
to as broad a range as considered practical. Itisthusconsidered _ 
to be a large-scale general-purpose computer. An over-all view es 


of this device is shown in Fig. 1. This computer employs the 
principle of using precision resistor, capacitor, inductor, and trans- 
former circuits, wherever possible, in the simulation of linear 
algebraic or differential equations. The known functions of a 
single independent variable (such as time) can be inserted as 
currents or voltages. These may be square wave, sinusoidal, or 
any arbitrary function. As many as 18 separate excitation func- 
tions can be applied simultaneously. The nonsymmetric or 
unilateral terms of matrixes are simulated with electronic am- 
plifiers. Special electronic elements have been developed for 
multiplying variables together and representing arbitrary func- 
tions of dependent variables, thereby extending the usefulness of 
the computer into the field of nonlinear mathematics. : 


Basic System Stuprep 2 


The basic mechanical vibratory system considered in detail 
is illustrated in Fig. 2, together with the electrical analog used on 
the computer. The numerical relationships between the me- 
chanical and electrical quantities are given in Table 1. This 
analogy and the general computer techniques are discussed in 
detail by Criner, McCann, and Warren (2). In extending the — 


“pe 
— 
‘ 
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general analysis to two degrees of freedom, it was thought that the 
most important type of mechanical system is the rotating sys- 
tem which has inherently low damping. As discussed later, it is 
therefore possible to eliminate the damping factors as variable 
parameters in the generalized analysis. Although damping 
may vary widely in translational vibratory systems, most ro- 
tating-equipment mountings can be analyzed as single-degree-of- 
freedom systems. 

As shown in Fig. 2, two types of damping may be present, 
namely, bearing frictions which are functions of absolute veloci- 
ties, and internal shaft material frictions which are functions of 
relative velocities. However, it has been shown previously (2) 
that so long as the damping is low (corresponding to only 10 or 20 
per cent per cycle) it can be represented accurately by single 
damping factors acting upon the absolute motions of the respec- 
tive inertia constants. Thus in the analogy of Fig. 2 only the 
resistors R,, Rz, and R; were actually used. 

The variable-frequency exciting force, as shown in Fig. 2, is 
simulated by the voltage Zo. If the excitation torque is applied 
to an end inertia constant, the location of the driving voltage 


(la) To 1,78, + G, Gip + K 6.) 


(20) © * + (8,78) + + Ky 


ELECTRIC CIRCUIT EQUATIONS 
(Ib) Eq =L + Ry pa, + Rip + 
(2b) © + Ropar + Rip + Replaray + + 
+ + Resplasad + 


Fic. Evecrricat ANALOGY FoR Linear Rotatine System WITH 
Two Decrees or FREEDOM 


Ih “Sh aki 


a = arbitrary impedance base factor 
nm = computer time base change 


To 
Shaft stress = Kis (0: — 6:) = — 

Cz Ee Ee 


where EZ, is the capacitor voltage across C1:. 
Dimensionless torque 

Ti Kis (i: — 

Te Te 


for the analog is as shown in Fig. 2. 
inertia constant the voltage would be inserted in series in the 


If it should be on the center 


central circuit loop. 

For the preliminary analysis of this problem, one of the ar. 
bitrary forcing-function devices built for general use on the 
computer was employed. However, it was found practical to 
build a special forcing-function device for this specific problem in 
order to speed the taking of the large number of solutions re 
quired for such generalized analysis. This special forcing. 
function device is described in Appendix 1. It is capable of 
producing an oscillating voltage whose frequency can be varied 
in any desired manner. For this study the forcing function was 
one of constant crest amplitude and of a frequency which varied 
linearly with time. The forcing function EZ» was therefore of the 
for 

Ey = E 008 (unt * 
slid the instantaneous frequency of oscillation is given by 
equation 


1 
Sf = — (wo = 2 wht)........ 
2r 


This is the common definition of frequency which is used by 
Lewis (1). The same basic principle as that of Lewis was also 
used here for expressing the forcing function and the basic sys 
tem parameters in dimensionless form (see Table 2). 


TABLE 2 DEFINITION OF DIMENSIONLESS PARAMETER 
USED IN FIGS. 2-7 INCLUSIVE 


N= = = natural frequency of inertia J; and spring constant Ky with 


I: locked in position 


ha h = rate of change of frequency of driving torque 7° in cycles per see 


‘at, per sec 
Ni? 


No= steady-state frequency at which maximum torque occurs 
System and forcing function are completely defined in dimensionless form 
by specifying the following constants: 


If Gu = Gu = 0, damping ratios can be defined as —_— 


G 
wel,’ 


This type of forcing function was chosen because it provides 
the most representative single forcing function for general prob 
lems of acceleration through resonance. To consider the ef 
fects of variations in the rate of change of forcing-function fre 
quency or amplitude world result in too many parameters for 8 
general study. Certain types of systems, such as those driven by 
induction motors, produce sustained unidirectional torques upoa 
which the variable-frequency oscillating torque is superimposed. 
These two components may be separated in the analysis of 
linear systems. In the solutions presented here no unidiret- 
tional component was present. For the cases of increasing fre 
quency (we) of Equation [1] was zero, and for the cases of de 
creasing frequency (we) was made sufficiently high compared 1 
the natural frequencies of the system to eliminate the effect of the 
starting frequency (we). 


TypicaL SOLUTIONS 


Typical >lutions as obtained with the computer are show 
in Figs. 3 and 4. The top oscillogram in Fig. 3 shows a linearly 
increasing torque or voltage Hy. The lower 
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show the resulting torque or motion of the shaft Ky» fortwo ratios 
of shaft spring constants. In the electrical analogy, the shaft 
torques are obtained by measuring the capacitor voltages, and 
the solutions are expressed in the dimensionless form 7',/7's, as 
obtained by recording the ratio F,/Ho, or the ratio of the ca- 
pacitor voltage to the applied voltage (see Table 1). 

The solutions of Fig. 4 apply to a system with natural fre- 
quencies which are rather far apart. Thus if the rate of change 
of frequency of the forcing function is relatively low, two dis- 
tinct resonant peaks are present. This condition corresponds 
to high values of the parameter g. As q is decreased (or the rate 
of frequency acceleration relative to the quantity N;, is increased), 
it might be expected that the lower-frequency-resonant peak 


i 
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435 
N,* 33 ps, 9 


Fie. 3 Typicat SotuTions Drivinc Torque AND Re- 
SULTING TorQveE 7) 
Cot of Fig. 2. Ga = Gu = 0.) 
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would drop faster than the higher-frequency peak. This was — 
found to be the case except where q is sufficiently low so that the 
system is oscillating simultaneously at more than one frequency. 
This condition is illustrated by the top oscillogram in Fig. 4, 
and the two solutions in Fig. 3. Under this condition, cancella- 
tion or addition effects may take place in the period when the 
second resonant peak normally would be expected. Thus the 
ratios of the two peaks may vary appreciably as q is varied. 
It might be expected therefore that wide fluctuations in the 
crest torque would result as the system parameters are changed. _ 
This was not found to be the case, however. 7 
As Lewis also observed for the single-degree-of-freedom sys- | 
tem, a delay always occurs in the instantaneous frequency of the 
forcing function at which the resonant peaks are reached which 


Fic. 4 Sotvutions SHowmne or Maximum Crest Torque 
From Recion or Lower System-FrREQqUENCY TO HIGHER Srersm 
FREQUENCY 


te 
Ht 
DRIVING TORQUE. ACTUAL FREQUENCY 0-000 cps q=26 
— 
CREST = =5.2 
rly 


oF 

becomes greater as g is decreased. Thus the forcing-function 
frequency at the instant of a peak torque is always higher than 
the static natural system frequency for the case of acceleration 
and lower for deceleration. 

To correlate with the Lewis data, some ten spot-check measure- 
ments were made of a single-degree-of-freedom system with 
the computer. These all check the Lewis data within 3 per 

It is obvious that the complete transient solutions are of too 
complex a character to permit presentation in a generalized form. 
It was considered practical to plot only the maximum crest 
torque which results from a given solution as a function of the 
various system parameters. To further reduce the required data, 
a detailed study was made of the effect of damping expressed as 
the damping factor (see Table 2). For practically all rotating 
systems y will be between 0.005 and 0.02. Solutions showing 
the effect of damping are presented in Figs. 5 and 6. Fig. 6 ap- 
plies to the case where the driving torque is applied to an end 
inertia constant. Fig. 5 applies to a special case with the driving 
torque on the center inertia constant, and with such symmetry 
that the system has only one mode of oscillation. The dotted 
curves for y = 0 were taken from the Lewis data. The correla- 
tion between this system and a single mass-spring system is dis- 
cussed in Appendix 2. 

The curves in Figs. 5 and 6 show a rather narrow spread be- 
tween y = 0 and y = 0.02 for all solutions resulting in shaft 
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Fic. 5 Maximum Crest SHarr Torques ror A BALANCED SysTEM 
Havinc One DEGREE or FREEDOM AND DriIviING TorQUE AT THE 


CENTER 


(vm = v2 = y: = y. See Table 2 for definition of parameters. 
* Taken from reference 1. See Appendix 1.) 


torques below about 10 times the driving torque, which is the 
practical range of interest. Thus it was considered sufficient to 
plot solutions for the single most typical value of y of 0.01. 

Another factor which could be eliminated from the generalized 
solution is the difference between the crest torque developed dur. 
ing acceleration and deceleration. Solutions were obtained over 
a wide range of system parameters for both conditions. It was 
found that the crest torque is always higher for the decelerating 
case. This was also found by Lewis to be true for the single. 
degree-of-freedom case. The range of variation was found to be 
from 5 to 20 per cent higher than for accelerating torques. How- 
ever, in the vast majority of cases the difference lay between 10 
and 15 per cent. Therefore it was considered sufficient to plot 
the generalized curves for only one of these two conditions. The 
accelerating case was chosen. 

Driving Force on End of System. The generalized solutions 
contained in this paper are presented in Figs. 5 and 7. Fig. 7 
applies to the case where the excitation torque is applied to an 
end inertia constant. In these curves the maximum crest shaft 
torques on both shafts are plotted in dimensionless form as 4 
function of the parameter g. In all cases J; = J;. Each set 
of curves applies to a different ratio of J://:, and on each set are 
curves for a range of ratios of K2;/Ki.. Comparison of the curves 
on each set shows an interesting variation of torque with the 
ratio of Kx:/Ki:. At high q’s or slow relative ratios of accelera- 
tion, the crest torque in some cases first starts to decrease with 
increasing K2;/Ki: and then increases. However, the curves are 
so chosen and enough values of the ratios given that satisfactory 
interpolation can be made. The crossing over of the curves at 
lower values of q results from the multifrequency interaction ef- 
fect discussed previously. 
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Driving Force in ‘Middle of System. The data for this case are 
presented in Fig. 5. This represents practically as general a 
treatment as is given in Fig. 7 for the driving force on the end of 
the system, since in most practical cases the two shafts should 
have the same spring constants. 

Space does not permit presenting a complete coverage for cases 
where all the inertia constants are different. However, it is a 
relatively simple matter to obtain such data with the electric- 
analog computer. 


APPLICATION OF CuRVEs OF Figs. 5 AND 7 


As an illustration of the use of the curves of Figs. 5 and 7 for a 
specific problem, consider a 1200-rpm induction motor driving 
two generators. The induction-motor inertia constant is 3.3 
slug-ft and each generator has an inertia constant of 6.6 slug-ft. 
The shaft constants are Kip = Kx = 0.5 X 10° ft-lb/radian. The 
value of y for each machine is 0.01. 

Consider first the case when the motor has the position /,, 
Fig. 2; thus 


= 3.3 slug-ft 


Ky = Ky = 0.5 X 105 ft-lb/radian 


The motor starting characteristics are such that the system is 
accelerated to 1200 rpm in 8 sec. During this period there exists, 
Superimposed upon the unidirectional torque, a periodic sinu- 
soidal slip frequency torque which varies in frequency from 60 
cycles per sec to zero in the 8 sec. Its crest magnitude is 263 
ft-lb, Thus the forcing torque 7 has a crest magnitude of 
263 ft-lb, and anh = 60/8 = 7.5 cycles per sec? (see Table 1). 


ew 


eT 


0.5 X 108 
3.3 
12 
=-— = = = 19.5 cycles per sec 


Ls pa ive 


7.2 


(19.5)? 


4.0 


Referring to Fig. 7(d), it is seen that for a 7 having an increas- 
ing frequency, 7,/T> = 13.2, T:/T» = 11.8. Since, however, the 
forcing function in this case is one of decreasing frequency, values 
of crest torque 15 per cent higher should be used. Thus 7/7) = 
15.2, and T:2/T>) = 13.6. 

The maximum pulsating components of shaft torques to be 
expected are therefore 


T; = 263 X 15.2 = 4000 ft-lb 
T; = 263 X 13.6 = 3580 ft-lb 
Next, consider the motor in the position J, in Fig. 5, with one 
generator symmetrically placed on each side. If the same shafts 
are used 
I, = 3.3 slug-ft a 
K = 0.5 X 10 ft-lb/radian 
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Now ae Appendix 2 
X 10° = 87 zero damping curves in Fig. 5 are obtained from a paper 
Pr ¥ \ 6.6 ae by Lewis (1). Using the operational method, the equations 
Fy) =a N, = w/2e = 87/2 = 13.8 cycles per sec > satisfying the system in Fig. 6 are 
1 = w = = : 
wad I,p702 2K (02 6;) = To 
= K (0, —®) = 0 


q = Ni2/h = (13.8)?/7.5 = 25.5 
Multiplying the first equation by J,, the second by Js, and sub- 


Referring to Fig. 5, for an increasing frequency, J;/J2 = 2, y = tracting T 
7 0.01, g = 25.5, T/T» is found to be 11.5. Again adding 15 per . the 
cent (for decreasing frequency), = 13.2. Hence the maxi- (02 — 0:) (2h, + (02 — = Toki sen 
mum pulsating component of shaft torque to be expected in this : _ ’ 
P Solving for the shaft torque, K (02 — 0:) stre 
case 1s of t 
T = 263 X 13.2 = 3470 ft-lb fati 
K (02 — = ten: 

‘The stresses produced by the unidirectional component of the K (2h, + Is) p+ tub 
driving torque of the motor can be found by conventional methods r pul: 
of analysis and added to the foregoing values. Similarly, for a torque 7’) applied to a single inertia-spring of 

configuration, (/,, K,), the shaft torque is - stre 
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A brief description of the special forcing-function generator 
used in this study may be of interest. A block diagram of this Bo 
device, which is of an electronic nature, is given in Fig. 8. Two It remains to connect the parameter q of the Lewis pap : 
vacuum-tube oscillators are utilized; one is fixed in frequency fo, which will here be termed q,, with the q defined in Table 2 St 
and the other has a frequency of oscillation which differs from fo K K(2l, +1 
as an input voltage is supplied to the reactance tube. The react- Wel 
ance-tube variable-oscillator portion was designed such that the 
frequency f:, by which the latter oscillator varies from fo, is K 
linearly proportional to the input voltage. The two signals are a 
mixed and the difference frequency f; remains in the output. bas 
Providing fo >> fi, this device produces a voltage output of con- 
stant magnitude, whose frequency is directly proportional to the 
input voltage. Is 
In the particular study of this paper, the voltage input to the : ; In 
forcing-function generator was obtained from the voltage across a Thus ma the response of the balanced 3-body system! prodi 
capacitor which was being charged by a constant current source. Fig. 5, multiply the response of the Lewis paper by little 
A frequency varying linearly with time was thereby produced. ACL such 
tensi 
FREQUENCY AND AMPLIFIER output for aq, equal to = 
OSCILLATOR FILTER 
2h Colley 
f 2 Di 
REACTANCE VARIABLE The foregoing derivations may be made more general by Socte 
— "| |] LATOR cluding the effect of damping, thus enabling one to treat wi 
; ; . beau an Lewis’ results a balanced system such as that in Fig. 5 whit until 
8 Brock Dracram or Spectat Forctne-FunctTion Generator — includes damping. 
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Biaxial Tension-Tension Fatigue 


‘of the principal stresses were kept in phase. 


College. 


This paper describes a new fatigue testing machine for 
the application of tension-tension biaxial stresses and pre- 
sents the results of an investigation on the biaxial fatigue 
strength of Alcoa 24S-T. The influence of various ratios 
of the maximum values of the principal stresses upon the 
fatigue strength was determined. Fluctuating biaxial 
tensile stresses were produced by subjecting a thin-walled 
tubular specimen to a pulsating internal pressure and a 
pulsating axial load. The maximum and minimum values 
Fatigue 
strengths and S-N diagrams for four principal stress ratios 
were obtained. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A = cross-sectional area of tubular specimen, sq in. 
d = internaldiameterofspecimen,in. 
N = number of stress cycles tofailure 
p = internal pressure, psi - 
P = axial tensile load, lb 
p',p’’, p’’’ = maximum, mean, and minimum fluctuating pres- 
sure, respectively, psi 
P', = maximum, mean, and minimum fluctuating 
axial tension loads, respectively, lb 
x R = principal stress ratio 
ss @ = uniaxial tensile stress in psi 


o1, = longitudinal and transverse biaxial principal 
stresses, psi 
= maximum, mean, and minimum values of prin- 


cipal stress a1, respectively, psi 
= maximum, mean, and minimum values of prin- 
cipal stress o2, respectively, psi 
fatigue strength for uniaxial longitudinal tension, 


psi 

= biaxial yield strength values, psi 
biaxial nominal ultimate strengths, psi 

In machine and structural parts, fluctuating stresses are often 

produced which act in more than one direction. There is very 

little information on the fatigue strength of metals subjected to 

such combined states of stress. Most of the available informa- 


tion on this subject is given in the Bibliography. Tension- 
tension biaxial fatigue strengths were determined for a medium 
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Strengths of Metals 


By JOSEPH MARIN,! STATE COLLEGE, PA. a, _ 


carbon steel by Marin (6),? and Morikawa and Griffis (11). The — 
purpose of this paper is to describe a new type of combined stress- _ 
fatigue machine and to give the results of an investigation on the = 
biaxial fatigue strength of an aluminum alloy. 


DESCRIPTION OF MATERIAL > os 


The material tested in this investigation was a fully heat- 
treated aluminum alloy designated as Alcoa 24S-T. The mate- 
rial was received in tubular extruded form. The nominal chemi- 
cal composition, in addition to aluminum and normal impurities, _ 
consists of 4.4 per cent copper, 1.5 per cent magnesium, and © 
0.6 per cent manganese. 

Tension control tests made on flat specimens machined from _ 
the walls of the tubular extrusions gave the following average _ 
properties for the longitudinal direction: Tensile strength = © 
72,000 psi, yield strength (1.2 per cent offset) = 49,500 psi, 
modulus of elasticity = 10.7 <X 108 psi, percentage elongation 
(in 2in.) = 8.2 per cent. 


Test ProcepUuRE 

Test Specimen. 
from tubular sections in. long with an inside diam- 
eter of 2 in. and a wall thickness of 0.05 in. The dimensions 
of the finished specimen are shown in Fig. 1. The inner walls of 
the specimens were left in the as-extruded form, while the outer 
surfaces were polished circumferentially with metallurgical 
abrasive paper. The wall thickness was measured to 0.0001 in. 


by a special apparatus designed for this purpose. Wall-thick- 
ness values and diameters were taken at 30 equally spaced i 


points on the specimens. The wall thickness-diameter ratio of 
thé specimen was 0.025, so that the stress throughout the wall 
was essentially uniform. The circumferential elastic stress pro- 
duced by the internal pressure, as calculated, assuming a thin 
wall and uniform stress distribution, is about 3 per cent less a. 
the exact value, while the axial stress, calculated assuming . 
thin wall, is about 2 per cent more than the exact value. The 
diameter - reduced length ratio is about 0.25, so that the test part _ 
of the specimen is free from bending stresses produced by end — 
restraints. 

For a thin-walled tubular specimen, subjected to an axial 
tensile load P and internal pressure p, psi, the longitudinal and © 
circumferential maximum, minimum, and mean stresses are, 
respectively 


P, p'd Pp p''d 


The fatigue strength of a material when subjected to biaxial | 
stresses will depend upon both the ratio of the principal stresses 
and the ratio of the minimum to the maximum stresses. Since a 
very large number of tests would be required to cover all possible 
stress combinations, the investigation reported herein was re- 


2 Numbers in parentheses refer to the Bibliography at the end il 
the paper. 
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ct: 
1 Braxiat Stress Specimen wine M 
stricted to a consideration of the influence of the principal stress speci 
ratio and the ratios of the minimum to the maximum stresses, plied 
that is, o;'’’/o;’ and o2'’’/o2' were kept at the ratio of about 0.10 that 
to 0.20. E, it 
Testing Machine. A special testing machine, as shown in Fig. 
2, was designed for applying the fluctuating internal pressures 
and axial loads. The tubular specimen S is subjected to an axial 
fluctuating load by the lever K. This lever is subjected to a fluc- 
tuating load by means of an eccentric FZ; as shown in Fig. 3. 
The eccentric E; is attached to a shaft SH and a gear G», at- 
tached to the shaft, is driven by a pinion G; operated by a 3-hp 
3600-rpm a-c motor 7. A gear reduction of 1 to 10 produces 
about 300 fluctuations of stress per minute in the specimen. 
This low rate of stress fluctuation was necessary to eliminate 
possible errors due to interference of pressure waves produced 
by the successive application of internal pressure. 
The internal oil pressure is applied to the specimen by means 
of the piston ina Bosch pump/. The pump / is activated by a 
plunger and connecting-rod system attached to a driving eccen- 
tric E, The eccentric FE, is adjustable with respect to throw 
and phase angle between the two eccentrics FE; and £2, which are 
mounted on the same shaft. Change in pressure in the specimen 
is obtained by changing the throw of the eccentric FE, and hence 
the length of stroke of the piston. A steel cylindrical plug is in- 
serted in the specimen to reduce the total volume of fluid in the 
pressure system and so permit higher pressures. To provide 
against drop in pressure, caused by possible oil leakage, an ac- 
cumulator A, with a check valve C, is connected to the specimen. 
This accumulator is a standard aircraft-type unit in which air is 
used as the pressure-maintaining medium. 
A revolution counter U is used to record the number of stress 
fluctuations to fracture. The motor is stopped by a microswitch 
when the specimen is fractured. For tests with axial tension only, 
a microswitch is mounted on the lever K, so that when the speci- . Sau ike 
men fractures, the yoke Y, below the specimen rotates, thereby Fie. 2 Braxtat Fatigue Testinc Macuine 
operating a microswitch which stops the motor. For tests in 
which the internal pressures are used, a fracture of the specimen JN, permits the minimum load to be adjusted to the desired value. 
causes a drop in pressure which releases the plunger in the valve The specimen is held between spherical seats to insure axiality @ 
P. The plunger then operates the microswitch M and stops the loading. 
motor. The measurement of the maximum and minimum pressure 
The axial load is measured by a dynamometer N which trans- is made by two Bourdon gages, H and L, respectively. The gag® 
mits the load from the eccentric EZ, to the lever. A threaded are connected to the piping with specially designed check valve 
turnbuckle unit between the eccentric Z, and the dynamometer so that the pointers of the gages do not fluctuate but move only 
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if there is a change in the values of the maximum or minimum 
pressures. It is possible in this way to prevent fatigue damage 
to the gage mechanisms. 

Calibration of Testing Machine. The axial-load calibration was 
made by noting simultaneous dial readings on the 10,000-Ib 
dynamometer N and SR-4 electric strain readings of a calibrated 
test bar inserted in place of the specimens S. The test bar was 
calibrated in a Baldwin-Southwark hydraulic testing machine. 

Concentricity of the axial tensile loading on the specimen was 
checked by measuring the elongation of the specimen at four 
locations equally spaced around the circumference. After ad- 
justment of the holders, the strains were found to be within 1 per 
cent for the loads used. 

The pressure gages were calibrated with a dead-weight gage 
tester. The maximum-pressure gage has a range of 0 to 5000 
psi, and the minimum-pressure gage a range from 0 to 2000 psi. 
Readings of the pressure were noted to the nearest 25 psi. 

Calculations were made to determine the error in the axial load 
produced by neglecting the influence of the inertia forces in the 
lever during fluctuation. These calculations showed that the 
maximum error is less than 1 per cent of the applied load. 

Method of Testing. After the wall thickness and outside 
diameter of the specimen are measured it is screwed into the 
specimen holders. The desired maximum axial load is then ap- 
plied by adjusting the eccentric FE, to a given position and fixing 
that position with self-locking setscrews. With the eccentric 
EF, in its lowest position, a threaded turnbuckle above the dyn- 
amometer N is adjusted until the dynamometer registers the 
minimum load desired. The eccentric drive shaft is then rotated 
by hand to check the maximum axial load, as indicated by the 
dynamometer reading. If this reading is changed, the foregoing 

procedure is repeated until the desired values of the maximum 

| and minimum loads are obtained. 

The eccentric Z, is used to obtain the maximum and minimum 

values of the internal pressure. To apply the pressures desired, 

" a tentative setting of the outer part of the eccentric relative to the 
inner part is first made. A hand pump B is used to fill the in- 

| 7 ternal-pressure system and specimen with oil. An air outlet at 
the top of the specimen is used to expel air from the system. 
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Fie. 3 FOR MEASUREMENT OF PRESSURES 


With the piston of the Bosch pump at the bottom of its stroke, 
the hand pump is used to apply the required minimum internal 


pressure. The eccentric drive shaft is now rotated by the motor 
to check and adjust the values of both the maximum and mini- 
mum pressures. The valve F in the pressure line leading to the 
pressure gages, Fig. 3, is closed during the starting period to 
avoid shock-loading. During a test, however, the valve F is 
open. Fluctuations of the gage mechanisms are prevented by a 
specially designed valve block G which permits static readings of 
the maximum pressure en gage H and the minimum pressure on 
gage L. To obtain synchronism of the two loads, the eccentrics 
are adjusted so that the minimum dynamometer axial-load read- 
ing is obtained when the piston of the Bosch pump is at the © 
bottom of its stroke. 

After the desired internal-pressure values are obtained, the 
axial loading is adjusted, since the elongation of the specimen 
produced by the internal pressure reduces slightly the external 
load appliea by the lever. After the machine has been in opera- 
tion about 1 hr, load adjustments again may be necessary 
because of change in temperature of the oil or loosening of the 
mechanical linkage. The loads are checked several times a day, 
and leakage of oil is replaced by means of the hand pump. When 
a specimen fails, one of the microswitches shuts off the motor, 
and a record of the number of cycles N, to failure is recorded by 
the counter U. 


Test Resutts AND THEIR INTERPRETATIONS 


Fatigue strengths were obtained in this investigation for four 
different principal stress ratios and for ratios of the minimum to 
the maximum stress equal approximately to zero. Since it was 
necessary to perform the tests at a slow speed (about 5 cycles 
per sec), time permitted the determination of fatigue strength for 
only up to about 2 X 10® eveles. The S-N or o-N diagrams for 
the four principal stress ratios are shown in Fig. 4, and the ota 
used in plotting Fig. 4 are given in Tables 1 to 4. 

The influence of the principal stress ratio on the fatigue strength q 
is shown in Fig. 5 which is a plot of the S-N diagrams of Fig. 4, 
using the same origin. The influence of the principal stress ratio 
on the fatigue strength can also be shown by Fig. 6. Fig. 6 gives a 
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s comparison of the biaxial fatigue strengths with the uniaxial found adequate. One difficulty is that the existing theories * 
F fatigue strength by plotting the relation between the stress ratios quire that the material be free from directional sctiieentinn, ta 
> o:'/o' and o2'/ou, where o;' and o;’ are the maximum valucs of is, according to these theories, the uniaxial fatigue stre 
the biaxial fatigue strength and oy is the corresponding uniaxial ¢,’ and oy’ are equal. Inspection of Fig. 6 shows that the unr 
value. 
Attempts were made to compare the test results with the about 60 per cent of the uniaxial fatigue strength in the longi* 
‘ theories of failure but no existing theory or new theory was dinal direction. For an investigation (12) on biaxial static por & 
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Average 
Specimen Load P’ Load P’’’ Diameter d, wall thick- Stress o;’ Stress o2’ Stress o,’’’ Stress o2’’’ 
no. (lb X 1074) (lb 1074) in. ness t,in. (psi X 107%) (psi X 1074) (psi X 1074) (psi X 1078) 
G-4 16.0 1.00 2 0.0534 48.0 0 0 0 
G-3 15.0 1.50 2 0.0551 13.0 0 4.0 0 
F-3 22.0 1.50 2 0.0766 46.0 0 3.0 0 
G-8 11.0 1.00 2 0.0530 33.0 0 3.0 0 
G-7 21.0 1.50 2 0.0776 43.0 0 3.0 0 
G-5 14.5 2.00 2 0.0530 44.0 0 6.0 0 
G-6 11.0 0.75 2 0.0526 33.0 0 2.0 0 
H-2 9.5 1.00 2 0.0527 29.0 0 3.0 0 
H-7 \ 0.70 2 0.0499 23.0 0 2.0 0 
TABLE 2 FATIGUE TEST DATA FOR STRESS RATIO R = 2/1 = 2 
Average 
Specimen Pressure p’ Diameterd, wall thick- Stress Stress tress 
no. (psi X 107") (psi X 1074) in. nesst,in. (psi X 107%) x x (psi X 10 xX 1074) 
750 0.200 2 0.0507 17.25 34.50 00 00 
400 0.200 2 .0514 13.50 27.00 00 00 
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TABLE 3 


= 1 


= NX 10-8 


Pressure p’ Pressure p’’’ Average- Stress o;’ Stress Stressoi’’’ Stresso:’’’ Stress 
(psi X (psi X Diameter wall thick- (psi X (psi X (psi X (psi X ratio 
1074) 1074) d, in. ness ¢, in. 10-8) 1078) 10-4) 
1.200 0.200 2 0.0539 23.0 22.5 ae 4 0.98 
0. 0.100 2 0.0540 15.5 15.0 2.5 2.0 0.97 
1.050 0.200 2 0.0545 20.0 19.5 < 0.98 
0.750 0.100 2 0.0497 15.5 15.0 0.97 
0.800 0.125 2 0.0534 15.0 15.0 2.5 2.5 1.00 
0.650 0.100 2 0.0545 12.5 12.0 2.5 2.0 0.96 
0.575 0.125 2 0.0505 10.8 11.4 3.1 2.5 1.06 
0.750 0.150 2 0.0518 14.6 14.5 3.0 2.9 0.99 
TABLE 4 FATIGUE TEST DATA FOR STRESS RATIO R = = 0.5 
Pressure 
Pressure p’ pi’ Average Stress Stress o2’ Stressoi’’’ Stress o:’’’ Stress 
(psi X (psi X Diameter wall thick- (psi X (psi X (psi X (psi X ratio 
10-4) 10-3) d, in. ness ¢, in. 10-4) 10-3) 10-3) 10-8) R = a2'/ai 
2 0.0543 30.50 15.50 4.00 3.50 0.51 
2 0.0534 2.50 15.50 4.00 3.50 0.48 
2 6.0545 40.12 18.35 4.07 2.30 0.46 
2 0.0527 38.00 18.50 4.50 4.00 0.49 
2 0.0523 26.56 13.58 4.44 2.20 0.51 
2 0.0539 17.44 8.91 3.60 2.78 0.51 
2 0.0542 21.66 11.07 4.38 2.30 0.51 
2 0.0513 5. 86 . 2g 2.77 2. p 
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erties of this same material, the directional effect was found to be 
less pronounced, that is, the yield strength in the circumferential 
direction was Sem to be about 80 per cent of that in the longi- 
tudinal direction, and the corresponding ratio for nominal ulti- 
inate strength was about 80 per cent. 

Tn an attempt to obtain a modified theory which considered 
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directional effect, the relationships between the stress ratios 
oi’ /oy and and between o;'/oi and were plotted. 
The stress ratios o;'/o,, and o;'/o,, do not remain constant, so 
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that a modified maximum-stress theory does not agree with the 
test results. 

Fig. 7 shows typical fractured specimens. For specimens with 
stress ratios of 02/0, = 0.5, the specimens fractured circumfer- 
entially with a plane of fracture at about 45 deg to the surface of 
the tube. For stress ratios o2/o, = 1 and o2/o, = 2, failure was 
produced by small cracks in the longitudinal direction about 
1/.to lin. long. 


CONCLUSIONS 


Biaxial tensile fatigue strengths of Alcoa 24S-T tubing were 
obtained for various ratios of the biaxial maximum stresses and 
with the minimum stress approximately equal to zero. The test 
results show that the biaxial fatigue strengths may be as low as 
50 per cent of the uniaxial fatigue strength in the longitudinal 
direction of the tubes. The existing theories of failure for bi- 
axial strength could not be used to predict failure in the tests re- 
ported herein. ie 


The testing _— described in this paper was designed and 
constructed with the financial support and sponsorship of the 
National Advisory Committee for Aeronautics. Mr. .William 
Shelson, research assistant, performed the tests and plotted the 
data siportell, and Mesurs. Eckley and H. Johnson, me- 
chanics, built the testing machine. HE 
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By R. L. SUTHERLAND,' IOWA CITY, IOWA 


An analysis is developed for the uncoupled bending 
vibration of a rotating blade which is vibrating in the 
plane of rotation. The numerical method used permits 
the determination of any mode of vibration by a series of 
tabular calculations. Expressions are found for relative 
amplitudes of deflection, moment, and shear along the 
blade. A wedge-shaped steel blade is taken as an exam- 
ple, and the natural frequency and relative amplitudes of 
deflections, moments, and shears are found for: (a) non- 
rotating vibration; (&) vibration per -ndicular to the 
plane of rotation; and (c) vibration in he plane of rota- 
tion, using for (a) and (6) the analysis developed by Myk- 
lestad (1).? 


STATEMENT OF PROBLEM 


HEN a beam or a blade such as a propeller blade rotates 

about an axis perpendicular to its own axis, the result- 

ing centrifugal forces have the effect of stiffening the 
blade to a certain degree, thereby increasing the natural fre- 
quency of bending vibration of the blade. 

If, as it rotates, the blade undergoes bending vibration in a 
plane perpendicular to its plane of rotation, the centrifugal forces 
are a system of parallel forces. Vibration of this nature has been 
analyzed successfully by a practical method (1) which has also 
been checked experimentally (2) and found to be accurate. 

If, however, the rotating blade undergoes bending vibration in 
the plane of rotation, then the centrifugal forces are, in general, no 


} longer parallel, but each acts in a direction which is radial from 


the axis of rotation to that particular element, as shown in Fig. 1. 
The stiffening effect of this system of centrifugal forces is ob- 
viously different by some amount from the stiffening effect pro- 
duced when the vibration is in a plane perpendicular to the plane 
of rotation. Therefore the natural frequency of vibration will 
be different, and the deflections, moments, and shears along the 
blade probably also will be different. 

The problem consists of analyzing the bending vibration of a 
rotating blade bending in the plane of rotation, and then, by an 
example, comparing the results found with the results for vibra- 
tion perpendicular to the plane of rotation as well as for non- 
rotating vibration. Uncoupled bending vibration only is con- 
sidered. 

Summary or Resuts 


As might be expected after consideration of the forces in- 
volved, it is found that, for a given blade rotating at a given 
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Bending Vibration of a Rotating Blade 
Vibrating in the Plane of Rotation 
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Two concentrated masses only, mn and mi, are shown; an is the angular »* aa, 
eflection of the beam at station n, measured from the unbent axis of the 
beam; yi is the angle between the direction of the centrifugal force miziQ? on 
mass m and the unbent axis of the beam; @ni is the angle between an and 7.) r 


constant angular velocity, the natural frequency of bending 
vibration in the plane of rotation is lower than the natural fre- 
quency of bending vibration (about the same neutral axis) per- — 
pendicular to the plane of rotation. 

It is shown in the example that the difference between the _ 
natural frequencies of the two types of vibration for any given 
blade decreases as the radius at which the blade rotates is in- — 
creased. This is due to the fact that the difference in the direc- 
tion of the centrifugal forces, between the case of vibration in the ; 
plane of rotation and the case of vibration perpendicular to 
the plane of rotation, decreases with an increase in size of the hub. 
For the particular blade studied as an example, when mounted 
on a small hub, the increase in the natural frequency of vibra- 
tion in the plane of rotation over the nonrotating natural fre- 
quency is 42 per cent of the corresponding increase in the natural 
frequency of vibration perpendicular to the plane of rotation; 
when mounted in a large hub, the increase for vibration in the => 
plane of rotation is 83 per cent of the increase for vibration __ 
perpendicular to the plane of rotation. 

It is also shown that for vibration perpendicular to the plane 
of rotation, the blade is stiffer near the tip and therefore the 
curvature is less near the tip than for vibration in the plane of 
rotation, although the relative amplitudes of deflections show the 
difference to be very small. 


ANALYSIS 


The analysis of the bending vibration of a rotating blade vibrat- = 
ing in the plane of rotation will be made using the general — 
method developed by Myklestad (1) and applied by him to the 
ease of bending vibration of a rotating blade vibrating perpen- 
dicular to the plane of rotation. After application of the method © 
to the analysis of a particular type of problem, the solution of any © 
specific example of that type of problem is resolved intoa routine = 
tabular calculation which, when executed a sufficient number of Be 
times, will give any desired mode of vibration. In the analysis _ 
following, the symbols and terminology employed by Myklestad _ 


le 

M | | 
3,” 
im 
reh 
CA 

ig 


will be retained as far as possible. Of necessity, the analysis is 
shortened by omission of several intermediate steps which are 
a indicated and are not difficult to fill in; these steps are detailed in 
the derivation made in reference (3). 

The beam or blade is first assumed to be divided into a number 
of sections, and is then considered to be weightless, with a con- 
centrated mass for each assumed section. Each mass will be 

e_- called a station and designated as m with an appropriate sub- 
5 script; the distance from the axis of rotation to any particular 

7 station will be called z with an appropriate subscript; and the 
length of the beam between any two adjacent stations will be 
designated as | with an appropriate subscript. Fig. 2 shows the 


divided beam and symbols as just defined. _ 
AXIS OF ROTATION 
HUB BASE TIP = 
e - nt IMn-1 m m ™, 
Fie. 2 Diagram or Beam Drvivep Into a NuMBER OF MASSES 
CONCENTRATED AT Pornts ALONG THE Exastic Axis 


Considering any length J, as a cantilever beam clamped at the 
(n — 1)th station, if a unit force F be applied at station n, it will 
have a linear deflection dy, and an angular deflection vp,, meas- 
ured clockwise from the horizontal. Also, if a unit clockwise mo- 
ment M be applied at station n, it will have a linear deflection 
dy, and an angular deflection vy,, measured clockwise from the 
horizontal. The quantities dp,, vy,, dy,, and vy, are called elas- 
tic coefficients, and must be calculated for each length 1, of the 
beam. 

Fig. 1 shows a beam mounted as a cantilever in a rigid hub. 
It is rotating with an angular velocity Q and is vibrating in the 
plane of rotation. The maximum or extreme position of vibra- 
tion of the beam is shown. 

- If y, is the amplitude of motion of the nth mass and if the 
angular frequency of harmonic vibration is w radians per sec, then 
the inertia force on the nth mass due to vibration is (m,) (y,w*). 

Due to rotation of the beam, the centrifugal force on the nth 
mass is (m,)(z,2*). This force, acting in a radial direction, 
makes an angle y,, with the unbent axis of the beam. 

In order to sum up the shear forces and moments acting just 
to the left of the nth station, consider any mass m,; outboard of 
the nth station. 

The shear force at station n due to the centrifugal force and the 
inertia force acting at station 7 is (m,;y,w* cos a, — m,z,2* sin 
B,;), Where 8,, is the angle between the direction of the beam at 
station n, equal to a,, and the direction of the centrifugal force on 
the ith mass, that is, 8,; is equal to (a, — y,). But since all 
angles are small, 7; is approximately equal to y,;/x,;; sin 8,,; is ap- 
proximately equal to 6,;; and cos a, is approximately equal to 
1. Summing up for all the masses from m, on outboard, the total 


shearing force just to the left of station n becomes * ae 
= = » 
S, = mM yw? a,— {1] 
t=1 7% 


The bending moment at station n due to the inertia force on 
m, is mw*y,(x; — z,). The bending moment at station n due 
to the centrifugal force on m, is equal to m;z;Q? times the moment 
arm d,,; shown in the enlarged inset of Fig. 1. It may be seen 
that d,, is a tel to — yn). Agai 
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ming up for all the masses from m, on outboard, the total bending 
moment just to the left of the nth station becomes 
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n—1 n—-1 
le 
M, = mw*y, (2; — — (+, =f — 2 
t=1 


The angular deflection an4: and the linear deflection yn4: may 
be written 


Yntl = Yn Lan+1 Sidra yn 


Substituting the values for S, and M, given by Equation I 
and [2], Equation [3] becomes re. 

my (w? + 


1 + vp, 


t=] 


m,x;Q? | — vp, 


t=1 


Yi 


t=1 


an+1 = ay 


n-1l 


— UMn — — 


~ Similarly, Equation [4] may now be written 


= 
n 


mx, 

: 


Because the linear and angular deflection at any staitio 
pend upon the angle of the tip of the beam ¢, they may 
ressed 


t=1 


= Yn — 


+ n dy,) myy;(w* + 2?) 
t=1 


n—1 


+ 


in which gon, Yn, fon, and f, are called amplitudes coefficie 
are independent of the arbitrary tip angle ¢. 


Also, in order to simplify Equations [5] and [6], let 
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112) 


t=1 


ony 
m,(w? + 2%)g, = G, 
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+ In — = Gy. 


To 
assun 
that 
value 
(7] 

Sta 
deter: 
and t 
lever 


To 
must 
mI 
foran 


By 
the ta! 
functi 
be ree 
the ax 
higher 
800n, 

Line 
Equat 
simpli! 
may be 


The m 
[2], us 


Obvio 
relative 
at the | 


Ny 
Si 
ther 
may 
Ke 
a+ 
equa 
Equ: 
| 
: 
‘= 
7 
I 
q 
f 
t=] 
: 


n—1l n—1 
+ Jon — = G'on. . [17] 
t=1 


Substituting first, Equations [7] through [13] in Equation [5], 
then simplifying with Equations [14] through [17], Equation [5] 
may be written 


— Snti) = (fon ¢ — Jf.) — — Gen ¢) 
— vyn(G', — G' en)... [18] 


In the same manner, Equation [6] becomes 


(—genti¢ + gntt) = (— Gene + gn) — A'n(Son — Sn) 
+ up,(G, — Gon ¢) + Umn(G’, — Gon [19] 


Equations [18] and [19] may each be written in the form 
a + be = 0, and since they must hold for any value of ¢, it is 
clear that a and b must both be equal to zero. 
equating terms containing ¢ and terms not containing ¢, first in 


Equation [18], then in Equation [19], the following are obtained aise 
re 


Sone: = Agfon + UrnGen + 

Sati = Anfn t+ UpnGn + 

= Jon + A’nfon + UpnGon + on... .. [22] 


To determine all amplitudes coefficients, it is only necessary to 
assume that the tip deflection, y:, is equal to 1, and to remember 
that the arbitrary tip angle ¢ is equal to a. Then the initial 
values of the amplitudes coefficients are found from Equations 
[7] and [8] to be fy: = 1, fi = 0, gy: = 0, andg, = 1. 

Starting with these values, all amplitudes coefficients may be 
determined by a simple tabular process. From Equation [7] 
and the fact that the deflection at the base is zero for the canti- 


lever beam, the arbitrary +'> ngle ¢ is found to be am 
Ie 


To identify a natural frequency, certain base or end conditions 
must be satisfied. For the cantilever beam, the slope at the base, 
a, must be zero. Thus from Equation [8] is found the criterion 
fora natural frequency 


[25] 


By assuming various values of w and determining a, for each by 
the tabular calculation, the slope at the base may be plotted as a 
function of the frequency. Then the first natural frequency may 
be recognized as the lowest value at which the slope curve crosses 
the axis and is zero; the second natural frequency is the next 
higher frequency at which the slope curve crosses the axis; and 
80 On, 

Linear and angular deflections along the beam are given by 
Equations 17] and [8]. The shear at any station is found by 
simplifying Equation [1], using Equations [7, 11, 14, 15] and 
may be written 


The moment at aay station, obtained by simplifying Equation 
[2], using Equations (7, 11, 14, 15, 16, 17], may be written 


Obviously, these values of deflection, moment, and shear are 
relative only and depend upon the amplitude of lirear deflection 
at the tip, which is assumed to be one unit in this analysis. 
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Therefore by 


SOLUTION OF AN EXAMPLE 


The beam, or blade, assumed for an example was a steel wedge, 
20 in. long and 2 in. wide, tapering from a 1-in. thickness at the 
base to zero thickness at the tip. For the solution, this blade was 
divided into eleven sections, as shown in Fig. 3. 


20° 


Biape Dimensions FOR ILLUSTRATIVE EXAMPLE AND Divi- 


Fia. 3 
ous SION OF BLADE USED IN SOLUTION 


OTS 


Fie. 4 Movuntine or Biape Hus ror Cases oF VIBRATION (a) 
PERPENDICULAR TO PLANE oF RoTATIoN, AND (6) IN PLANE OF 


The natural frequency of bending vibration of this blade 
when not rotating was determined as well as the natural fre- 
quency of bending vibration of the rotating blade, first bending 
perpendicular to the plane of rotation, and then bending in the 
plane of rotation. In order that the bending vibration would © 
take place about the same neutral axis for the two cases of rotating 
vibration, the mounting of the blade in the rigid hub for the two 
cases was assumed as shown in Fig. 4. 

Also, in order to show the effect of the radius, at which the 
blade rotates, on vibration in the plane of rotation, compared 
with vibration perpendicular to the plane of rotation, two hub 
sizes were considered, as follows: 

(a) The blade was treated as mounted in a rigid hub of 2 in. 
radius, rotating with an angular velocity of 400 radians per sec. 

(b) It was treated as mounted in a rigid hub of 38 in. radius, 
rotating with an angular velocity of 200 radians per sec. With pe ta 
these values, the tip velocity was 966 */; fps for the largehuband = 
733'/; fps for the small hub. Also the normal, or radial, accelera- 
tion due to rotation was the same at the mid-point of the blade — - 
for both hub sizes, a condition which was selected arbitrarily be- 
forehand. 

For the assumed division of the blade, the mass and location of 
center of gravity of each division were calculated,andthemoment — 
of inertia for the blade at each station or mass were found. Al- 
though exact values of elastic coefficients could have been found ~ ae 7 
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TABLE 1 


for the simple blade shape assumed, the formulas given in Ex- 
ample VI-2-2 of Myklestad (1) were used. 

Table 1 is a summary of all information solved for so far, in- 
cluding masses, location of masses or stations, length of blade be- 
tween stations, moments of inertia, and elastic coefficients for 
each length numbered as shown in Fig. 2. 
the acceleration due to gravity was taken as 32.2 ft per sec*, and 
the weight and modulus of elasticity of steel were assumed to be 
0.2833 lb/in.* and 30 X 10 psi, respectively. 
all parts of the problem were carried to six significant figures, 
using an electric calculating machine. 


In these calculations, 


Computations for 


Myklestad (1). 
frequency was found to be 787.6 radians per sec. 
ing to compare this value with the value obtained by use of the 
exact formula of Todhunter and Pearson (4), 775.9 radians per 
sec, and to note that the natural frequency obtained by the tabu. 
lar calculation is within 1'/: per cent of the exact value. 

For the solution for vibration of the rotating blade mount 
the small hub, the constants given in Table 2 were calculate: 
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The natural frequency of vibration of the nonrotating blade 
was determined using the tabular form in Problem VI-2-3 of 
After several trials and plotting of results, the 
It is interest 
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The natural frequency of vibration perpendicular to the 


LOCATION OF CONCENTRATED MASSES, MOMENTS OF INERTIA, BLADE LENGTH BETWEEN MASSES, E 


LASTI(¢ 


EFFICIENTS, AND MASSES ie 
a he 
6 6 6 
n|Distance,]| Moment of Z 10 Vp* 10 v,.% 10 ass 
Base to Inertia 6 M 6 a 
Mass at ay* 10 m* 10 7 
Station 
1]19.3333 | .00000617283]1. 5 258.754 | 325.883 | 859.384 36.6589 
2117.8333  .000211899 1.91666 74.5073 67.6046 100.674 293.271 
3115.9167  .00141840 1.97225 23.0355 19.2206 24.2233 546.542 
4113.9444  .00462617 1.98611 9.56437 7.74888 9.07497 379.814 
5]11.9583 .0108343 1.99167 4.30926 3.82710 4.31723 1173.08 
6] 9.96667 .0210422 1.99444 2.74149 2.15715 2.37770 1466.36 
7| 7.97222 .0362508 1.99603 1.70554 1.33156 1.44502 759.63 
81 5.97619 .0574587 1.99702 1.13137 878675 .942522 2052.90 
9] 3.97917 .0856666 1.99769 788474  .609591  .648336 2346.17 
10] 1.98148 .121875 1.48576 249380 2.256838 .359974 2639.44 
11] 0.495726 .154579 0.495726 .00829978 .0251868 .102925 1429.70 
0 
= TABLE 2 VALUES TESS FOR TABULAR SOLUTION FOR VIBRATION OF BLADE ROTATING ON SMALL HUB, (a = 400 
M, x lev_a |Z <4 t_v,, -4,, a 
; 1 | -000125129] 1.04078 | 230.070 963.193 1.52879 | 21.3333 hag 
2] 00105577 1.07137 55.0577 125.353 1.97480 19.8333 
3 73719 5 5.01 2.4932 2.01332 17.9167 
00498169 5.82576 10.2750 2.01513 15.9444 
200 C . . 
ane rs 5 760156 1.02909 2.81306 4.77140 2.01305 13.9583 
6 | .0104092 1.02245 1.56082 2.58503 2.01069 11.9667 
7 | 0132168 1.01760 0.952893 1.55244 2.00862 9.97222 
8 | .0158366 1.01392 0.623362 1.00356 2.00689 7.97619 
| .0180811 1.01102 0.429300 2635583 2.00545 5.97917 
10 | .0197626 1.00508 0.132220 277997 1.46837 3.98148 
11 | .0203335 1.00051 0.00416597 .0258358 0495811 2.49573 
b 2.0000 
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of rotation on the small hub was found to be 941.6 radians per 
sec, using the tabular form of Example VI-3 in Myklestad (1). 
This value is within 1'/: per cent of the value of 927.5 radians per 
sec obtained using the approximate formula of Den Hartog (5). 
The natural frequency of vibration in the plane of rotation on 
the small hub was found using the form shown in Table 3. After 
several trials and plotting of results, this frequency was found to 
be 852.5 radians per sec. 

For vibration of the blade rotating on the small hub, the in- 
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error, since tabular calculations were not repeated for the exaet 
natural frequency, the error is believed to be extremely small 


CONCLUSION 


The natural frequency of uncoupled bending vibration of ar 
tating blade vibrating in the plane of rotation may be determined 
by the analysis presented. It is found that the natural frequency 
of vibration in the plane of rotation is smaller than the natur! 
frequency of vibration perpendicular to the plane of rotation by 
an amount dependent upon the radius of the hub in which the 


crease in frequency for vibration perpendicular to the plane of Thi 
rotation over the nonrotating frequency was 154 radians per sec. blade is mounted. Differences in relative amplitudes of det de 
The increase in frequency for vibration in the plane of rotation tions, moments, and shears along the blade for the two ty “its 
over the nonrotating frequency was 64.9 radians per sec, or 42 per _ rotating vibration are small. pe on 
cent of the corresponding increase of 154 radians per sec for vibra- - a distin 
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On Vibrations of a Two-Bar Elastic 
stem With a Small Rise sy 


= 


This paper treats the problem of the transverse vibration 
of a three-hinged system of elastic bars with a small 
ratio of rise to span. Owing to a nonlinear relation be- 
tween the acting forces and the deflection, two strictly 
distinct types of vibration, with an intermediate limiting 
case of vanishing frequency, can be stated. The problem 
of elastic stability of the system in the case of a load ap- 
plied suddenly is also discussed. The system treated is the 
simplest one in a class of systems, whose elastic stability 
under statical loads has been investigated in some detail, 
but whose dynamical properties are still known only very 
incompletely. 


NOTATION 


| = half-span of system 
f = original rise of system 
8 = original length of a bar 


y = fn any rise after deformation 
a = fa initial rise of vibrating system og yo 
E = Young’s modulus 


A = cross-sectional area of bar 
P = external force 

§ = force in bar, being zero for y = f 
H = horizontal thrust 
m = vibrating mass 


t = time 

T = period of vibration ve 

= frequency, radians per sec 
r= V2ml*/EAP 
p= Pf*/EA 


V, = strain energy 

V, = potential energy of load P 
V, = mv?/2 = kinetic energy 
v= +fy = velocity, the dot denoting differentiation with 


respect to t 


% = initial velocity 


SraBiLity UNDER Static Loap 


two elastic bars AC and CB, one center hinge C, and two fixed — 
end hinges A and B. A vertical load acting at the center hinge 
ay increase from zero in the initial position C of the hinge to 


the amount P in any position D. The condition of equilibrium 
at D gives 
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Let us consider the system shown in Fig. 1 and composed of 


the ratio f/l being assumed as small. 


On the other hand 


Equating the expressions, Equations [2} and [3], and then sub- 
stituting H in Equation [1], we get 


EAf? 


W O.20- fos 
= 0.422 N 

Fia. 2 


where 7 = wf. Fig. 2 represents P as a for 
0 <7» <1. Wecan interpret the function P as the resistance of 
the system to an external force acting at the center hinge, and 
we can verify readily that this resistance has a maximum value 


at » = 1/+/3. As soon as the load attains the magnitude, 
Equation [5], the displacement can increase further without any 
increase of the load and the resistance capacity of the system is 
then practically exhausted. Therefore the amount, Equation 
[5], of the load must be considered as the critica] load, and it is 
sometimes also called the “breaking-through” load of the system. 
Contrary to the critical load of a buckling problem, given by the __ 
inflection point of the load-deformation diagram, we have to deal — 
here with a simple maximum of the load curve resulting from a 


The shortening of the bar ginal lengun A ; Beene , 
yt ~ ——........ 
‘ 
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nonlinear relation between the load and the displacement. The 
present problem is probably the simplest one of this kind. An- 
other example is the much more complicated problem of a slightly 
curved bar under a transverse load.? 

So far an infinitely slow increase of the load was assumed. In 
practice, such ideal conditions can be realized but imperfectly, 
and a rapid increase or a sudden application of the load should 
be taken into consideration. The potential of the external forces 
would then be converted partially into kinetic energy, producing 
a vibration of the structure. Hence the dynamic properties of 
the system in question are closely connected with its resistance 
capacity to breaking-through loads and consequently are worth 
investigating. 

In order to avoid all complications of pure mathematical char- 
acter, we will not, at first, introduce any external forces; the 
transverse load being represented by the forces of inertia alone. 
Moreover, let us assume the following simplifications: (1) The 
mass of the system is concentrated in the three hinges, the center 
hinge then implying one half of the total mass. (2) The point C 
is forced to move in the vertical line C-O. By this latter assump- 
tion, a system with only one degree of freedom is obtained, and 
the position of the vibrating mass is defined by a single co-ordinate 
y. (3) The cross section of the bar is sufficient to prevent any 
buckling of the bar between the center and the end hinge. 


EquaTIon oF Motion 
Replacing the load P in Equation [4] by the force of inertia 


(n — n*)...... 


7 If we assume the initial velocity of the mass to be zero, the 


motion of the point C can be caused only by an initial strain of 
both the bars AC and CB and so we must suppose a = 1. By 
multiplying Equation [6] with jdt and integrating the result be- 
tween the starting position (tf = 0,7 = a, 7 = 0) and any position 
(t, n), we obtain the required equation in the form 


and further 


Y=a 2a? + Qn? = (a*— n*)(a? + — 2)... [9] 


Taking into consideration the negative sign of the velocity fy 
during the first half-period of the vibration, we get ry = —+/Y. 
Consequently the solution can be expressed by the elliptic in- 


- _ It is easy to verify that the type of the vibration represented 


by Equation [10] depends primarily on the roots of the equation 
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There are three fundamental cases to be investigated: 

1 Domain a > +/2. Equation [11] has two real and two 


imaginary roots. Substituting 7 
wtf 


k= 
V2(a* — 1) 

steven nc 
Equation [10] can be rewritten in the form i. sper! 


where F(¢, k) denotes, as usual, the elliptic integral of the first 
kind. Hence the period of the vibration is 


4rK 


Now, the inverse function of Equat 


T = 


where K = k). 
{14] is 


¢ — 1) 


and in view of Equation [12], we obtain finally ‘ 


r= + V/ — 1) —1), 


Therefore the vibration of the mass-point C proceeds 
case symmetrically with regard to the chord. AB, Fig. 
period of the vibration being given by Equation [15] a 
amplitude being equa! to 2fa. 

2 Limiting Case a = +/2. 
consequently 


V2 
t=r 
” 


We have Y = (2 — n*)n? 


are cosh © 
"Ai 
The inverse function of Equation [17] is eer ‘ 


“al is seen that the mass m, starting from the point y = fv 2, 


just able to reach the line AB. The system is instable in this ls* 


position and the further vibration is conceivable as well above # 


below the line AB, but the period of the vibration tends at any 
rate to infinity as a tends to 4/2. 


3 Domain 1 < a < +/2. Observing that all the roots d 
Equation [11] are real, let 
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To obtain the half-period of vibration, the lower limit must be 
taken as ¢ = 0, while the upper limit is given by ¢ = 2/2, ac- 
cording ton = 4/2—a?. The result we obtain is then, contrary 
to Equation [15] 


2r 2rK 
T \2 (5.«) a 


ta 


gives in connection with Equation (19) 


This last expression involves, in fact, an elliptic function with 
the period of Equation [22]. The amplitude of the vibration © 
evidently is given by two positions of the point C, which corre- — 
spond to both the positive roots 7 = a, +/2 — a? of Equation 
(11). This vibration is of an unsymmetrical type with respect 

to the axis AB, and the amount of its amplitude is equal to 

la V2—al). 

In the special case a = 1, we getk = 0, K = 2/2, and, finally, | 
T = xr, which we must consider as the limiting value of the 
period of vibration, if the amplitude tends to zero. 

In the case 0 < a < 1, we put a? = 2 — a?, where V/2 >a>t. 
Substituting this in Equation [9], we obtain for Y the same ex- 
pression as before, only with @ replaced by a;. Therefore the 

use is reduced to the fundamental case 3 and does not need a 
particular discussion. For the same reason the case a = 0 is 
identical with the case a, = +/2, the frequency becoming again 
zero. 

The horizontal thrust produced by the vibrating mass can be 


omputed by means of Equation: [1]. Putting here P = and 
taking into consideration Equation [5], we get 


where » is given by one of the expressions, Equations [16], [18], 
or [23]. 


ENERGY BALANCE IN PROCESS OF VIBRATION 


The principle of the constancy of energy allows a very simple 
interpretation of the vibration process previously discussed. The 
ttrain energy stored in the elastic system in any position 7, is 
by Equations [3] and [8] 


2EA as? mf? 
The kinetic energy of the mass m is 
(26) 


Assuming as before V,(a) = 0, we have the obvious relation 


tquivalent to the equation of motion, Equation [7]. The func- 
tion Y is now seen to be proportional to the loss of the strain 
energy between the limits and 7. 

The curve in Fig. 3 represents the value V,(n) of the strain 
energy given by Equation [25]. 

Let us choose the starting position of the vibrating mass such 
% to make the initial strain energy V,(a) larger than its value 


1 | 


a 


V,(0) = me at the top point 7 = 0 of the energy curve. In any 


position M, the ordinate SM represents the remainder of the 
strain energy and MK the kinetic energy of the system. As 
BA, > OT, the initial energy is large enough to overcome the 
resistance of the system near 7 = 0, and the amplitude of the 
vibration is given bya = f X A,A)’. 

Taking the initial strain energy less than V,(0) with a starting 
point A; on the curve, we arrive at an unsymmetrical type of 
vibration, and the amplitude is now defined by a = f X A;Ay’. 

The point A», indicating the limit between both types of vibra- 
tion, is given by the intersection of the curve with the tangent 
at the point » = 0 of the curve. Therefore the criterion for the 
“critical” initial position is the existence of four real roots of the 
equation V,(a)— V,(n) = 0, two of these roots being equal, a re~ 
sult already stated in another way in the foregoing. 

So far the initial velocity vo of the vibrating mass was assumed 
to be zero. If vo is different from zero, the line A:-A2’ must 
represent the total energy of the system, and the critical starting 
position is given by the point A; of the curve in a distance 
r*vo?/f? from the line 

The frequency w as function of a is shown in Fig. 3. 


EFFECT OF AN EXTERNAL ForcE 


Let a vertical load of a constant amount P act at the point C, 
Fig. 1. Then the total decrease of the potential of the system 


between the initial position a, and any position 7 is 


(a) (n) — Pfla — n) 


By making this last expression equal to the kinetic energy 
given by Equation [26], we readily obtain the required equation 
of motion. According to Equation [28], we have to complete the 
function Y, previously defined by a term depending on P. 
Writing for brevity 


we obtain the result ite tale 


Y = at — 2a? + 2n? — nf + 4e(a —7n)..... . [30] 


19 WOINOWSKY-KRIEGER—ON VIBRAT : 
A 
| 
ion 
= 
is 
re 
any 
ts 
(28) 
a 
[2 
Pl 
[29] 
fors 
? + 


The solution of the equation of motion is now reduced to the 
evaluation of an elliptic integral of the form, Equation [10], where 
Y denotes again a quadric in ». A general discussion of this 
integral being rather elaborate, let us restrict the investigation to 
the following particular case: Assuming the initial strain and 
the initial velocity of the system to be zero (a = 1, v = 0), the 
critical value of P may be computed. 

The type of vibration is given again by the properties of the 
7 roots of Equation [11]. Now, = 1 is an obvious root and divid- 
7 = Y by » — 1, we obtain for three other roots the equation 


n? + n?—n—1 + 4p = 0............ (31] 


1 
By putting » = z — 3’ we transmit this equation to the normal 


form 


The discriminant of this last equation is 


1 
aA 4 6 
- = If D > 0 two roots of Equation [11] are real, and two others 
complex. Then we have to deal with a vibration accom- 
panied by a “breaking through” of the load. In the case D < 0, 
all the roots are real, and we obtain two separate domains with 
possible vibration within either of them. The limit case and the 
critical value of the load are obtained by putting D = 0. This 
gives either the value p = 0, corresponding to the trivial case of 


= 4p? — — p... [33] 


27 


; the immovable system, or else the value pe = pa and conse- 


Teche is ees value of the load applied suddenly is less 
by 23 per cent than in the case of a load increasing gradually from 
zero to its final amount, Equation [5]. Substituting the value 
fcr = 8/27 in Equation [31], we obtain the roots 7 = 1, 1/3, 1/3, 
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and — 5/3. The last of these roots gives a possible starting point 
of the load below the axis A-B, the initial strain energy, however 
not being zero in this position. The energy-deformation dis. 
gram illustrating the problem is given in Fig. 4. Using the energ 


cm 
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curve, we may compute the critical load simply by drawing tt 
tangent A-T through the given point A (n = 1, V, = 0) and « 
serving that tg? = Pf(2r*)/(mf?) by Equation [28]. The kinet 
energy at any point M is given again by MK X (mf?)/(2r* 


CONCLUSION 


Without any doubt, the results obtained in the previous in- 
vestigation for our simple system are valid to some degree for 
more complicated systems having immovable end hinges 
small rise. In certain cases, for instance, in the case of a curv 
bar with small curvature, a particular solution of the problem of 
vibration might be obtained in similar manner as before. Suc 
a system as the curved bar has, however, an infinitely high degre: 
of freedom and, on the other hand, the problem is a nonlinear 
one. Consequently we could not progress in this case from the 
properties of a particular solution to the properties of the general 
solution, and a rigorous treatment of the problem would prove 
to be impracticable. 
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This paper is concerned with two aspects of the problem 
of plastic torsion which do not seem to have received 
much attention so far. An approximate formula for the 
warping under large angles of twist is derived and certain 
conclusions concerning repeated loadings are established. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


On Torsion o 


Z,y,z = rectangular Cartesian co-ordinates, z-axis being 
taken parallel to axis of bar 
6 = angle of twist per unit length, measured in 
radians 
Tt = shearing-stress components (7,, and Tye, TeSpec- 
tively, in customary notation) 
Yy = Shearing-strain components (y,, and y,,, re- 


spectively, in customary notation) 


w = axial displacement or warping a 
G = shear modulus in elastic range 
k = yield stress in pure shear oe 
T = torque 
T, = counterclockwise torque for which plastic de- 
formation begins 
T: = counterclockwise torque for which entire bar 
becomes plastic 
y = stress function 
a = stress angle = angle between stress vector and 
x-axis 
IT = boundary curve between elastic and plastic do- | 
mains 


= co-ordinates of a point on T 

= distance from £, along a line a = 

distance of a line a2 = const from origin ite 

limiting line of elastic core, corresponding to 
infinite angle of twist 

distance from origin along R 

distance normal to R 

cross-sectional dimensions of particular bars in 
examples 


Basic ForMULAS 


The list of formulas presented here is assumed to be familiar 
to the reader from the study of elasticity (1)* and (2), and plas- 
ticity (3),(4), and (5). 

Formulas Valid Throughout the Bar. 


Equation of equilibrium 


' The results presented in this paper were obtained in the course of 
tesearch conducted under Contract N7onr-358 sponsored jointly 
by the Office of Naval Research and the Bureau of Ships. 

*Research Associate in Applied Mathematics, Brown University. 

‘Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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f Plastic Bars 


Or Or 
Definition of stress function ¥ 1 ss 
oy 
ro th <= 
Definition of strains 
+ 
Ye 4 oy 
Definition of torque 
T= Sf Sf (zr, — [4] 
Equation [5] results from the substitution of Equations [2] into 
Equation [4]. 
a F ormulas Vawias Only in Elastic Region. Hooke’s law eer 
oy oy 
Vy = — + — = —20%.............. 8 
y + dy? [8] 
dw 
oz by + G Tz dy z + G Ty [ ] 


Equation [7] results from the substitution of Equation [3] into 
Equation [6], and subsequent elimination of w, Equation [8] 
from the substitution of Equations [2] into Equation [7]. Equa- 
tion [9], finally, is obtained by substituting Equations [6] into 
Equations [3]. 

Formulas Valid Only in a Plastic Region. 
and yield condition 


Stress-strain relation 


doled 
Derived equations 
ov \2 2 
igrad y| = + [12] 
‘ a 0a 
an a= — coh [14] 
re) oy 


Equation [12] expresses the yield condition in terms of the 
stress function. Equation [13] defines the two stress components 
in terms of the “stress angle” a in such a manner that the yield 
condition Equation [11] is identically satisfied. Equation [14], _ 
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finally, is obtained by aaiiaadiiods — [13] into the 
equation of equilibrium, Equation [1]. 

INTRODUCTION 


_ A perfectly plastic material is one which behaves elastically if 
the stress components do not fulfill the yield condition, Equation 
{11}, and which flows plastically if they do. The strain vector 
Ys) Y, is always in the same direction as the stress vector r,, t,; 
their magnitudes, y and +, respectively, are related by Fig. 1. 


° 


iil Fie. 1 Srress-Strain Diacram 


ot De 


Here the line OA represents elastic behavior during the first 
loading, the line AB plastic flow during the first loading, the line 
BC elastic behavior during unloading, and the line CD negative 
plastic flow during unloading. Subsequent reloading and un- 
loading follow a similar pattern. The stress-strain relation dur- 
ing elastic behavior (loading or unloading) is given by Equations 
[6]; for plastic flow it is given by Equation [10]. 

When a sufficiently small torque is applied to the ends of a 
perfectly plastic prismatic or cylindrical bar, the cross section of 
which has no re-entrant corners, the bar will behave elastically. 
For a certain critical value 7; of the torque, however, one or more 
plastic regions will begin to form at the boundary. These plastic 
regions will increase with increasing torque. Finally, for a value 
T; of the torque, the volume of the elastic region will reduce to a 
surface or line. 

The reader is assumed to be already familiar with some of the 
well-known methods, both exact and approximate, for finding the 
stress distribution in a completely elastic bar. For an elastic- 
plastic bar, the Nadai soap film - sand hill analogy (6) provides 
a mechanical method of finding the stress function y. In a plas- 
tic region the stress function is simply the function with con- 
stant maximum slope k, and may be determined geometrically. 
Alternatively, the stress angle a may be found by solving Equa- 
tion [14]. It can be shown (5) that the lines along which a = 
const (the characteristics) are normal to the boundary, and 
hence may be found geometrically; a line a = const is per- 
pendicular to the stress vector at any one of its points and cor- 
responds to a line of steepest descent on the sand hill. 

However, no correspondingly simple methods for finding the 
warping in an elastic-plastic bar have come to the author’s at- 
tention, while the direct application of the stress-strain law, Equa- 
sion [10] to the fully plastic bar seems to indicate that the warping 
it indeterminate. In the next section a method for finding the 
warping in the elastic-plastic state is developed. It is further 
shown that for the particular case of the fully plastic state, the 
approximate warping can be found by a simple geometrical 
process. This latter method is illustrated by application to a 
beara with an oval cross section and to an I-beam. In the former 
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example, the result is found to agree closely with the exact solu- 
tion. 

In the final section, the stress distribution under repeated 
loadings is discussed. It is found that even though the bar be- 
comes partly plastic upon the initial loading, it may, under cer- 
tain conditions, ‘shake down’’ to fully elastic behavior under re- 
peated additional loadings and unloadings. This fact is impor- 
tant, since while a single plastic deformation may not affect its 
strength, repeated plastic deformations ultimately will produce 
failure. The residual stress function is found for a circular 
cylinder and for a beam with a triangular cross section. 


WARPING 


If the stress distribution in an elastic-plastic bar is kr 
Equations [3], [10], and [13] may be combined to yield 


ow ow 
sin a — — cosa = cosa + ysina).. 
ox oy 


as a partial differential equation for w. Let & » be a | 
on the elastic-plastic boundary T, and let 1 be the va 
distance from £, » along the characteristic a = const, throug 


that point. It is known from analytical geometry Fig. 2 
or y—n oy 
sina = — =—— cosa = = —, 
a l al 
+ysina=d....... 


where d is the distance of the characteristic from the origin. 


X 


Fie. 2 
substitution of Equations [16] into Equation [15] leads to 


This can be integrated to yield 
w(z, y) = w(t, — Old = n) + — yé)...... 


where the last step follows from Equations [16]. Since the axis 
displacement must be continuous across I’, w(£, ») is known f1 
the elastic solution; hence w(z, y) can be computed throug! 
the plastic region. 

If the preceding analysis is applied directly to the fully plas 
state, the warping function appears to be indeterminate sine 
w(£, ») is now an arbitrary function. On the other hand, sine 
the determination of the elastic-plastic warping function is co 
tingent upon the determination of the elastic-plastic bounds 
I, itis exceedingly difficult to obtain. 

As a possible means of overcoming this dilemma, the fully pls* 
tic state may be considered as the limiting case of the elastit 
plastic state. The elastic region then reduces to a very thi 

“core.”” Even though the precise boundary of the core is > 
known, it often may be approximated by a simple curve, 
as an ellipse or a pair of parallel lines. If the elastic-warpi% 
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ave 
problem can be solved for this approximate core, the plastic-warp- 
ing function may be computed from Equation [18]. 

In applying this method to various cross sections, it has been 
found that the contribution of the elastic warping, w(t, 7), has 
become negligible for a sufficiently large angle of twist. It will 
be shown in the Appendix that this is always the case. Also, 
for large angles of twist, the elastic core reduces practically to a 
line of discontinuity which corresponds to the ridges in the sand- 
hill model. Therefore the point £, 7 may be thought of as being 
on the line of discontinuity. If these assumptions are made, 
Equation [18] reduces to the expression 


w(z, y) = — ys) 


Thus the solution of the plastic-warping function is reduced to 
the determination of and n, which can be done geometrically. 
Example 1. The method is applied to a bar which has the oval — 


ge [n(2 + cos a) + m) sin a 

sy se [n(2 — cos a) — m] cos a 

as a cross section, m and n being constants, and a a parameter. 

For m > 3n this oval is very nearly an ellipse with half axes 


m+nandm—n. Sokolovsky (7) has found the stress angle 
to be given by 


zcosa+ysina = 2nsin 2a 


while the line of discontinuity is a portion of the z-axis. There- 
fore » = 0 and if this value is substituted into Equation [a], it 
isfound that & = 4nsin a. The substitution of these values into 
Equation [19] shows the plastic warping function to be 


w = —4n Oy sin a 


The exact solution obtained by Sokolovsky may be written in the 
form 
w= 0 cos a | 2n ion 
E 
y sin a| 2n + 4792 n 
For large values of k/2G@, this expression approaches the ap- 
proximate value computed from Equation [19]. For example, 
ifm = 9.5, n = 0.5, k/G = 0.003, then for @ = 0.01, the relative 
error at the point of maximum warping is less than 1 per cent. 
Example 2. As a more practical example, the method is 
applied to an I-beam. Due to symmetry only one quarter of 
the beam must be considered; its dimensions and axes are indi- 
cated in Fig. 3. Although it is impossible to obtain a single 
analytical expression for the warping, the quarter cross section 
may be divided into 10 regions and an analytical expression ob- 
tained in each. These regions are obtained by constructing the 
haracteristics, ie., normals to the boundary. A characteristic 
through a point where the line of discontinuity is nonanalytic 
will then be the dividing line between two regions. Thus in 
region 2, Fig. 3, the characteristics intersect the straight line 
z= 0, while in region 3 they intersect the parabola 


4by = (x — a)? 


tn each region ¢ and » can be expressed as functions of z and y. 
In region 3, for example, ¢ and 7 are the co-ordinates of the inter- 
section of the straight line through z, y and a, b (characteristic) 
with the parabola [b] (line of discontinuity). Therefore and 
are the solutions of the simultaneous equations 


De es @ by 
suct = 0, 4bn = — 
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Once £ and 7 are known, w is found from Equation [19]. The ex- 
pressions for ~, 7, and w in each of the 10 regions are given in 
Table 1. 

If numerical values are desired, the computations involved in 
the use of Table 1 may be quite laborious. A more convenient 
method is to draw a large-scale diagram of the cross section, 
together with the lines of discontinuity, and a sufficient number 
of characteristics. The value of £, » corresponding to any point 
z, y on one of these characteristics can be read directly from the 
diagram and substituted into Equation [19]. The level curves 
of the warping function for regions 2, 3, and 10 are plotted in = - 
Fig. 4. 


UNLOADING 


Let a bar of a perfectly plastic material be twisted by a counter- io 
clockwise‘ torque 7», with a resulting angle of twist %. The — 
magnitude of the smallest positive torque which can produce 
yielding in the bar will be denoted by 7;. If To < 7:, then the , 
bar will return to the undeformed stress-free state upon the ree 
moval of T. However, if 7’) > 7, this will not be the case. The ¥ 
angle of untwist 4’ will be different from the angle of twist 4, and 
residual stresses will remain in the bar. 

For a point on the boundary, the stress vector will have a con- 
stant direction, and its magnitude may be considered in relation 


‘ Counterclockwise torques shall be considered as positive, and ea a 
clockwise torques as negative. 
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TABLE 1 WARPING FUNCTION FOR I-BEAM 
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Fic. 4 Warpine or CenTER SEcTION oF I-Bram 


(Convex warping, solid lines; concave warping, dotted lines; zero warping, 
eavy lines.) 


to the stress-strain diagram, Fig. 1. If a positive torque is applied 
to the bar from the stress-free state, the bar will behave elastically 
at a given boundary point only until the magnitude of the stress 
vector there equals k. However, in unloading, the material at 
the given point will remain elastic until the shearing stress has 
been reduced to zero and then increased to a magnitude k in the 
opposite direction. If yielding occurred during loading, then the 
smallest negative torque for which the stress vector at a boundary 
point is reduced to zero is T = —T\, and hence the smallest 
torque which can produce yielding in the negative direction at a 
boundary point is 7’ = —27). 

At a point in the interior the direction of the stress vector may 
change as the bar becomes partly plastic. However, although 
the elastic-plastic behavior cannot be discussed in relation to 
the one-dimensional stress-strain diagram, a similar conclusion 


may be drawn from the soap film - sand hill analogy. Fora 

tive torque 7, the membrane just touches the roof at one or 
more boundary points, and is below the roof at all other points. 
For any torque greater than 7), the height of the membrane at 
each point will not be less than the height corresponding to the 
torque 7;. Therefore if a negative torque equal to —7’; is super- 
imposed on a torque equal or greater than 7';, the ordinate of th 
resulting stress function will be equal to or greater than zero at 
every point in the cross section. It follows then that the smallest 
negative torque which can produce yielding in the negative diree- 
tion at any point is 7 = —27). 

Now consider the point in the cross section which first becom 
plastic under loading. Such a point must be on a boundary of t 
cross section (2), hence the direction of the shear-stress \ 
is constant; only its magnitude need be considered. This mag 
nitude will be denoted by 7, and taken as positive if the vector 
directed in the counterclockwise direction. The torque 7’ i 
exactly sufficient to increase r from zero to the yield stress k, whik 
for any greater torque 7 remains equal tok. Therefore a negativ 
torque 7’ = —T, superimposed on any torque equal to or greater 
than 7';, will reduce 7 from k to zero. It follows then that a nega- 
tive torque 7’ = —2T7), will change r to —4, i.e., will produ 
yielding in the negative direction. Thus a negative torque 
T = —2T; must produce yielding at at least one point. 

Therefore if yielding took place in part of the bar during s 
positive loading, yielding in the bar will begin to take place under 
a superimposed negative loading, when the negative torque i 
precisely 7’ = —27'. It follows further that the magnitude of the 
greatest negative torque which may be applied without yielding 
is independent of the amount of yielding which took place during 
loading, and is exactly twice that of the smallest torque necessary 
to produce yielding from the stress-free state. 

Now consider a reloading. Let the bar be loaded with a post 
tive torque 7'p satisfying 7; < 7» < min (271, 72) where 7; is the 
torque which would produce yielding throughout the bar, thea 
with a negative torque —T7o, and finally with a positive torqué 
T. Thus 7 is applied from an equilibrium state which has residus! 
stresses and a residual angle of twist. Since the process of apply- 
ing the negative torque —7'y was an entirely elastic process, tht 
application of 7’ will be elastic as long as T < 7’. For T = 1s 
however, the bar will return to the elastic-plastic state it was 2 
under 7. Therefore the positive torque which the bar can with 
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stand with no yielding taking place has been increased from 7’; 
to 

Now let the bar be twisted arbitrarily first one way, then the 
other, subject only to the restriction that the applied torque J 
satisfy the inequality 


<T)’ 

| where 7)’ and 7» are assigned torques. Then if the difference 
Ty) — To’ is less than 27), the bar may become partly plastic dur- 
ing the first loadings, but eventually it will attain an entirely 
elastic state. 
will become partly plastic with each extreme loading. 

Example 3. Consider a circular cylinder of unit radius. Since 
the stress vector is directed normal to the radius vector at every 
point, only its magnitude r need be considered. This will be taken 
as positive in the counterclockwise direction. Due to the radial 
symmetry, the elastic domain in an arbitrary cross section will be 
the interior of some circle r < p. The following formulas are 
readily verified (4): 


Let the bar be loaded with a torque 7» such that it becomes 
partly plastic. The resulting angle of twist and elastic-plastic 
boundary will be denoted by 6 and po, respectively. Let a nega- 
tive torque —7', where 7’ < 27), be superimposed on the bar, 


ing 
2 


for @. The unloading stress and stress function can then be 
computed from the elastic relations in [d] and [c], respectively. 
The residual angle of twist, residual stress, and residual stress 
function are simply the difference between the loading and unload- 
ing quantities. 

As a particular case, let T = —7*, i.e., let the bar be com- 
pletely unloaded. Then, since the left-hand side of [f] is zero, 
the angle of untwist 60’ is given by 


The residual angle of twist is ese 


HODGE—ON TORSION OF PLASTIC BARS 


However, if 79 — 7’ is greater than 27), the bar | 


the corresponding angle of untwist being —#. Then, in view of © 
(¢], the angle of untwist is found in terms of the torques by solv- — 


; 1 


the residual stress is 


Géor — G6o'r => 


TR = 
and the residual stress function is 


3 6” r r 3 6” »? Po 


Fig. 5 shows yx as a function of r for various values of po. In 


hy, 


Fie. 5 Stress Function ror Crrcutar 


view of [c] it is seen that the residual stresses are positive 
(counterclockwise) near the center of the bar, and negative 
(clockwise) near the rim. In Fig. 6 the torque has been plotted 
as a function of the angle of twist for loading (OAB) and un- 
loading (BC). Additional reloadings and unloadings between 
the limits of To’ and To are all indicated by the line segment BC. 


Example 4. Consider a prismatic bar whose cross section is 


an equilateral triangle, Fig. 7. Due to symmetry only one third 
of the cross section need be considered, e.g., region 1 in Fig. 7 
If the triangle is loaded to the fully plastic state, the total torque 
and the stress function for region 1 are readily found from the 
sand-hill analogy 
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Pile 4 During unloading the torque and the stress function are given by 
ay the elastic relations (2) 


Ge 
(2 — a) (2 —yV'3 + 2a) + + 2a)... 


“. When the bar is completely unloaded the values of the torque 
: given by [g] and [7] must coincide; thus the angle of untwist 
is 


Fie.6 Torque Versus or Twist If this value of is substituted into [j] and the result subtracted 
from [h], the residual stress function is found to be 


ve = —2) «+ |! 


The level curves of the residual stress function are plotted in 
Fig. 8. The residual stress vector at every point is tangent to the 
a. level curve through that point. 
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Appendix. al 


- Consider an arbitrary, simply connected cross section with 4 

line of discontinuity R. Let the co-ordinate origin be a point on 

___R, and let s be the arc length measured along R. If t denotes 

Se _ the distance perpendicular to R, the axial displacement at any 

it 4 point in a sufficiently narrow elastic core enclosing R may be 


ow 1 ow 


w(s,0) = w(0, C) + 4 f 7,(u, t)du 


Since the axial displacement can be determined only to withio 
an arbitrary constant, let it be zero at the origin. Then 


\w(s, 0)|<k/Gls| 


Fie.8 Resipvuat-Stress Function ror TRIANGULAR Prism the 
(Zero stress, points A and B; discontinuous stress lines OC.) By means of Relation [22] and the second Equation [20], 


For a point on R, the first Eq 
: 
3 


displacement at any point in the elastic core can be shown to 
satisfy the inequality 


where h is the maximum —_ of the elastic core. Since the 
wt” 


quantities k, G, s, 1, and d are all independent of 6, whileh be = 
comes small with increasing 6, the second term in the middle ; 7 
member of Equation [18] increases more rapidly with @ than any 
of the terms on the right-hand side of [23]. Therefore the con- 


tribution of the term w(é, 7) to the total warping is relatively 
small for large values of 0, and hence Equation [19] is a justi- — 
fiable approximation. 
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of Variable Stiffness 


By C. C. MIESSE,' COLUMBUS, OHIO 


A method? is given for determining both upper and 
lower bounds on the critical or buckling load for variable- 
section columns with axial loading. This method, which 
is an extension of the Rayleigh principle, is illustrated by 
three examples. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


= co-ordinate distance along axis of column 
lateral deflection of column axis 

= axial load 
critical load for column 
length of column 

= approximating expression for deflection 
modulus of elasticity of material 
moment of inertia of column cross section 
Iforz =0 
Iforz = L 


Differentiation with respect to x is denoted by primes. 


INTRODUCTION 


The following method for approximating the critical or buckling a 
load of variable-stiffness columns is straightforward and requires — 
An expression _ 
representing the deflection of the column is chosen arbitrarily — 


only a small amount of mathematical intuition. 


(subject to certain conditions), and a quotient, called the Ray- 
leigh quotient, is determined for this chosen deflection. Addi- 
tional expressions for the deflections are found by successive ap- 
proximation, the formulas for which are derived from the dif- 


ferential equation of the problem, and further Rayleigh quotients — 
are determined. Since each successive approximating deflec- — 


tion becomes a more accurate representation of the true deflection, 
these Rayleigh quotients give upper bounds which become suc- 
cessively closer to the true buckling load. 

A lower bound? on this critical load is determined by these 


1 Research Engineer, Battelle Memorial Institute; formerly Re- 
search Assistant, Graduate Division of Applied Mathematics, Brown 
University, Providence, R. I. 

2 This method is not original, but was first presented for a special 
case in ‘“‘Rayleigh’s Principle and Its Applications,’’ by G. Temple and 

- W. Bickley, Oxford University Press, London, 1933, p. 173 ff. The 
method was generalized in ‘‘Eigenwertprobleme und ihre numerische 
Behandlung,”’ by L. Collatz, Akademische Verlagsgesellschaft, 
Becker & Erler Kom.-Ges., Leipzig, 1945. (This second reference 
can now be obtained from the Chelsea Publishing Company, New 
York, N. Y.) Since neither of these books is readily accessible to 
the American engineer, the formulas, equations, and inequalities 
found in the latter reference are herein applied directly to the par- 
ticular problem of buckling of columns. 

* L. Collatz, op. cit., p. 182 ff. 

Contributed by the Applied Mechanics Division and presented 
at the National Conference, Applied Mechanics Division, University of 
Michigan, Ann Arbor, Mich., June 13-15, 1949, of THe AMERICAN 
Society or MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted 
until January 10, 1950, for publication at a later date. Discussion 
received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their a thors and not | Seene 
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same Rayleigh quotients and an approximation for the loa 
which would produce buckling of the next higher mode.‘ — Sj 

a lower bound on this second buckling load will suffice,® we use 
the value for a column of constant stiffness equal to the smallest 
value of our variable EJ. These values are given by Timo- 
shenko.* 


Hincep-EnpgEp CoLuMN WitH VariaBLeE EJ UNpER AXIAL 
COMPRESSION 


The equation for the deflection of a hinged-ended column with 
axial compression, Fig. 1, is 


Elv’ + Pv = 0 


P 


HinGEep-ENpDED CoLUMN UNDER AXIAL COMPRESSION 


Since the deflection v, and the bending moment —E/v’, 
at each end of the column, the boundary conditions are 


= v"(0) = o(L) = (ZL) = 0........... 4] 


are zero 


For our first approximation F,, we choose an expression which 
has two continuous derivatives and which satisfies all the bound- 
ary conditions of Equations [2], i.e. | 


F,\(0) = F",(0) = F\(L) = F"(L) = 0 
Having chosen F, we can proceed in either of two directions: 
(a) Wecan use the function Fo, defined by the equation 
Fy = —EI(F;)" 
(b) Or we can use the function F2, defined by Pei se ; 
(F:)’ = —F,/EI.. 
4“Theory of Elastic Stability,” by S. Timoshenko, first edition 


McGraw-Hill Book Company, Inc., New York, N. Y., 1936, p. 644. 
5 By Courant’s principle, cf. Collatz, p. cit., p. 182 ff. 
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where the constants of integration are determined so that the 
boundary conditions of Equation [2] are satisfied. 

Upper and lower bounds on the buckling load Per can be de- 
termined by substituting into either of the following inequalities 


[5b] 


where b is a lower bound on the second buckling load, and is 
found by substituting the smallest value (Z/) of EJ into the fol- 
lowing formula‘ 


and the are given by 
(Fot/ENde 


[7a] 
So (FoF 
(F\2/Eldz 
Se Li F,2/ED) dz 
fo 
[7d] 


It is interesting to note that, using Equation [3], the numerator 


which i is twice the strain energy of bending (computed from the 
curvature) for the chosen deflection curve F;. Similarly, the 
denominator of Equation [7a] can be written as 


which, after integration by parts, becomes a 
fo 


This is just 2/P times the work done by the load. Finally we see 
that the denominator of Equation [76], 


is just 2/P? times the strain energy of bending (computed di- 
rectly from the bending moment) for this same deflection curve 
F. Since the true deflection generally is represented by F, with 
& much better accuracy than its second derivative by F,", ua. 
actually gives a better approximation for Per. Similarly, us is 
more accurate than ps. 

Example 1. Determine the critical or buckling load for a 
hinged-ended column of length L with variable stiffness 


= Ely (1 + sin 2) 


under axial compression P. 


a _ MIESSE—DETERMINATION OF BUCKLING LOAD FOR COLUMNS OF VARIABLE STIFFNESS 


Theequationforthisproblemis 


Bt, (1+ sin 2) 


The boundary conditions for this problem are 


v(0) = v"(0) = o(L) = 0 (L) = 0 


Since EI is a trigonometric function, let us seek a sin or cos — 
function satisfying the boundary conditions, in order to make our 
computations easier. Let 


F, = sin 
Then, by Equation [3] a a 
Fy = sin + sin =) El, 


Substituting in Equations [7a] and [7b], we obtain | 
sin? — dz 


Z ff so (1 + sin ) ae 
L 


L? 0 
8 wEl, 3? 


Now for this problem EJ > EI, 3 
>. 
b= 
and 


1.814 Pa < 1.83 


Thus we have Pr to within 0.5 per cent. 


Cotumn Buitt IN at OnE Env With THE OTHER END FREE 


This case can be treated exactly the same as the preceding case, 
since by the principle of reflection the built-in column is equiva- 
lent to one half of a hinged-ended column, Fig. 2, with stiffness — 
symmetrical about the mid-point . 

Hence to determine the critical load Pe for a column whichis _ 
built in at one end and free at the other, with length L and stiff- 7 
ness 


2L 


we merely substitute 2L for L in the values for each of the y’s - 
obtained in the previous example. The formula for b, however, 
must be changed to 


EI = El, (: + cos =) = El, (: + sin ret) 


ay 
sin? L dz 
sin?— / | 1 + sin — dz 
= aA =/| L = 
4} 
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Cotumns Burtt In at OnE HINGED aT THE OTHER 
The equation for the deflection of a column, built in at one end 


and hinged at the other, Fig. 3, under axial compression is 


+ Po? = 0........ .- [9] 


| 


Fig. 2 Cotumn Burtt In at One Env FREE 


ABout Buitt-In END = 


o(0) = v'(0) = o(fL) = = 0 
Since we have a polynomial expression for EJ, we choose 2 cor 
wile sponding expression fon. the deflection. As the deflection ant 
slope both vanish at z = 0, we shall start with an z* term. Tl 
die yequirement that our F, have four continuous derivatives woul! 
lead us to choose a fourth-degree polynomial, but the number 


Fie. 3 Cotumn Burtt In at OnE Enp With OtHER Env HINGED 
AXIAL COMPRESSION 


Both the deflection v, and the slope v’, vanish at the built in 
end, and the deflection and bending moment (—E/v"), are zero 
at the hinged end. Thus our boundary conditions are 


v(0) = 0(0) = of L) = o (L) = 0.......... [10] 


The function F,; must have four continuous derivatives and 
ataty all the boundary conditions of Equations [10], i.e. 
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following 


where F» must have two continuous derivatives and satisfy the 
following conditions 
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The remaining functions Fy and F; can be obtained from the 


— F,\F.")dz = 0 
So FoF >0 


where F; must satisfy the boundary conditions of Equations [10] 
For this case 


"az 

PAP) "az, 

So Py) "dz 


The remainder of the procedure is given in the first part of the 
paper, except that the b of Equation [6] is given by‘ 


Example 2. Determine the critical or buckling load for a co! 
umn built in at one end, hinged at the other, with length L and 
variable stiffness 


conditions imposed by Equations [10] and [12] makes an z° term 
necessary. Since the scale is arbitrary we have only three ind 
pendent coefficients. Four are retained, however, for complete 
ness. Let 


By foregoing boundary conditions 
F,(0) = 0, and F,'(0) = 0 


By 


Hei 


Sinc 


hence 


— 

Hence 

Fy = 

= 

Which 

Soe ee F,(0) = F;'(0) = F,(L) = F,"(L) = 0 But these are automatically satisfied by the choice of our F; of 


F(L) =atatato=O 
Ro in 


1 
+ Bes + + 20¢s) =0 


F,\"(L) = 


By Equation {11] 


] From Equation [12] 


— = [rei — 


[ Fire’ = 0 


| Thiscondition willbesatisiedif 
= 3 [co + — 2F,"(L)-L?*] | 


Bore 


a Let us choose 


Any other value of cs; would lead to 


Hence we have five equations with six unknowns. 
¢ = 3 to eliminate fractions. 
the correct result. Then 


ind 


m = 17.98 L? 
“Se 
17.79 < Pee < 17.88 


Which gives Pr to within 0.3 per cent. 


GENERALIZATION 


If for any problem, the procedure as given in the preceding 
fections of this paper does not give sufficiently accurate approxi- 
| Nations, the following general formulas enable the determina- 

tion of successively closer bounds on Per, by obtaining successively 


[19a] 
= —.... [190] 
(EIF = = 3,4..... [20] 


better approximations F; to the true deflection curve at | ° 
< P< = 56,........ [16] 


Le 1 


The u’s form a decreasing sequence which gives: — 
closer upper bounds on the critical load Per. 
For hinged-ended columns 


a 


L 


Taz 


(Fi)’ = —Fi-1/EI, ¢ = 3, 4............. 
For columns built in at one end, hinged at the other 


It may be impossible to carry out the foregoing integrations 

in closed form. In this case, numerical integration would = : 

necessary. 

Appendix 

DERIVATION OF INEQUALITY [16] 

We shall derive this inequality for the case of hinged-ended 
columns. A similar derivation, using Equation [9] and For- 
mulas [f4], can easily be formulated for the case of columns — 
bujlt in at one end, hinged at the other. 

Let v; be the true (normalized) deflection of the hinged-ended __ 
column under the buckling load Per. Hence 


So = [21] 


Now consider the function Ho, defined by 


where Fz is defined in the foregoing section on hinged-ended col- 
umns, and the constant c is defined in such a way that Hp is ortho- 
gonal to 0, i.e. 


fy Ha = [23] 
Hence 

Similar to Equation [18], we define 


= —Hi/EI, (¢ = 1, 2, 3,...)........ 


where the constants of integration are chosen such that each _~— 
function H; satisfies the boundary conditions, Equations [2]. ia 
Note that since », satisfies Equation [1] 


c 


(Per)! 
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It can be shown that each function H; is orthogonal to the and 
buckling deflection »:. Hence just as the y’s give upper bounds L 


L 
on Pr, we find that the quotients defined by Sure )*/El dz — 
So az — Pe f He Hia/Eldz (30) 
= 
is Since > P,,, we use Equations [17], (27), [28], and [30] to 
give upper bounds which become successively closer to the second obtain 
buckling load \:. Thus 


Making use of Equations {21}, [23], and [26] 


L 


and 
L L 
0 0 


Eliminating c? from Equations [29a] and [29b] 0S us — Pe 
L 


L 
f dt — Pes f 
L ein tee from which Expression [16] follows directly, so long as b > wx, 
f a f [80a] condition which is always fulfilled if is reasonably close to 
P. 
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The problem to be considered in this paper is the deter- 
mination of the state of stress in a plate containing a 
right, circular, cylindrical hole filled with a material of 
different elastic properties, subjected to a central concen- 
trated force in the median plane of the plate. A special — 
solution is also presented in which the modulus of rigidity 
of the insert is allowed to approach infinity such that no— 
deformation occurs. 


INTRODUCTION 


HE problem of determining the stress distribution through- _ 


Ce a plate with a right cylindrical hole filled with a mate-_ 

rial whose elastic properties differ from those of the plate | 
is one of theoretical as well as some practical importance. The — 
solutions for a number of special cases* have been determined by Z 


making use of the stress distribution produced by a centrally © 


located, right, circular, cylindrical hole in an infinite plate under 
various boundary conditions. Another group of problems have 
been solved by L. H. Donnell,’ in which the stress distribution is 
determined throughout a plate with a right, elliptical, cylindrical 
hole containing a material of different elastic properties. At in- 
finity the plate is in an arbitrary uniform state of stress parallel 
to the bounding planes. As a practical example, this paper 
considers a plate containing a disk of different material subjected 
toa central force acting in the median plane of the plate. It is 
assumed that the disk is brazed.or welded to the plate along the — 
boundary of the circular hole. This problem, which was sug- 
gested by Dr. M. A. Sadowsky, is solved by utilizing the solution 

§ previously obtained for a concentrated force applied in the 
median plane of an infinite plate without reinforcement.‘ 


STATEMENT AND FORMULATION OF THE PROBLEM 


The problem consists of determining the stress distribution - 
throughout a plate with a right, circular, cylindrical hole of 
radius R, containing a welded disk of different elastic properties 
(see Fig. 1), subjected to a central force P, acting in the median 
plane of the infinite plate. For convenience the radius of the 
disk and the thickness of the plate are taken as unity. The 
Cartesian co-ordinates are fixed relative to the plate. The center 
of the hole is chosen as the origin. At the center of the disk, the 
concentrated force P acts in the direction of the y-axis. 


‘Research Engineer, Armour Research Foundation. 

*“Mathematical Theory of Elasticity,” by I. S. Sokolnikoff, 
Brown University Notes, sect. 77, pp. 284-290. 

*“Stress Concentrations Due to Elliptical Discontinuities in 


Plates Under Edge Forces,” by L. H. Donnell, T. von Ka4érmén 


| Anniversary Volume, 1941, pp. 293-309. 
‘“Theory of Elasticity,” by S. Timoshenko, McGraw-Hill Book 
Company, Inc., New York, N. Y., 1934, pp. 108-110. 
Fresented at the National Meeting of the Applied Mechanics 
vision, Ann Arbor, Mich., June 13-15, 1949, of THe AMERICAN 
OF MECHANICAL ENGINEERS. 
ion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted 
until January 10, 1950, for publication at a later date. Discussion 
tecelved after the closing date will be returned. 
OTe: Statements and opinions advanced in papers are to be 
as individual expressions of their authors and not those 
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A Force Applied in the Median Plane at the 


~ Center of a Circular Insert ina Plate _ 


By S. J. DOKOS,' CHICAGO, ILL. | 


> 


Fig. 1 


Force AppLiep aT CENTER OF D1SK IN AN INFINITE PLANE 


The disk and the plate are considered to be in a state of gen- 
eralized plane stress specified by the biharmonic functions 
(zx, y) and #,(z, y), respectively. The boundary conditions which 
must be satisfied by the Airy stress functions then appear as the 
following: 

¥,dS = P, X,dS = 0 at the origin........ 


For the plate 


fY,dS=P, fX,dS=Oatr=R 


o, = 09 = trea = at infinity 
(c) At the welded boundary r = R ae 
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In order to satisfy the boundary conditions, Equations [1], 
{2}, and [3], the stress functions for the plate and disk can be 
written in the form 


®,(r, 6) 6) + 6) 


subscripts (t = 1, 2) refer to the regions of the plate. The stress 
function ¢;(r, 6) leads to the known solution for a concentrated 
force.in the median plane of an infinite plate and satisfies the 
boundary conditions, Equations [1] and [2]. 
for the known solution is given by 


5X, and Yr 


vector, Tn = + j¥ a. 


The stress field Pe 


are the z and y-components of the resultant stress 


Each of the terms is a solution of the biharmonic equation andthe __ a 
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(3 + »,) P sin 6 % ‘ Vv For the determination of the parameters a,(j = 1, 2, 3), the 

2 2 stresses and and the displacements u,,,; and ue; are con 

ae oat 4 tinuous along the welded boundary such that Equation [3] js 

(1 — P sin 0 [5] satisfied. An examination of the preceding equations reveal 

965i 

r that although there are four boundary equations three linea 

ns (1 — »,) P cos 6 independent equations exist. Hence equating wee {9} 
f and [10] and solving, the parameters appear as 
and the associated displacement field becomes a (1 + — Gs) 


(3 — )P (l+»)P . asl 
= — log r sin + sin 6 | _ +(5+ 
6) 


The effect of the welded boundary in the plate, Equation [3], ‘is - Gi) 


to be satisfied by the stress functions y,(r, 6) and is chosen such a3 = ——~— nee 
it does not violate Equations [1] and [2]. Consequently, we 4x (1 + + (3 


_ are led to choose for the disk Hence the problem is completely solved and the field equa i 

i‘ P tions for the disk are id 

2 (3 + »)P sin @ ) As 

or, = —— + Pr sin 0 rigidi 
and for the plate r 

P sin 6 (1 )P sin 6 ne 8 

. ip the foregoing, the method of analysis is indicated. It is 4x r 
thus possible to determine the field equations, associated with (3 —~ (1+ 
the stress functions ®;(r, 6), appropriate to this problem by intro- ua = — 3 _ log r sin @ + a sin 6 
_ ducing parameters a;(j = 1, 2, 3), and subjecting them to the , 
boundary condition Equation [3]. Hence by Equations [5], i 4 0 + tin 0 
[6], [7], and [8], the field and boundary-value equations can ia} 4G,(1 + »;) 
be obtained. Thus for the disk the boundary-value equations —__ The f 
become (3 + )P log r cos tained 
(3 8xr G; A (13). 

(1—»)P and st 
@— aP cos The field equations for the plate are results 

+ sin 6 we ane sin 
r 


2 or The terms associated with the parameter a allow for a rigid- 
body displacement of the disk in the y-direction, since the Car- (3 — »2)P Po (1 + »)P sia 


tesian co-ordinates are fixed relative to the plate. The bound- log r 8rG; 
equations for the plate along the welded contour are 
cos + a:P cos 6 Discussion OF RESULTS 
bled [10] Of particular interest is the variation of the maximum raiill 
P OF stress or, max a8 function of the elastic constants at the weld 
Ey cee : 8x G; 4G, = boundary, illustrated in Fig. 2. It is shown that as the modulé 
of rigidity G,, of the disk approaches infinity, the radial str 
; component is independent of Poisson’s ratio. However, as br 


approaches natty, the radial _ component increases i 
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(12) 


0" 5 10 
Fic. 2. o, as A FuNcTION oF CONSTANTS 
magnitude and is dependent upon Poisson’s ratio. For arbi- 


trary G,/G2, or, max increases in magnitude with an increase in 
Poisson’s ratio. 

A special solution will be considered in which the modulus of 
rigidity of the disk is allowed to approach infinity such that no de- 
formation of the disk takes place. Due to this restriction, the 

meters given by Equation [11] reduce to 
ame g y Eq (11) 


4x 
1 + v2 14 


The field equations for the case of a rigid disk can thus be ob- 


tained by substituting Equation [14] into Equations [12] and cases: namely (1) a solid brass plate; (2) a brass plate with a > 


(13). 

The stress distribution for the case of a rigid disk along the 
welded boundary, introduced by the resultant of the radial 
and shearing stresses, is shown in Fig. 3. The magnitude of the 
resultant stress vector at any point along the welded contour is 
constant and is oriented in the y-direction. 

Another practical consideration is to compare the variation 
in the stresses radially away from the applied force for three 


@® Bross Plate 

@ Brass Plate with Steel Disk 
V,*027 

©) Brass Plate with Rigid Disk 


\ 
\ 


Fic. 4 Rapiat Stress 1n Brass WiTH aND WITHOUT 
REINFORCEMENT 


steel inclusion; and (3) a brass plate with a rigid disk. The per- 
centage of reduction of the maximum radial] stress is clearly 
shown in Fig. 4, in which for steel and rigid reinforcements the 
redictions are 13'/; and 41 per cent, respectively. It is clear that 
the maximum possible reduction is given by case (3). The 
added advantage of an inclusion whose modulus of rigidity is 
greater than that of the plate is to reduce the deformation in the 
vicinity of the applied force. 
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_ The Shape of a Piston Ring in 
Its Unrestrained State’ 7 


Sruart Nrxon.? Not much has been published concerning 
the subject matter of this paper, although the writer supposes 
that every ring company like ourselves has worked this out in the 
past. J. Prescott® presented a paper on the analysis of the uni- 
form pressure ring in 1919, and C. G. Williams‘ more recently 
amplified it some. 

The present paper is of interest because it derives the general 
Equation [43] applicable to any pressure pattern that is of this 
form, p = po (1 + Z cos 2@), which makes the uniform pattern a 
special case. 

The actual difference between u as a uniform pressure ring and 
as usable high point pressure ring is small. Now in Equations 
[43], [48], and [54], the term ZI is involved. The modulus of 
elasticity of the materials which can be used for piston rings is 
not a constant due to the low elastic limit of such materials. It 
becomes a function of the stress intensity. The value of J is a 
function of the cube of the thickness, which also varies between 
the high and low limits of the ring. 

The net result is that, whereas the mathematical determination 
of the shape of the free ring is a valuable guide, the actual shape 
has to be worked out by adjustments. 

Equation [40] has a further value in determining the maximum 
radius of a ring in the free state. If we use the expression J = 
GEI/(3nr*), and transpose, we have G = 3xr*7'/(E/), and since 
T = pwr, then GEI/3x = pwr‘; where G is the free gap, and T is 
tangential tension. 

Then substituting in Equation [48], we get » = G/3r (1+ 
6/2 sin @). This was brougt. out by Williams. If G = 1, the 
value of u can be set up, and the radial deviation for any free gap 


readily determined. 


j AuTHOR’s CLOSURE 


_ The author wishes to express his appreciation for the comments 


and suggestions given by Mr. Nixon. 

Most piston rings at present are made mainly of cast iron. So 
far as elastic property of cast iron is concerned, in a strict sense, 
there seems to be no straight-line relationship existing between 
strain and stress. 

Due to the presence of graphite as a structural component in 
cast iron, it is also a well-known fact that cast iron behaves dif- 
ferently under compression load than it does under tensile load. 
Furthermore, as the radial thickness of most piston rings is very 
thin, deviations of shape, caused by cooling and machining during 
the casting and machining process, are unavoidable. The equa- 
tions developed in this paper, therefore, merely serve as a guide in 
designing and investigation. It is generally not possible to apply 
them successfully directly to the manufacturing process without 
some detailed modification. 


1 By Che-Tyan Chang, published in the June, 1949, issue of the 
JOURNAL OF APPLIED Mecuanics, Trans. ASME, vol. 71, pp. 134- 
138. 

2 Research Engineer, Sealed Power Corporation, Muskegon, Mich. 
Mem. ASME. 

3 “Bending of Thin Rings,’’ by John Prescott, Automobile Engi- 
neering, London, England, vol. 9, September, 1919, pp. 295-302. 

4“Piston Ring Flutter,’’ by C. G. Williams and H. A. Young, 
ring, vol. 29, October, 1939, p. 366. 
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Regarding the suggestion to replace = pwrt/EI in 
tion [48], a more general relationship between the free gap G, and 
the pressure intensity p, can be worked out easily. Thus ip 
case the pressure distribution is of the type expressed by Equa 
tion [49], the bending moment M at any section of the ring can 
be expressed as 


7 
M = powr? E + cos 6— (cos + cos 26) | 


| 


and, if G denotes the free gap, then 


2 Z 
“2 vf powr? E + cos @ — = (cos 6 + cos 2» x 
EI Jo 3 


r(1 + cos @)n 
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Numerical Solution of the Elasto- 
plastic Torsion of a Shaft 
of Rotational Symmetry’ 


P. G. Hopes, Jr.? The authors are to be commended uper 
having provided an extension of the idea behind the soap-filn 
sand-heap analogy for the Saint Venant torsion problem to the 
case of the torsion of a circular shaft with variable diameter 
Without wishing to detract from the value of their results, th 
writer would like to point out an implicit assumption which mus 
be made in all such analogies. 

The authors have obtained the plastic stress function by start 
ing with the known value ¢g on the boundary and constructing 
orthogonal trajectories (characteristics) to the contour lines bys 
method of finite differences. ld 


Thus with reference to Fig. 1 


this discussion, if an arc BH of the stress-free boundary has becom 
plastic, then the plastic stress function can be determined int 
region BCDEFGH bounded by the are BH, and the character 
tics through Band H. By a comparison with the elastic solut 
in this region, the elastic-plastic boundary BLH can be fount 
However, it is conceivable that the plastic region would extes 
beyond the region indicated, e.g., the region BJDFKH might ® 


1 By R. P. Eddy and F. 8S. Shaw, published in the June, 1949, 18 
of the JournaL or AppLirep Mecuanics, Trans. ASME, vol. 71,! 
139-148. 

2 Research Associate in Applied Mathematics, Brown Universi? 
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plastic. In this case the authors’ method would provide the plas- — 
tic stress function only in the portion BCDFGH of the plastic — 
region. 

It seems intuitively clear that such a phenomenon cannot occur 
jn the Saint Venant torsion problem, although, to the writer’s 
knowledge, it has not been proved. However, the absence of an 
actual mechanical model makes it difficult to obtain such an 
intuitive picture in the case of the authors’ problem. It is to be 
hoped that a mathematical proof will be given for the Saint 
Venant problem, and the condition stated for which it applies 
to the authors’ problem as well. 

The foregoing remarks are not intended to cast any doubts on 
the validity of the particular solution obtained by the authors. 
In their case the plastic region is found to be fully contained 
within the characteristics through the plastic boundary, and 
hence their analysis is entirely satisfactory. 


A. Napar.* The admirable and precise way one of the authors 
of the present paper, F. 8. Shaw, had developed previously most 
valuable information on the spreading of the plastic zone in 
twisted hollow bars having sharp re-entrant corners in the pro- 
files of their cross sections,‘ and Shaw and Eddy have just pre- 
sented further exact numerical results on the torsion of round 
bars of variable cross section beyond the plastic limit for shafts, 
having in their axial profiles sharp discontinuities or corners 
rounded off by circular fillets, deserve the highest commendation. 

Investigations of this type have great value because they offer 
precise information on the way a plastic zone spreads around a 
region of concentration of stresses in steel bars or in metals having | 
asharply defined yield point. It is particularly important to note 
that the yielded zone grows under the increasing total torque in a 
predictable manner. It seems that most of the computations 
concerning stress-concentration factors in shafts and bars, sub- 
jected to alternating torques or moments, are not yet based suffi- 
ciently upon rational analysis. .No accepted method seems yet 
available for taking account of stress concentration beyond a 
plastic limit in bars and shafts operating under alternating forces 
ormoments. Thus the prediction of the endurance limits under 
fatigue conditions is yet done more or less in an empirical way. 

It can be hoped, therefore, that similar investigations as those 
by the authors gradually may furnish that information which is 
needed upon which factors of concentration of stress should be 
based beyond the limit of yielding. Although, admittedly, these 
types of problems are rather complex in nature due to the so- 
called Bauschinger effect under reversing stresses beyond a plas- 
tic limit, if in the future, further cases should be worked out pre- 
cisely in which strain-hardening of a metal is accounted for also, 

then similar investigations may supply the needed information. 
The authors are to be commended also for having extended the 
theory of elastic-plastic torsion of prismatic or cylindrical bars to 
the interesting more general case of bodies or shafts of rotational 
symmetry having variable cross sections. 


AutHoRs’ CLOSURE 


The authors wish to thank Dr. Hodge for his pertinent criti- 
cism, and Dr. Nadai for pointing out a direction in which further 
desirable investigations lie. 

* Consulting Mechanical Engineer, Westinghouse Electric Corpora- 
tion, Research Laboratories, East Pittsburgh, Pa. Mem. ASME. 
*“The Torsion of Solid and Hollow Prisms in the Elastic and 

Plastic Range by Relaxation Methods,” by F. S. Shaw, Australian 

Council for Aeronautics, Report ACA-11, November, 1944. 
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Fracture of Gray-Cast-Iron 


Tubes Under Biaxial Stress’ 


E. H. Lez.? The authors are to be congratulated on obtaining 
fracture data over such a broad range of biaxial stress. In con- 
sidering applicable theories, it is important to differentiate be- 
tween failure by fracture, and the plastic-flow limit. These two 
modes of “failure’’ frequently have been confused in discussions 
on the strength of materials, although fracture stresses of brittle 
materials are, in general, much higher in compression than in 
tension, in contrast to the plastic-flow limit. 

As a particular example considered by the authors, the Mises 
quadratic invariant limit was suggested as a plastic flow limit,* 
and gives the same stress magnitude in tension and compression. 
The Griffith theory for fracture of brittle materials‘ brings out this 
difference between compressive and tensile strength, and it might 
prove helpful to check these new experimental results against 
that theory. 


AutHors’ CLOSURE 


The authors wish to thank Prof. D. H. Lee for his kind com- 
ments on their work. His differentiation between failure by frac- 
ture and the plastic-flow limit is well taken. The experimental 
work discussed is being extended to other brittle materials, and 
the results obtained will be checked against Griffith’s theory as 
suggested. 


Dynamic Capacity of Rolling 
Bearings’ 


P. L. HaaGer.? The authors have compiled a statistical se- 
quence combining fatigue theories with Swedish test data, ma- 
terials, and production methods. It is apparent that the vari- 
ous data submitted in the paper need some adjustment to con- 
form with American production methodsand controls. Obviously, 
this is due to the possible differences between Swedish and Ameri- 
can production problems. 

It is believed the paper implies that Fig. 1 is a radial cross 
section taken through a slag inclusion with cracks emanating from 
the slag inclusion. Since this paper deals fundamentally with 
bearing fatigue, it would be of interest to users and engineers 
of bearings to observe a specimen indicating only actual fatigue 
failure, since failures originating with slag inclusions are usually 
classified as metallurgical irregularities. 

The basic dynamic capacity of a bearing is dependent upon the 
capacity of the inner ring or the capacity of the outer ring. In 
establishing the basic dynamic capacity of a bearing, the authors 
make the observation that the probability that a bearing will en- 


1 By R. C. Grassi and I. Cornet, published in the June, 1949, issue 
of the JouRNAL oF AppLieD Mecuanics, Trans. ASME, vol. 71, pp. 
178-182. 

2 Associate Professor, Graduate Division of Applied Mathematics, 
Brown University, Providence, R. I. Mem. ASME. 

3‘*Mechanik der festen Kérper im plastisch-deformablen Zus- 
tand,”’ by R. von Mises, Géttinger Nachrichten, 1913, p. 582. 

4“The Phenomenon of Rupture and Flow in Solids,” by A. A. 
Griffith, Philosophical Transactions of the Royal Society, vol. 221, 
1920, pp. 180-183. 

1 By Gustaf Lundberg and Arvid Palmgren, published in the June, 
1949, issue of the JouRNAL or APPLIED Mecuanics, Trans. ASME, 
vol. 71, pp. 165-172. 

2 Assistant Chief Engineer, The Timken Roller Bearing Company, 
Canton, Ohio. 
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dure is the product of the probabilities that the various parts will 
endure. In Equation [27] of the paper the probability that the 
bearing will endure is found from a product law. In other words, 
it tends to combine the effect of the strength of the outer race and 
the strength of the inner races to endure. In analyzing tapered 
roller bearings, the writer’s company has considered it advisable 
to establish the actual bearing rating upon the probability that 
the cone will be the first to fail, since it has been found that the 
cone is the weakest member of the various bearing complements 
for practically all bearing proportions. If the product law is 
introduced in determining the bearing rating, then the actual 
bearing rating might show a greater value than that obtained 
by using the weakest member. 

The material quality factor entering into the equations is 
dependent upon the bearing design, degree of precision, manu- 
facturing experience, and metallurgy. The recommendation that 
all manufacturers use the same material constant is questionable 
due to the variables entering into the control of both material] 
and geometry in the bearings. It is questionable, therefore, 
whether all manufacturers would be able to establish their ratings 
by the use of the same material factors. However, practically 
all antifriction-bearing manufacturers establish their load ratings 
on the basis that 90 per cent of a test set will endure the life 
expectancy. This life is usually referred to as the B-10 life and 
varies considerably as far as the number of hours is concerned. 
The writer’s company has established this rating on the basis 
that 90 per cent of a given test set of bearings will survive 3000 
hr at a basic speed of 500 rpm, which gives a life of approximately 
90,000,000 revolutions. The average bearing life will, however, 
be approximately 5 times this or 15,000 hours. We have selected 
3000 hours as a convenient basis because that is equivalent to 
1 year of service at 8 hr per day, or an average life of 5 years. 
In case we take 24 hr per day service, this produces 9000 hours 
for an equivalent year’s service. 

Other manufacturers prefer to establish higher load-rating 
valuations at the sacrifice of estimated bearing life. One manu- 
facturer originally used a 500-hr B-10 basis, indicating a catalog 
load rating about 82 per cent higher than that obtained on a 
3000-hour basis. More recently, this company has changed its 
catalog ratings to dynamic specific capacity values at a speed of 
33'/; rpm for 500-hr B-10 life, which is equivalent to 1,000,000 
revolutions of the inner race. Its former basis for catalog ratings 
was at 500 rpm and 500-hr B-10 life which is 15,000,000 revolu- 
tions of the inner race. It means, therefore, that it is necessary 
to divide the dynamic specific capacity of this company’s bearing 
by 4.48 in order to obtain its equivalent rating of 500 rpm for 
3000-hr B-10 life, which is the basis upon which the present ta- 
pered roller bearings of the company are established. 

Any attempt to indicate abnormal load-carrying capacity at 
low speed (for a specific number of revolutions) at the sacrifice of 
life would only magnify the misconceptions of bearing application 
for specific life. Industry is now educated to life expectancy with 
appropriate modifying factors which should not be constantly 
changed. 

In reviewing the coverage by the paper on thrust bearings, it is 
interesting to note the implication that the theoretical value of the 
basic capacity should be reduced as much as 40 per cent due to 
unequal distribution of load among the rolling bodies. A review 
of practice of the writer’s company in connection with its “on apex 
thrust” bearings, used in such applications as piercing-mil] thrust 
blocks and oil-well swivels, involves production methods which 
maintain accurate roll diameters, accurate within 0.0001 to 
0.00015-in. Due to elastic deformation under load, the tend- 
ency toward unequal load distribution is minimized greatly, 
and experience indicates that with the accuracy mentioned, 
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the inaccuracy of the theoretical bearing rating will not exceed 
10 per cent under the most adverse conditions. 


E. H. Les.* In applying Weibull’s statistical theory of strength 
the authors have included the variable zo, the depth of the region 
of most dangerous stresses, as a factor influencing failure. 
tests carried out at the Westinghouse Research Laboratories, 
Pittsburgh, Pa., in 1939, may be of value in considering the ques 
tion. (The results are given in a paper by R. KE. Peterson.*) 

Bending tests to fracture were carried out on 100 of each of 
three sizes of porcelain rods in which the most dangerous stresses 
occurred at the surface. A size effect was obtained of about twice 
the magnitude predicted using Weibull’s theory for the volume 
effect, assuming identical material. It was concluded that the 
process of manufacture produced a variation in materia! depend. 
ent upon the size. The writer would like the authors’ opinion a 
to whether such an influence is to be expected in the producti 
of ball-bearing components. If this is so, then greater freedo; 
would be possible in the dimensional analysis, by considering par 
at least of the zo’ term in Equation [6] of the paper to be a 
over-all size effect, reflecting the influence of the manufacturing 
process, 


Some 


A. R. Sprcaccr.’ Ever since ball an droller bearings be 
significant factor in the industry, attempts have been mad 
reduce bearing capacity to a scientific basis. Stribeck’s p 
ing work attempted to establish the “safe loads”’ for ball be 
Goodman did similar work on roller bearings. Later, 
recognized that the so-called safe loads depended upon the 
ting speeds. It was Dr. A. Palmgren who first intr 
the notion of fatigue in connection with bearing capacit 

The greatest drawback in the verification of a general th 
fatigue, as applied to ball and roller bearings, has been and alwa 
will be the dispersion obtained in the results of fatigue tests 
Material workmanship and precision in the fabrication of thew 
bearings have approached a remarkable degree of perfecti 
However, as long as we are dealing with concentration of stres 
some degree of dispersion will be inevitable. These improve 
ments have reduced this dispersion considerably. Yet, sufficiest 
dispersion exists today in the best made bearings to make the 
verification of any theory of fatigue very difficult. 

It is the recognition of these facts that led manufacturers | 
adopt empirical formulas modified from time to time as furthe 
tests and experience dictated. The consequence has been th 
adoption of various empirical formulas with sufficient discrepan 
among them to cause some confusion among the users of ball ami 
roller bearings. 

In the present paper the authors present a theory containimg 
some basic conceptions from which both ball and roller-bearing 
capacities can be deducted. It is an ambitious undertakixg 
which, if successful, will benefit the industry. How sound thee 
basic ideas are, it is too premature to judge. 

It should not be expected that a brief review could cover t# 
very many points which arise. However, we are prompted # 
make the following pertinent observations: 

As the authors have aptly stated, the question of bear 
capacity must be attacked on a statistical basis, The validif 
of Equations {5] and [6] , as applied to ball and roller bearing, 
should receive our first consideration. As applied to the autho 
tests, the results appear to show that the exponent of the b* 
diameter is 1.8. 


* Associate Professor, Graduate Division of Applied Mathemst® 
Brown University, Providence, R. I. Mem. ASME. 

‘Application of Fatigue Data to Machine Design,” by R. 
Peterson, presented at the 1948 Fall Meeting of the ASM. 

5’ Chief Engineer, Bearings Company of America, Lancaster, Bs 
Mem. ASME. 
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According to tests which were available to the writer, this 
exponent is reasonably valid up to a 1-in. ball. For bearings 
having larger balls, the use of this exponent overrates the bearing 
capacity. Therefore the question arises whether the range of 
bearing sizes as given in Fig. 7 of the paper, is sufficient, or 
whether the functional relationship given in Equation [6] is the 
correct assumption. 

The other point is the relation between load and life as 
shown in Fig. 6. The bearing industry has been using this cube 
relationship for many years, We may remark, however, that 
there is some doubt that this relationship holds good for lighter 
and heavier loads than are used in accelerated tests. For practi- 
cal purposes, we may accept the cube law until further refinements 
are in sight. 

Because of its potential benefits, the authors’ present contribu- 
tion deserves our careful study. It may be possible that with 
more tests, the empirical constants as given by the authors may 
be modified to correspond to actual bearing performance. If this 
task can be accomplished, it would have the influence of bringing 
about a more uniform system of bearing rating. The co-opera- 
tive effort of the bearing industry can achieve such beneficial 

It has been a pleasure to note the favorable reception given the 
theory on the dynamic capacity of rolling bearings, and the 
support which the theory has gained through comprehensive ex- 
periences of bearing engineers. The present discussion deals only 
with details from which can be concluded that the principal 
features of the theory have been accepted. 

The statistical theory is based on a dispersion of the strength 
qualities of the material. It is assumed that the material is made 
up of small parts of varying strengths, distributed in a way that is 
statistically uniform. In no way is the theory confined to the 
assumption that the weak parts consist of slag inclusions. Slag is 
mentioned only to give a definite example. The appearance of 
fatigue cracks both in the rolling direction as well as diagonally at 
45 deg would indicate that the difference of the fatigue stresses 
is not very great in either plane. Unfortunately, Fig. 1 of the 
paper has been turned 90 deg clockwise, and in this connection 
we refer to the original paper in Acta Polytechnica. 

Mr. Haager objects: “if the product law is introduced in de- 
termining the bearing rating, then the actual bearing rating might 
show a greater value than that obtained by using the weakest 
members.’’ This opinion is incorrect. Each bearing member 
contributes to the fatigue of the bearing and reduces the capacity 
of the bearing. Actually, and also according to the product law, 
the bearing as a whole is weaker than its weakest member. Only 
if other members are infinitely strong, the weakest will be the 
only deciding one. Load ratings which are based only on the 
weakest part result in too high values. 

The bearing capacity is shown by the load the bearing can en- 
dure for a certain number of revolutions, with a probability of 
% per cent. The number of revolutions (or time X speed), on 
which the catalog ratings are based is of course a matter of 
taste. In order to give the consumers the greatest simplicity in 
formulas and calculations, the “basic capacity” should be based 
on just 1,000,000 revolutions. 

The reason for the low capacity of the rigid thrust bearings is 
not yet definitely determined. Unfortunately, only a few 

boratory tests with these bearing types are available. 

As all other tests reported, these were made with SKF standard 
earings, which are made with at least the accuracy now men- 
tioned by Mr. Haager. Probably the reason for the necessary re- 
duction may be found in the rigidity of the bearing design. 
Mr. Lee asks if “the process of manufacture produces a varia- 
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tion in material dependent upon the size,” for material for rolling 
bearings. We do not want to exclude the possibility of this being 
so, but we do not have sufficient data for judging the question. 
Although the functional relation z*) has proved satisfactory within 
the range of tests, it is possible that a more complicated relation is 
prevailing, and that modifications will prove necessary in extreme 
cases. 

We fully agree with Mr. Spicacci that further tests must be 
made before it is possible to establish for certain all the necessary 
coefficients and exponents and decide if any of them are of a more 
complicated form. 


Diffusers for Wind 


Tunnels’ 


J.H. Keenan.? This paper is of obvious and immediate utility, 
partly because of its empirical nature and partly because of the 
clarity of presentation. 

It illustrates and emphasizes the departure from simple trans- 
verse-shock conditions which invariably occurs in the presence 
of a boundary layer. Failure to allow for the “length” of the 
shock is a common defect in supersonic diffusers which have been 
designed for use in wind tunnels, compressors, and other super- 
sonic passages. 

The definition of diffuser efficiency employed here is simple 
and logical, although it is not generally accepted. Some further 
discussion of the various possible ways of defining diffuser effi- 
ciency doubtless would help to reduce the great variation in the 
meaning of this term. 

wet 

Artuur KantrowttTz.’ The writer will discuss the diffusers, 
type 4 and type 5, which are shown in Fig. 7 of the paper. It is 
clear from this figure that these diffusers are the most efficient of 
those investigated. The writer will give an alternative explana- 
tion of their operation, which was that originally given when 
these long-throat supersonic diffusers were first proposed.‘ 

It is shown in the reference, on the basis of one-dimensional 
unsteady frictionless-flow theory, that the shock position is 
stable in passages which diverge downstream and unstable in 
passages which converge downstream. Therefore the equilib- 
rium-shock position on the basis of frictionless-flow theory 
should be shown somewhat downstream from the long throat 
instead of at the beginning of the long throat, as is shown in 
Fig. 7 of the paper. Furthermore, the furthest upstream stable 
position of a diffuser normal shock is determined by the level of 
disturbances coming from the region downstream. Finally, the 
inclusion of a long throat will make it possible for a normal] shock 
to move further upstream toward the throat and so to smaller 
channel areas and to a position of higher efficiency if a long 
throat is provided in which the shock may oscillate. This 
explanation of the operation of these long throats is illustrated in 
Fig. 1 of this discussion. 

In this figure the stable equilibrium-velocity distribution 
in the channel is shown as a solid line, and the unstable equilib- 
rium-velocity distribution is shown as a dashed line. The cross- 
hatched area represents a disturbance approaching the throat 


1 By E. P. Neumann and F. Lustwerk, published in the June, 
1949, issue of the JouRNAL oF APPLIED Mecuanics, Trans. ASME, 
vol. 71, pp. 195-202. 

* Professor of Mechanical Engineering, Massachusetts Institute 
of Technology, Cambridge, Mass. Mem. ASME. 

* Associate Professor, Graduate School of Aeronautical Engineer- 
ing, Cornell University, Ithaca, N. Y. 

‘“The Formation and Stability of Normal Shock Waves in 
Channel Flows,”’ by Arthur Kantrowitz, NACA TN 1225, March, 
1947. 
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from the rear of the channel. If the effect of this disturbance 
is to move the shock to a position upstream from the unstable- 
equilibrium shock position, then the shock will move out ahead of 
the diffuser and the starting procedure will have to be repeated. 
If, on the other hand, the disturbance is not sufficiently strong 
to move the shock as far as the upstream (unstable) equilibrium 
position, then it is shown in the reference that the shock will 
return to its original stable-equilibrium position. It is also 
shown in this report that the minimum disturbance necessary to 
move the shock just to the unstable-equilibrium position is ob- 
tained roughly when the “‘area of the disturbance” on a velocity- 
length plot (the cross-hatched area in Fig. 1), is equal to the 
dotted area on the same figure. 

It will be seen that the use of the long throat increases the dot- 
ted area, and thus increases the maximum disturbance level, which 
may be tolerated in the diffuser without forcing the shock to jump 
out upstream. Alternatively, it is possible to increase the back 
pressure or the efficiency of the diffuser, thus reducing the 
strength of the equilibrium shock, without reducing the dotted 
area, when a long throat is used, and the disturbance level is 
maintained constant. This latter situation is apparently the 
case in the experiments reported in the subject paper and explains 
the increase in efficiency observed with the use of long throats. 

It is clear that this one-dimensional frictionless theory cannot 
give the whole story of the shock motions in the diffuser, and this 
apparently is illustrated in the paper by the authors’ observations 
that the shock position is stable in constant-area channels, 
whereas this theory predicts only neutral stability for this case. 
Thus it may be that, for a considerable part of the time, the 
shock would be found in the long throat of these diffusers and 
that the mixing mechanism postulated by the authors might be 
responsible for a part of the observed improvements in efficiency. 

However, the authors observed the occurrence of “unstable 


We take this to mean that they observed more efficient shock 
positions, which could be obtained only for limited periods of 
time, after which a sufficiently large disturbance would come 
along and force the shock past the throat and the unstable-equi- 
libruim position, and so necessitate another starting procedure. 
Such unstable points have been observed previously in other 
investigations of supersonic diffusers but usually the difference 
between maximum unstable and maximum stable efficiencies was 
quite small. However, in the long-throat diffusers, this effect 
is emphasized because of the ability of these diffusers to resist 
relatively large disturbances and so to be disturbed only by 
comparatively rare occurrences. It is thus seen that this phenom- 
enon finds explanation only from the disturbance point of view 
and not from the mixing point of view presented by the authors. 


AvuTHORsS’ CLOSURE 


The idealized analysis presented by Professor Kantrowitz 
probably helps to explain some of the phenomena encountered 
in diffuser instability. However, there is some question whether 
or not any explanation of the phenomena Professor Kantrowitz 
refers to can be defended completely on the basis of either bound- 
ary-layer effects or an analysis basis on one-dimensional unsteady 
frictionless-flow theory. 

The “mixing point of view” that Professor Kantrowitz at- — 
tributes to the authors appears to be of his own making. It 
probably comes from the statement by the authors that ‘‘once 
separation occurred, the stream did not again fill the passage for 
a distance equal to 8 to 12 diameters of the tube.” This state- 
ment was intended to describe the observations that normal 
shocks were usually not present in the straight section but that 
a separation of the stream from the tube walls usually occurred 
in their stead. This observation was made through a series of 
high-speed schlieren photographs similar to those contained in 
the subject paper. It was occasionally observed that the stream 
would sometimes detach itself from only one of the walls of the 
rectangular passageway under observation. 


Stability of Linear Oscillating 
Systems With Constant Time Lag’ 


H. Poritsky.* Fashions come and go even in technical | 
sciences. Nowadays it is customary to treat every problem by — 
means of Laplace’s transforms, and no author feels that he has | 
done his subject justice without them. It is worth pointing out, — 
therefore, that the stability problem in question can be handled 
directly without Laplace transforms. 

Assuming that the linear difference-differential equation of 
the free system has exponential solutions e™, it is found on sub- 
stituion that \ must satisfy a certain transcendental equation. 
The similarity between ordinary linear systems, resulting in 
ordinary differential equations with constant coefficients, and — 
the linear systems with a constant time lag, considered by the 
author, lies in the fact that in each case the solution of the homo- 
geneous system, corresponding to free oscillations, can be ob- 
tained by means of exponentials. The difference lies in the fact 
that in ordinary systems one is led to an algebraic equation for — 
the solution of these exponentials, while in a system with a con- 
stant time lag, one is led to a proper transcendental equation. 
The stability of the free system thus leads to the location of roots — 
d in the negative-real half of the complex plane. ‘ 


1By H.I. Ansoff, published in the June, 1949, issue of the JouRNAL 
or Apptiep Mecuanics, Trans. ASME, vol. 71, pp. 158-164. 

2 Engineering General Division, General Electric Company, — 
Schenectady, N. Y. Mem. ASME. 
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Where more intimate analysis, possibly requiring the introduc- 
tion of the Laplace or Fourier integral, is needed, is in showing 
that the general vibration of the system is expressible in terms of 
the exponential solutions, and in treating systems with applied 
forces. 


M. Satcur.* Mathematically, the question is to find out the 
conditions to be fulfilled so that the roots of the characteristic 
equation 


pl + pR + Spe-* + K = 


have negative real parts. 

On account of the e~”" term, this equation is not an algebraic 
one, and does not allow using the Routh-Hurwith criterion. 

However, it is possible to extend the use of the Nyquist criterion 
in a simple manner. 

Generally speaking any equation may be written in the form 


S(p)—g(p) = 0 


The Cauchy-Rouche theorem states that, for a Bromwich 
contour followed by p 


Variation of argument [f(p) — g(p)] = 2x(N — P)..... [3] 


N being the number of zeroes, and P the number of poles lying 
inside the contour. 

Assuming P = 0, if we want N = 0, the variation of the argu- 
ment must be nought. 


DISCUSSION 


As we have added the pole p = 0, the Bromwich contour mus 
not enclose the point 0, Fig. 2 of this discussion. a Specs: 
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When p follows this contour, f(p) is a straight line turning into a 


semicircle on the right-hand side, g(p) is a circle centered on the Z 


origin whose radius is unity, Fig. 3; herewith. Se 
We must work out two different cases as follows: ae 


R > S the two diagrams are quite apart; the system is stable. 


R < S the system is stable if M, is placed on the left-hand de ie 


of the straight line AB, when M; lies between A and B. 


If we draw the diagrams of f(p) and g(p) when p follows the 
Bromwich contour in the p-plane, f(p) — g(p) argument is the 
angle a (see Fig. 1, herewith), between the vector M, Mz, joining 
corresponding points of the diagrams and the X-axis. vat T 

It is easy to compute the total variation of thisanglewhenthe |= 
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two diagrams are simple curves as straight lines, circles, parabolas, 
etc., and then to state it equal zero. 
The Nyquist criterion corresponds to the case when one of 
these diagrams is reduced to a simple point. 
Application. Let us write Equation [1] of this discussion in 
the following form 
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The parameters w, and wg of the points A and B on the f(p) 


won = (W/m? +1—m) 


with Ah 

ity 


We must thenhave 
when w answers t following inequality q ie 


(Vm? + 1 1—m) (Vm? + 1+ m) 


: 

ad 
ir 
[2] 
¥ 
< 
a 
ay 
4 
Ingenieur & la Société Alsthom, 38 avenue Kléber, Paris, France. 


8) doy 


cos ( m+ 1+m))>—— 


It will be observed that this method may be easily extended to 
_ the other cases handled by the author. 


AuTHor’s CLOSURE 


The author hastens to agree with Dr. Poritsky’s claim that the 
substitution method is equally adequate in arriving at the char- 
acteristic equation. However, having been brought up ina genera- 
tion of engineers to whom the use of transforms is a direct and 

simple method of solving linear differential equations, he fails to 
__ gee why the Laplace transform should be reserved for more ‘‘inti- 
mate” analysis. The question is, perhaps, of esthetic nature and 
the answer depends on whether it is better taste to use older less 
streamlined tools on simpler problems in order to avoid giving an 
impression of pseudosophistication. 

Dr. Satche’s solution represents, in the author’s opinion, a very 
elegant approach to the problem. 


Stress Concentration Around a 
Triaxial Ellipsoidal Cavity’ 


A. Napai.?. The analysis presented in this paper must be con- 
sidered as one of the outstanding advances of recent years in the 
theory of elasticity, hence the authors should be commended 
highly for the precise mathematical attack on a classical problem 
which had not yet been solved in the mathematical theory of elas- 
ticity. There is a group of nice problems in this theory which 
- might be solved by making use of certain functions with 
which only the professional mathematicians are acquainted. 
_ Since the authors have made use of the elliptic functions of Jacobi, 
_ perhaps it may be worthy of mention that there is another group 
of questions in the theory of elasticity which might be attacked 
by making use of the theta functions. The writer has in mind 
_ the problem of an extended plate, bent by uniform pressure, 
resting on columns whose centers coincide with the intersection 

points of two families of equidistant parallel lines perpendicular 
ss to each other. It is obvious that this case introduces double 
- periodic functions. In the writer’s experiences some excellent 
use could be made of the theta functions for expressing precisely 
the deflected middle surface of the plate. 

Engineers not being at all familiar with the functions intro- 
duced by the authors may agree with the writer that it would be 
of advantage for the authors to include a section in their most 
valuable analysis, devoted to a brief review of a few important 
properties of the three elliptic functions of which they made such 
excellent use in their paper. This would enable a larger group of 
engineers to make a more profitable study of the authors’ exact 
analysis. The suggestion is merely submitted for possible con- 
sideration by the authors. 


W. P. Roop.? Although these calculations are valid only 
within elastic limits, yet by suggestion and analogy they indicate 
something about the conditions of fracture, at least in the brittle 
mode. It was with this in mind as a partial objective that the 


1 By M. A. Sadowsky and E. Sternberg, published in the June, 
1949, issue of the JourNaL or AppLtiepD Mecuanics, Trans. ASME, 
vol. 71, pp. 149-157. 

2 Consulting Mechanical Engineer, Westinghouse Electric Corpora- 
tion, Research Laboratories, East Pittsburgh, Pa. 

’ Structural Research Laboratory, Swarthmore College, Swarth- 
more, Pa. 
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work was first planned. It was thought at that time that 
notched geometries favored brittleness through increase in tri- 
axiality by reducing the intensity of shearing action in its propor- 
tion to primary tension. The importance of the lowest of the 
three principal stresses was recognized. When compressive com- 
ponents of stress are absent, a simplified measure of triaxiality 
has sometimes been taken to be the ratio of the smallest to the 
greatest of the three principal stresses, although a better measure 
of the force causing plastic flow is the octahedral shearing stress. 

The data which have been presented in this paper indicate that 
the ratio of the lowest to the highest among the principal stresses 
in the cases investigated did not rise above, say, 1/, or 1/4. In 
such a ratio there seems to be little encouragement to brittleness. 

It has been supposed that if a fracture stress limit existed at a 
level only a little above that of the flow stress, even a small in- 
crease in triaxiality might tip the scales in favor of brittleness. 
However, this only leads us into arguments, which seem to have 
brought us nowhere, about the influence of triaxiality on fracture 
stress. A strong opinion exists to the effect that the concept of 
fracture stress is better abandoned altogether.‘ 

It was indicated that the authors were surprised to find the 
greatest concentration in tangential stress at a point on the sur- 
face of the cavity where the curvature in a meridional section of 
that surface was a little smaller (radius larger) than at other 
points. This does indeed seem anomalous. Since this excess in 
concentration is not great, however, and since in actual cavities 
all the concentrations at points of high notch acuity are modified 
by plastic flow at moderate load levels, it seems that the judg- 
ment of the authors was sound when they contented themselves 
with verifying their calculated results. It is possible, is it not, 
that the differences are small enough to lie within the limits of 
precision of the numerical work? 

The importance of the paper lies, not in the precision of the 
numerical values of the concentrations, but in the approximate 
evaluation of the third principal stress. For this the precision of 
the work was ample to establish the main result, as follows: 

In the cases studied, triaxiality remained moderate in value, 
nowhere even distantly approaching full equality of the three prin- 
cipal stresses. This applies to a block of metal of infinite extent 
in all three dimensions, and therefore, a fortiori, to an infinite 
plate of finite thickness. 

If brittleness in a plate is to be explained by triaxiality, there- 
fore, it can only be through some auxiliary hypothesis to account 
for the great effect of low levels of triaxiality. 

This is a notable achievement. Fortunately for them, it leaves 
the speculators quite free in devising suitable auxiliary hypothe- 
ses. 


Autuors’ CLOSURE 


The authors greatly appreciate Dr. Nadai’s comments and 
suggestions. Unfortunately, the inclusion in the paper of an 
expository section, dealing with elliptic functions, did not appear 
compatible with the current space limitations of the JouRNAL oF 
AppLiED MECHANICS. 

In connection with Captain Roop’s observations regarding the 
significance of the results from the viewpoint of failure considera- 
tions, reference is made to Prof. L. H. Donnell’s discussion® 
which the present discusser evidently has in mind. In this con- 
text, conjectures as to the role of triaxiality in embrittlement, 
which rest solely upon the “small’’ triaxiality of the prevailing 
stress distribution without taking into account the characteristic 
properties of the material, would seem unwarranted, 

The authors cannot share Captain Roop’s expectation that the 


4 “Fracturing of Metals,’’ American Society for Metals, 1948, p. 29. 
§ JouRNAL oF APPLIED Mecuanics, Trans. ASME, vol. 70, 1948, 


ry, ae Thence, practically, when m is not too small the only condition to 
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larger stress concentration at point B (rather than at point A) 
merely reflects numerical inaccuracies. In view of the fact that 
the solution is exact within the scope of the classical theory of 
elasticity, and since all numerical evaluations were carried out to 
an ultimate accuracy of four significant places, such an explana- 
tion is not admissible. For the same reasons, the reference to an 
“approximate evaluation of the third principal stress’ might be 
misleading. 


Performance of the Viscously 
Damped Vibration Absorber Ap- 
plied to Systems Having Frequency- 
Squared Excitation’ 


J. E. Brocx.? While this paper largely duplicates one of the 
writer’s on the same subject,’ it contains certain additional fea- 
tures as well as the correct expression for optimum damping in 
the case of the ““Lanchester-type’”’ damper; this was incorrectly 
given in the writer’s paper.‘ The authors’ Fig. 11 should replace 
the writer’s Fig. 6. (Note that y used by the authors is related 
to the A of the writer’s paper by the equation, y = 2h.) 

The authors present an analysis of phase relationships which 
was not given in the writer’s paper;? this adds to the complete- 
ness of the treatment. The close agreement between theory and 
the experimental results obtained by the authors is striking and 
is evidence not only of the soundness of the theory but also of 
very good experimental technique. 

Of interest is the very close agreement between the approxi- 
mate results for relative motion obtained by the authors using 
energy considerations and similar results of the writer. This is 
noteworthy in view of the fact that in this development it is 
necessary to make certain assumptions. These approximations 
are more useful than the exact but more laborious method in- 
volving the authors’ Equation [5] or the writer’s Equation [37]. 


_ Vibration of Slender Bars With 
Discontinuities in Stiffness’ 


S. L. Morrison.? This paper represents a contribution inas- 
much as a direct analytic procedure is indicated for calculation 
of vibration characteristics of nonuniform bars. Where the non- 
uniformity is considerable, e.g., many sharp changes in diameter 
or “shoulders” and tapered or conical portions, it appears that 
the direct analytical approach would prove cumbersome. Par- 
ticularly would this be so were the deflection curve desired as 
well as the natural frequency. 

For flexural vibrations the method of Stodola offers a practical 
approach, since the differential equation in flexure is capable of 
graphical solution. The writer has had occasion recently to cal- 


1 By F. M. Sauer and C, F. Garland, published in the June issue 
of the JouRNAL or AppLiep Mecuanics, Trans. ASME, vol. 71, pp. 
109-117. 

? Assistant Professor, Mechanics Department, Washington Uni- 
versity, St. Louis, Mc. 

3“Theory of the Damped Dynamic Vibration Absorber for In- 
ertial Disturbances,”’ by J. E. Brock, JourRNAL or APPLIED MECHAN- 
tcs, March, 1949, Trans. ASME, vol. 71, pp. 86-92. 

4See discussion of paper,? by C. F. Garland and F. M. Sauer, 
JOURNAL OF APPLIED MEcuANICcs, Trans. ASME, vol. 71, June, 1949, 
p. 222. 

1 By W. T. Thomson, published in the June, 1949, issue of the 
JOURNAL oF ApPpLigeD Mecuanics, Trans. ASME, vol. 71, pp. 203- 
207. 
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culate the deflection curve and natural frequency of a nonuniform 
tube vibrating as a cantilever. For his purpose he transposed 
the Stodola procedure into an equivalent iterated numerical 
method which, after preparation, could be carried out by un- © 
skilled computers. 

As a numerical method the accuracy depends merely upon the 
closeness of interval chosen, while, as in the nature of the Stodola 
procedure, the calculations converge rapidly toward the desired 
result. The method is limited, however, to the fundamental 
frequency and deflection curve, whereas the author calculates — 
higher harmonics as well, with no increase in complexity. On the 
other hand, the fundamental “normal elastic curve” is often of 
sole importance in vibration problems because of the rge dis- 
parity in amplitude between it and the higher harmonics. 


G. A. Norumann.? The author has presented his analysis — 
clearly and concisely. In particular, he has been successful in — 
pointing out the direction in which additional information should — 
be sought to remove the limitations of his results, primarily (a) 


the present lack of experimental data concerning the “equiva- 


lent” slot width, and (b) the required smallness of the slot width 
to insure sufficient accuracy of the method. Since the experimen- 


tal result quoted indicates that equivalent slot width may be 


several times actual width, a slot which is physically small con- — 


ceivably might be of sufficient equivalent width to require addi- 


tional considerations. ‘ 
Strictly speaking, a slot or other change in section affects not 
only the local value of J» but also the local value of m and the | 
corresponding inertia load distribution. 
is produced by a hole rather than by a slot, the effect of the local 
reduction in m on natural frequency may be as significant as that 
of the reduction in Jo. * 
The writer believes that the author's method, with similar _ 
limitations, is also applicable to values of a above unity, i.e., to 
bars whose stiffness has been increased over a short portion of — 
their span. 


R. D. Specut.* In this paper the author has given an interest- 
ing example of the use of the Laplace transform. As he remarks, 
it is desirable to test by experiment the adequacy of this idealized 
formulation of the problem. 


The author restricts his discussion to the case of narrow slots, _ 


and this restriction to small values of ¢/l is used in two different 
ways. In the case of longitudinal vibrations, for example, the 
frequency equation expresses the compatibility of the wave © 
equation and of the two boundary cénditions at the ends, and 


the four boundary conditions expressing continuity of displace- 


ment and of force at the left and right sides of the slot. The 
smallness of the dimensionless slot-width c/l allows one to re- 
place the stress just to the right of the right-hand face of the slot 
by the stress to the left of the left-hand face. This approxima- 


tion is made in deriving Equation [26] of the paper, and an > 
analogous approximation is involved in Equation [21] for trans- _ 


verse vibration. Smallness of slot-width is used again in simpli- 
fying the frequency equation to the forms given in Equations [22] 
and [28]. It should be noted that it is assumed not merely that 
the slot-width c is small compared with the length, but is also 
small compared with the wave length of any normal mode of — 
vibration under discussion. This should be borne in mind when 
the effect of the slot on the higher modes is considered. 


The frequency equation does not become appreciably more x ; 


complicated if we abandon both the assumption oi narrow crack 


3 Research Engineer, Armour Research Foundation of [Illinois 
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_ width and that of equal cross-sectional area on either side of the 
crack. Consider the longitudinal vibration of a free-free rod of 


and area A” fora +¢<2<l. We define the dimensionless area 
parameters Q,, Q2 by 


ads 


ar 
The frequency equation can then be written in the form ‘ 
ig Q: Q2 sin (l — + Q, sin (l —2a — 2c)8 — Q: sin (I—2a)8 
—sin lp = 


Q? sin (I—2c) 8B — 2 Q cos (I—2a—c) sin cB — sin = 0 
The parameter Q is related to the author’s area-ratio a by the 

relation 


The frequency equation can be simplified still further for certain 
special cases. For example, if the rod is symmetric, with a + 
c/2 = 1/2, then the frequency equation for the fundamental and 
_ the higher symmetrical modes is just 


Q = — cos '/2 18/cos */2 (I—2c) B 


In connection with the problem of getting numerical solutions 
to the frequency equation, one general, and obvious comment 
_ should be made. Suppose one wishes to solve the equation 
f(x, y, z,w) = Ofor w, getting w = g (x, y,z). If this can be done, 
the resulting relation then can be exhibited graphically by plot- 
ting w as a function of z for various values of y and z. But in 
many cases the equation f(x, y, z, w) = 0 cannot readily be solved 
_ algebraically to yield w as a function of z, y, z. It may, however, 
be a simple matter to solve for one of the other variables, say z = 
h(y, z, w). The graph of z as a function of w for various values of 
y and z is then easily prepared and is identical with the graph 
mentioned earlier. 

_ The frequency equation can be solved directly for the dimen- 
- sionless frequency / as a function of crack width, depth, and 
position by a laborious graphical method. But all of the fre- 
quency equations encountered here can be solved immediately 
for the parameter a or Q, measuring crack depth, as a function of 
frequency and crack width and position. Thus one can deal 
with the exact frequency equation as easily as with an approxi- 
_ mate equation based upon small crack width. Fig. 1 of this dis- 
cussion illustrates this, and exhibits the fundamental frequency 
of longitudinal vibration for the symmetric case of the crack (or 
stiffener, if A’ > A) at the center (a = 1/2 — c/2), and for the 
three values of crack width, c = 0.051, c = 0.11,c = 0.21. 
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GeraLpD Pickett.’ The author has correctly noted that his 
_ Equation [1] for statical deflection of beams is an idealization 
_ that may be in appreciable error in case of discontinuities in 
stiffness caused by cracks or slots. He proposes to bring his 
theoretical results into agreement with experimental values by 
- using a ficticious width of slot that may be several times the true 
width. 
_ Where possible, the writer prefers solutions based upon the 
_ Theory of Elasticity. Such a solution for the author’s problem 


_ § Professor of Applied Mechanics, Kansas State College of Agricul- 
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satisfying all boundary conditions as well as the differential equa- 
tions of elasticity would not require the specimen to have ficti- 
cious dimensions for agreement with experimental results. One 
method of obtaining such solutions was explained by the writer 
in “Application of the Fourier Method to the Solution of Certain 
Boundary Problems in the Theory of Elasticity,’”’? JouRNAL OF 
AppLieD Mecuanics, Trans. ASME, vol. 66, 1944, p. A-176. 


AuTHOR’s CLOSURE 


The author wishes to express his appreciation to the discussers 
for their interest and their contributions. 

In answer to the discussions, he wishes to reiterate that the 
major objective of the paper was to illustrate the use of the 
operational method. This application proved to be simple only 
when the slot was narrow enough to assume that the mass was 
not affected Thus the problems treated were those of uniform 
mass distribution with discontinuity in stiffness over a small 
region of the body. For irregular beams or rods involving mass 
and stiffness variations, other methods are more suitable, namely, 
Myklestad’s method, Stodola’s method, Rayleigh-Ritz method, 
and Holzer’s method. 

For the longitudinal vibration of a rod consisting of any number 
of uniform sections of different areas, the quantities of interest at 
one end of the rod can be written in terms of corresponding quan- 
tities at the other end by the matrix equation of the form 
wl, 
Fa-1 


F cos —A,E — sin 
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cross-sectional area A for 0 < z <a, area A’ fora <2<a +e, 
a 
| 
ue Lie For the case of equal cross-sectional areas of the two end sections, 
Sh ee A” = A, weset Q; = Q2 = Q, and the frequency equation special- 
to the quadratic equation in Q 
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_ obtained which, for the bar with three sections, corresponds to 


that given by Professor Specht. 

The method of obtaining numerical solutious as outlined by 
Professor Specht offers advantages in many types of problems, 
and a little thought along this line may save considerable time 
in the computational task. 

To solve problems of this type based on the equations of elas- 
ticity, one would have to be prepared to spend considerably more 
time than that required by the operational method. 

Experimental work on the longitudinal vibration of steel rods 
with a slot placed at various positions was carried out recently by 
Mr. John R. Petersen of the mechanics department and com- 
pared with theoretical results computed by the equation for three 
sections, corresponding to the one mentioned by Professor Specht. 


The conclusions of this study indicate that for narrow slots 
compared to the total length of the bar, the change in the na- 
tural frequencies agreed within 1 per cent with that of the theore- 
tical values, except for extreme values of a, i.e., the mass of the _ 
dead material adjacent to the slot, being negligible in comparison 
to the total mass, had little influence in the vibration characteris- 
tics. It was also found that if the slot appeared at the displace- 
ment nodes, the predominating factor was the reduction in 
stiffness which lowered the natural frequency. If the slot ap- 
peared at the displacement loop (position of zero stress), then 
the predominating factor was the reduction in mass, and the 
frequency actually increased. Both these conclusions were born 
out theoretically, and some of the higher modes increased in 
frequency while other modes decreased. = = | 
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Conformal Mapping 


KonrorMe ABBILDUNG. By Albert Betz. Springer-Verlag, Berlin, 
Géttingen, Heidelberg, Germany, 1948. Paper, 61/2 X 91/2 in., 
276 figs., VIII and 359 pages, Ladenpreis DM 36.— 


REVIEWED By L. DrypDEn! 


O THE mathematician conformal mapping is a chapter in the 

theory of functions; to the engineer and physical scientist 
conformal mapping is a working tool for the solution of practical 
problems. Many books are available which discuss the subject 
from the point of view of the theory of functions of complex vari- 
ables. This book is written for those whose principal interest is 
in the practical use of conformal mapping, especially for engineers 
te whom the abstract ideas of function theory are somewhat un- 
familiar. The author’s aim is to give an introduction to the 
geometrical relations of conformal maps and a guide to the practi- 
cal use of this powerful tool. 

The book originated in some lectures given by Betz in 1932, in 
which this approach was tried. Later Dr.-Ing. Irmgard Lotz, 
Dr. Mangler, and Dr. Krohn collaborated in revising and ex- 
panding the treatment to appeal also to students with a mathe- 
matical background. Thus the book proceeds from the geometri- 
cal aspects of mapping to applications of conformal mapping to 
electric-current fields in two dimensions and to applications to 
other fields of physics, and thence to the theory of complex func- 
tions and their application to conformal mapping. 

The eleven chapter headings are as follows: Introduction and 
Simple Examples, Electric Current Fields, Further Examples and 
Consequences, General Considerations, Occurrence of Conformal 
Mapping in Other Fields of Physics, Relation of Conformal Map- 
ping to the Theory of Complex Functions, Mapping by Simple 
Functions, Some Collected Functions, Treatment of Given Map- 
ping Problems, Doubly-Periodic Fields, Free Jets. 

In an appendix the author lists the general methods for solving 
problems in conformal mapping which are treated briefly in the 
text, namely computational methods, graphical methods, and 
experimental methods by means of electric-current fields, by 
means of the Hele Shaw apparatus with two-dimensional viscous 
flow of a fluid, and by means of elastic membranes. There are 
also listed about 70 mapping functions with sketches of the con- 


1 Director, National Advisory Committee for Aeronautics. Mem. 
ASME. 


tours in the two mapping planes and references to the discussion 
in the text. 
The author purposely omits a detailed bibliography, confining 
the references to more extended treatments of matters discussed — 
in the book. 


Engineering Laminates 


ENGINEERING LamMINnaTES. Edited by Albert G. H. Dietz. John 
Wiley and Sons, Inc., New York, N.Y., 1949. Cloth, 6 X 9'/<in., 
illustrated. viii and 797 pp., $10. ¥ 


REVIEWED BY FREDERICK F. WANGAARD? 


F{NGINEERIN G Laminates is a rare type of book bridging a 
large number of apparently unrelated materials such as - 
sandwich-type building panels, laminated timber, plastics-based 
laminates, plywood, clad metal, safety glass, thermostat metals, — 
rubber-based laminates, and plywood. According to the editor, — 
the criteria upon which the inclusion of a composite material has 
been based are its usefulness from an engineering standpoint and — 
a significant difference in properties and uses from its constituents. 
Purely decorative laminates and laminates in which the surface ~ 
material is exclusively a protective coating are omitted. Each of 
the twenty-two chapters has been prepared by a different col- 
laborator especially qualified for his assignment. The contribut- 2 M 
ing staff includes engineers, architects, builders, metallurgists, 
designers, and professors. 
In his Introduction, the editor attributes the growing applica- _ 
tion of laminating principles to the fact that laminated materials 
“combine the properties of their component parts to obtain. com- _ 
posite properties which may be new or unique” and that “they a 
make it easier or less costly to obtain certain properties than is 
possible with ‘solid’ materials.” He illustrates this by pointing 
out that “the behavior of thermostat metals depends on the com- 
bination of dissimilar metals, safety glass owes its value to the 
combination of quite different materials, structural sandwiches 
possess high strength-weight ratios, clad metals combine strong _ 
or inexpensive cores with highly corrosion-resistant faces, lami- i 
nated timbers can be made in sizes and shapes unattainable in 
solid timber, composite decks of timber and concrete combine =— 
the wearing qualities and hardness of concrete with the impact ee 


? Associate Professor of Forest Products, School of Forestry, Yale 
University, New Haven, Conn. Mem. ASME. 
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strength and resilience of wood, and plastics-based and rubber- 
_ based laminates combine strength, flexibility, chemical and elec- 
_ trical properties, and abrasion resistance.”’ 

The first chapter logically presents the mathematical theory of 
_ laminates, including a discussion of Mohr’s circle for the trans- 
_ formation of stress and strain in orthotropic materials; behavior 
_ of laminated plates under pure tension, compression, and shear; 
_ the bending of laminated structural elements such as beams and 
plates; buckling of columns, plates, and shells; and the charac- 
teristics of sandwich-type construction which is a laminated con- 
struction with comparatively heavy and strong faces and a very 
light and weak inner core. 


The second chapter deals with adhesives which have contrib- 


uted so greatly to the extensive use of many of the laminates dis- 

cussed in the remaining portion of the book. Following this 
general introduction come individual chapters devoted to specific 
classes of laminates. The last chapter covers methods of fabri- 


a cating laminates and sandwich materials. 


Throughout the book emphasis has been placed on the engi- 
neering properties of these materials. In many instances, how- 
ever, the discussion is broadened to include manufacturing pro- 
cedures, applications, and economics. This book is a valuable 
addition to the literature on laminates and will be appreciated by 
engineers, architects, and technologists who work with this class 
of materials. 


Partial Differential Equations 
in Physics 


PartiaL DIFFERENTIAL EquaTIONs IN Puysics. By Arnold Som- 
merfield. Translated by Ernst G. Straus. Academic Press Inc., 
New York, N. Y., 1949. Cloth, 6 X 9 in., xi and 335 pp., $5.80. 


REVIEWED BY E. REISSNER? 


O the readers of the JouRNAL or APPLIED MECHANICS 

Arnold Sommerfeld will probably be best known through 
his significant contribution to lubrication theory. Physicists 
and applied mathematicians here and abroad think of Sommerfeld 
as one of the most important figures of this age in their respective 
fields. Beginning with his doctoral dissertation in 1891 he has 
been responsible for a very large number of basic results in 
acoustics, optics, electromagnetic theory, and quantum mechan- 
ics. He also has exerted a dominating influence on the education 
of mathematical physicists all over the world. 

We may briefly outline the scope of the present book as fol- 
lows. The first chapter deals with Fourier series and integrals 
and related topics. A consistent least-squares approach is 

- employed and highly interesting observations are included con- 
cerning the relations between Fourier series, series of spherical 
harmonics, and Taylor series. The second chapter is an intro- 
_ duction to the theory of characteristics of a fairly general class of 
_ second order partial differential equations, to Green’s theorem 
and to Riemann’s method of integration. The third chapter 


3 Professor of Mathematics, Massachusetts Institute of Technology, 
_ Cambridge, Mass. Jun. ASME. 
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deals with boundary value problems in heat conduction. The 
fourth chapter offers a highly instructive treatment of the theory 
of Bessel functions and spherical harmonics. 
is devoted to the theory of characteristic values and orthogonal 
functions that arise in separation of variables methods for partial 
differential equations. 


The fifth chapter 


The sixth and final chapter presents in 


some detail, as a specific application of practical interest, the — 


theory of the propagation of radio waves. 


This reviewer feels at a loss to convey adequately his feelings _ 
with reference to the present book. All he can say is that to him i 


it was a most enjoyable experience to read Professor Sommerfeld’s 
masterful, and because of this, essentially simple, introduction to 
the subject of partial differential equations. A study of this 


book should be most profitable for engineering scientists (and : 
obviously also for mathematicians and physicists) with a back- — 
ground of a good course in advanced calculus and a term’s work — 


in complex variables. 


Such a study will give not only a great 


deal of useful specific information but also, it is thought, an in- 


creased appreciation of the beauty of ‘physical mathematics.” 


Roof Construction of Large Vertical 
Steel Tanks 


STABILITAET DES FUSSRINGES VON RIPPENKUPPELDAECHERN STE- 
HENDER STAHLTANKS (Stability of the Foot Ring of Frame Type 
_ Dished Roofs as used on Vertical Steel Tanks). By Curt F. Kol- 
brunner and Otto Haueter. Published in the ‘Mitteilungen Uber 

_ Forschung und Konstruktion im Stahlbau’’, by A. G. Conrad 
Zschokke Co., Dottingen, Aargau, Switzerland. Bulletin No. 7 
February, 1949. 


REVIEWED By H. J. Maier‘ 


THs paper discusses in mathematical terms the roof construc- 


tion of large vertical steel tanks such as are used for storage of | | 


gasoline and oil. The roofs of the tanks are usually composed of a 
skin of sheet steel mounted upon a framework of structural steel. 
Only at its edge is the roof skin attached to the framework at 
which point it is welded to a circumferential member called the 
“foot-ring.”” 
loading on this foot-ring: 


Case No. 1. The ring is in tension; resultant of all loads on 
the roof is downward. This case exists where loads acting on the 
roof are its weight, snow, and negative internal pressure as is 
sometimes employed intentionally in gasoline storage. 

Case No. 2. The ring is in compression; resultant of all loads 
on the roof is upward. Forces producing this condition may re- 
sult from wind suction and positive internal pressure. 


The paper presents a simplified solution for the dimensions 
required of a foot-ring for a given application, taking into account 
the stiffening influence of the other supporting members of the 
roof truss. 

The publication is the seventh in a series covering such sub- 
jects as strength theories, fatigue strength of welded trusses, and 
bridge construction in general. 


¢ Project Engineer, Lessells and Associates, Inc., Boston, Mass. 
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James Mulherrin Todd, who has been 
nominated to serve for one year as Presi- 
dent of the ASME, was born in St. Mary 
Parish, La., May 25, 1896. Upon graduating 
from the College of Engineering at Tulane 
University in 1918, he enlisted for service in 
World War I, and was sent abroad to En- 
gland and France as an officer in the Engi- 
neer Corps. 


In 1919 his first civilian employment was 
with Penick and Ford as chief engineer of 
their Marrero, La., plant. This was followed 
by service as assistant engineer in consulting 
practice until 1923 when he joined the engi- 
neering staff of A. M. Lockett and Company. 
In 1928 he began private practice as a con- 
sulting mechanical and electrical engineer. 
In 1930 Mr. Todd was given the graduate 
degree in mechanical engineering by Tulane 
University. He is a member of Beta Louisi- 
ana Chapter of Tau Beta Pi. 

Mr. Todd served on the board of the Loui- 
siana Engineering Society for six years, and 
as president of that society for the year 1930. 
He has also been a member of the member- 
ship committee and public-relations commit- 
tee of that society for the past eighteen 
years. 

In 1922 Mr. Todd joined the ASME as a 
junior member, and in 1929 was elected a full 
member. He was manager of the Society 
from 1933 to 1936, vice-president from 1936 
to 1938, and was elected to the grade of Fel- 
low in 1944. He served as chairman of the 
New Orleans Section for three years; as a 
member of the Local Sections Committee, 
and as chairman of that Committee for two 
years. He has been a member of the Soci- 
ety’s Registration Committee, Committee on 
Economic Status of the Engineer, chairman 
of the Membership Committee in Region 
VIII for the past two years, and a member 
of the Board on Honors, serving as chair- 
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man of that Board for the current year. He 
organized student branches of the Society 
at Tulane and Louisiana State Universities, 
and visited on behalf of the Society, many of 
the student branches in Group IV and Re- 
gion VIII. He organized the New Orleans 
Section of the AIEH, serving as its first 
chairman, and is still active in AIEE affairs 
in the New Orleans area. 

During World War II Mr. Todd handled 
the mechanical and electrical problems in 
connection with airfields, shipyards, and 
other important defense work for the Army, 
Navy, and Maritime Commission. He or- 
ganized and served as first president of The 
Officers Town House in New Orleans—a fa- 
cility for the Commissioned Personnel of the 
Armed Forces. 

As vice-president and member of the board 
of The Jefferson Lake Sulphur Company, in 
charge of engineering, Mr. Todd has had 
mining assignments in Mexico, and Central 
and South America, and is recognized as one 
of the leaders in the mining and production 
of crude sulphur. 

He is licensed to practice mechanical and 
electrical engineering in the states of Ala- 
bama, Mississippi, and Texas, and has had a 
part in the effort to bring professional regis- 
tration for mechanical and electrical engi- 
neers to Louisiana. Mr. Todd maintains an 
engineering office specializing in air-condi- 
tioning, power plants, the equipment of large 
buildings and industrial plants, and has been 
responsibile for the design and installation 
of many of the important installations in the 
New Orleans and Houston areas. He is at 
present a member of the Board of Standards 
and Appeals—the administrative agency for 
the building code of the city of New Orleans. 

Mr. Todd is an Episcopalian, and a mem- 
ber of prominent clubs in his city. 
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: STANDARDIZATION COMMITTEE E. C. Hutchinson R. M. Van Duzer, Jr. 
F. Hugh Morehead, (1949) 
F. K. Mitchell (1950) P. V. Miller (1952) . 
Granger Davenport (1951) - H. W. Robb (1953) L. M. K. Boelter Term ewpires 1958 R. J. 8. Pigott 
P. E. Holden R. E. Turner 
SAFETY COMMITTEE 
¢ __E. R. Granniss, Chairman (1951) J. A. Goff — 
. W. Heinrich (1949) J. V. Grimaldi (1952) E. L. Hopping os G. V. Williamson 
J.J. Zeitner (1950) F. J. Graf (1953) 
BOILER CODE COMMITTEE = FREEMAN AWARD COMMITTEE ** 
H. B. Oatley, Chairman 
H. E. Aldrich, Vice-Chairman E. 0. Hutchinson W. H. McBryde 
H. C. Boardman 6 Ot C. O. Myers 
P. R. Cassidy A. L. Penniman, Jr. 
R. E. Cecil D. B. Rossheim 
F. W. Davis D. L. Royer be 
J. H. Deppeler Walter Samans 
A. J. Ely J.F. BOARD ON MEMBERSHIP 
Martin Frisch J. W. Turner A.M.G f. Chai * 
‘ . M. Gompf, Chairman* (1950) 
V. M. Frost 8S. K. Varnes a; A. Keeth (1949) A. C. Pasini (1949) 
W. P. Gerhart A. C. Weigel R. H. McLain (1949) R. B. Purdy (1949) 
W. F. Hess C. W. Wheatley D. W. R. Morgan (1952) 
Honorary Members ADMISSIONS COMMITTEE 
Ww. R. H. McLain, Chairman (1949) 
Durand E. H. Barlow (1950) W._H. Larkin (1952) 
rot : E. R. Fish M. F. Moore L. N. Gulick (1951) re KE. B. Ricketts (1953) 
A. M. Greene, Jr. Cc. W. Obert Advi Memb 
H. LeRoy Whitney Hulse (1949) ere 
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BOARD ON MEMBERSHIP a BOARD ON EDUCATION AND PROFESSIONAL 


D. E. Jahncke, Chairman 
Region Region : C. H. Carman, Jr., Vice-Chairman 


I—W. F. Thompson (1949) V—H. N. Muller (1949) | rer 

II—G. W. Nigh (1950) VI—David Larkin (1950) ‘F. B. Burkhardt 
III—H. P. Harwood (1949) VII—P. L. Armstrong (1949) | 
IV—A. C. Ormond, Jr. (1950) VIII—L. T. Mart (1950) 


MEMBERSHIP REVIEW COMMITTEE a 
R. B. Purdy, Chairman (1949) . ae: BOARD ON PUBLIC AFFAIRS 

. Mz 1950 EB. Ids (1951 


J. B. Armitage 
W. E. Johnson Walsh 
M. X. Wilberding 
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BOARD ON EDUCATION AND PROFESSIONAL — ENGINEERS CIVIC RESPONSIBILITY COMMITTEE 


STATUS 
F. A. Faville, Chairman (1949) 
R. L. Goetzenberger, Chairman* (1949) 2 D. W. R. Morgan (1950) David Larkin (1952) 


S. H. Graf (1949) R. A. Sherman (1949) =p. W. Nordt, Jr. (1951) 8S. M. Dean (1953) 
A. C. Monteith (1949) J. W. Parker (1950) ; re 


G. R. Cowing (1951) 


Sy, 
8. H. Graf, Chairman (1949) 7 


W. G. Christy (1950) J. M. Gallalee (1952) Advisory Members (1949) 
Darrow Sage (1951) M. E. Farris (1953) ol D. Bailey ai _. R. M. Gates 
G. W. Carter H. P. Hammond 
EDUCATION COMMITTEE M. L. Cooke W. E. Johnson 
O. Croft + H. E. Meade 
R. Cowing, Chairman (1950) S. D. Moxley 
M. M. Boring (1949) H. O. Croft OBri 
A. C. Monteith (1951) D. L. Arm W. Parker 
N. C. Ebaugh A. A. Potter 
Advisory Members (1949) L. Emerson E. D. Smith 
T. A. Abbott W. J. King M. J. Evans W. P. Thomas 
C. A. Davis var, E. C. Koerper L. J. Fletcher ‘coe -D. Robert Yarnall 
L.J. Fletcher A. W. Luce 
C. J. Freund K. B. McEachron, Jr. 


8. Granville Smith 
C. L. Tutt, Jr., Secretary 
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7 ARTICLE B7, Par. 1: 


»» nominated by, each respective Region. 


| 

T. A. Fearnside, Boston, Mass. 42 

E. W. Harrington, Providence, R.I., 1st Alternate — 


R. G. Chapman, Burlington, Vt., 2nd Alternate se 


Wo. H. OLpAcrE, Chairman 
R. Kesster, Secretary 


Louis G. Haller, Kingsport, Tenn., 2nd Alternate 


(Except Ontario Section Members) Central Illinois 


NOMINATING COMMITTEE FOR 1949 


The Regular Nominating Committee shall be elected at the Semi- 
- Annual Meeting and shall consist of one member and one or more alternates from, and 


aay Tomlinson Fort, East Pittsburgh, Pa. 
J. W. Brennan, Detroit, Mich., 1st Alternate 
F. F. Borries, Cincinnati, Ohio, 2nd Alternate 


- Venton L. Doughtie, Austin, Tex., 2nd Alternate a 


Sections in Nominating Committee Regions 


Lachman, Stonington, Conn., 8rd Alternate 
Region II 7 Region VI 
Wm. H. Oldacre, Chicago, IIll., Chairman 
Kessler, New York, Secy. G. R. McNeile, South Bend, Ind., 1st Alternate 
W. Smith, New York, N.Y. ist Alternate H. L. Heywood, West Allis, Wis., 2nd Alternate 
=H C. R. Carlson, New York, N.Y. (Resigned) La 
Region III Region VII 
C. Osterman, Elizabeth, N.J. Bertram G. Dick, Portland, Ore. 
We H. Snelling, Washington, D.C., 1st Alternate ik B. Lee, Seattle, Wash., 1st Alternate 
G. McLean, Easton, Pa., 2nd pt nants Herbert I. Chatterton, Everett, Wash., 2nd Alternate 
B. Earle, Clemson, 8.C. A. A. Woodward, Denver, Colo. 
Claude L. Huey, Atlanta, Ga., 1st Alternate Henry B. Atherton, Kansas City, Mo., 1st Alternate 


Boston New London i Akron-Canton Ontario 
Fairfield County Providence ray) ly Cincinnati > Peninsula 
Green Mountain Waterbury Cleveland = Pittsburgh 
New Haven Worcester Dayton West Virginia 
Metropolitan (N.Y.) and Members Outside the United States Region VI sas 


Minnesota 


Central Indiana Nebraska 
Central Iowa Rock River Valley 
Region IIT = >. Chicago St. Joseph Valley 
Anthracite-Lehigh Valley Rochester ; Fort Wayne St. Louis 
Baltimore Schenectady Louisville Tri-Cities 
Buffalo Southern Tier Milwaukee 
Central Pennsylvania Susquehanna 
Philadelphia Syracuse 7 Region VII 
Plainfield Washington, DC. Inland Empire Southern California © 
Oregon Utah 
Region IV San Francisco Mid | Western Washington 
Atlanta Memphis 
Birmingham Piedmont Region VIII >. 
Chattanooga Raleigh Rocky Mountain (formerly New Orleans 
East Tennessee Savannah called Colorado Section) North Texas 
Florida Virginia ae Kansas City South Texas a 
Greenville _- Mid-Continent 
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ASME REPRESENTATIVES ON OTHER ACTIVITIES 


AMERICAN ASSOCIATION FOR THE ADVANCEMENT = : ENGINEERING SOCIETIES PERSONNEL SERVICE, INC. 
oF Hartford—Vice-President of the Corporation and ASME 
Section M, Engineering representative, Metropolitan Advisory Committee a shan i 
F. D. Carvin J. H. Billings C. C. Austin—Chicago Advisory Committee 
H. K. Gandelot—Detroit Advisory Committee Se nee 
| D. Howe—San Francisco Advisory Committee 


AMERICAN DOCUMENTATION INSTITUTE 


ie 


AMERICAN GEOPHYSICAL UNION 
Subcommittee on Permeability 2 nition ENGINEER’S COUNCIL FOR PROFESSIONAL DEVELOPMENT 
B. A. Bakhmeteff 7 OR. L. Goetzenberger (1949) J. W. Parker (1950) _ 


G. R. Cowing (1951) 


R. F. G L. N. Re ley, J 
AMERICAN STANDARDS ASSOCIATION ENGINEERS JOINT COUNCIL 
H. B. Oatley (1949) L. W. Kattelle (1951) 
Poa R. M. Gates, Alternate 
Alternate (1949) James M. Todd, President, Ez-officio 
Committee on Collective Bargaining by Engineers in 
4 . 8. Gotwals on 
G. A. Stetson 
ae Committee on Organization of Engineering Profession ae 


APPLIED MECHANICS REVIEWS W. L. Cisler N. E. Funk a 


Advisory Board P. T. Onderdonk 


R. E. Peterson 
General Survey Committee 


A. C. Monteith 


man JOHN FRITZ MEDAL BOARD OF AWARD 


A. D. Bailey (1949) O’Brien (1951) 
THE ENGINEERING FOUNDATION D. Robert Yarnall (1950) E. G. Bailey (1952) 
W. Jappe (1951) W. A. Newman (1951) 
GANTT MEDAL BOARD OF AWARD 

J. A. Willard (19499) J. M. Talbot (1951) 
L. H. Donnell S. P. Timoshenko H. P. Dutton (1950) red mae gs L. C. Morrow (1952) 


= AN 

DANIEL GUGGENHEIM MEDAL BOARD OF AWARD 
EIC-ASME Joint Conference Committee 


CENTER FOR SAFETY EDUCATION 
E. R. Granniss 


Golumn Research Council 


’ ; F. E. Weick (1949) J. Carlton Ward, Jr. (1950) 
A. E. White, Chairman Robert Lea (1951) 
. B. Armitage . G. Christie 


JOSEPH A. HOLMES SAFETY ASSOCIATION 
J. F. Barkley 


‘Wi 
Oo C. B. Hamilton, Jr. 


ENGINEERING SOCIETIES LIBRARY BOARD HOOVER MEDAL BOARD OF AWARD 


J. 8. Thompson (1949) ceils Theodore Baumeister (1951) S. F. Voorhees (1949) H. N. Davis (1951) 
D. W. R. Morgan 


Engineering Societies Monographs Committee ie ace 


T. R. Olive—Professional Divisions 
JJ. M. Juran—Publications 


— 
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INTERNATIONAL ELECTROTECHNICAL COMMISSION NATIONAL RESEARCH COUNCI aS. 


U.S. National Committee Division of Engineering and Industrial Research 


A. G. Christi i 
ristie Paul Diserens G. A: Hawkins (1951) 


Alternates 
W. E. Caldwell K. M. Irwin ALFRED NOBLE PRIZE 


MARSTON AWARD 
A. A. Potter (1949) 


. UNITED ENGINEERING TRUSTEES, INC. 


K. W. Jappe (1950) R. F. Gagg (1951) 


NATIONAL BUREAU OF ENGINEERING REGISTRATION Warner Seely (1952) 


S. H. Graf 


NATIONAL FIRE WASTE COUNCIL WASHINGTON AWARD COMMISSION 
W. H. Oldacre (1949) T. S. McEwan (1950) 

ean 4 J. A. Neale 
4. 
NATIONAL MANAGEMENT COUNCIL | 


J. K. Louden (1950)—G. M. Varga, Alternate <0 = 
H. B. Maynard (1951)—E. A. MacNiece, Alternate = 
D. B. 


na WORLD POWER CONFERENCE 
Executive Committee, U.S. National Committee i 


THE WOMAN’S AUXILIARY TO THE ASME 


web 0 q The Woman’s Auxiliary to the ASME was organized on May 10, 1923, and its Constitu- : 
- tion and By-Laws was approved by the Council of the ASME on October 27, 1924. The 
4 objects of the Auxiliary are to render service to all that pertains to the interest of the e a 


profession of mechanical engineering; to co-operate with any committees of the ASME; 
to assist the sons and daughters of the members of the Society or worthy students of 
mechanical engineering in obtaining scholarships; and to promote any other objects con- nea = 


sistent with the aims or objects of the ASME. 


OFFICERS OF LOCAL SECTIONS 


President, Mrs. RANDALL B. Purpy 


First Vice-President, Mrs. FranK W. MILLER 


Boston 


Second Vice-President, Mrs. J. Pace HaRBESON, JR. Chairman, Mrs. C. BERRY 
Third Vice-President, Mrs. CHARLES M. Hickox 
Fourth Vice-President, Mrs. A. B. OPENSHAW Chica 
Fifth Vice-President, Mrs. R. R. RoBeRTSoN g0 
Recording Secretary, Mrs. A. M. FELDMAN a : Chairman, Mrs. ALEXANDER CowlE 
Corresponding Secretary, Mrs. J. M. LABRERTON 
Treasurer, Mrs. C. YouNG 
Assistant Treasurer, Mrs. CHARLES GLADDEN Cleveland 
Courtesy, Mrs. F. Gace Los Angeles wer 


Student Loan, Mrs. Harowp E. ErB 
Membership, Mrs. G. E. HAaGEMANN 
"Publicity, Mrs. A. R. 


Chairman, Mrs. H. L. 


Custodian, Mrs. Crospy FIELp Metropolitan 
Chairman, Mrs. H. R. ie 
First Vice-Chairman, Mrs. C. H. Kent 
Secona Vice-Chairman, Mrs. JoHN H. Hocutt 
Third Vice-Chairman, Mrs. F. M. FARMER 
Recording Secretary, Mrs. Gro. A. Lie 


SECTION SPONSORS Corresponding Secretary, Mrs. W. L. 
Treasurer, Mrs. SABIN CROCKER 


Boston—Mrs. Ernest A. LUNDSTROM 

Chicago—Mkrs. A. R. CULLIMORE 
Cleveland—Mkrs. V. M. Frost 

~- Los Angeles—Mrs. Cart F. Kayan 

Metropolitan—Mrs. JOSEPH CALLAHAN 


- 7 Calvin W. Rice Scholarship, Mrs. W. E. Kare 
7 -4 News Letter, Mrs. C. H. Kent 
Ts Expansion, Mrs. WILLIAM M. SHEEHAN 


Philadelphia—Mxs. R. B. Purpy Philadelphi 
Toledo—Mrs. C. H. Youne adciphia 


Chairman, Mrs. G. 8S. GeTHEN 


= 


Toledo 


Chairman, Mrs. Davin C. Frank 
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The following paragraphs deal with the medals, awards, schol- 
arships, and loan funds which come within the jurisdiction of 
the ASME. Other awards available to Student Members are 
listed in Mechanical Engineering, February, 1938, page 183. 
The Society also participates with other engineering societies 
in a number of joint awards. Further details concerning all 
the awards may be obtained from the headquarters of the 
Society. 


Honorary Membership, to which persons of acknowledged pro- 
fessional eminence are elected by unanimous vote of the Council 
under the provisions of the By-Laws and Rules. A list of hon- 
orary members is given on page SR-13. 


Life Membership, which may be conferred by the Council for 
distinguished service to the Society; or secured by a member by 
payment for an annuity in accordance with the provisions of the 
By-Laws. 


ASME Medal, established by the Society in 1920 to be pre- 
sented, together with an engraved certificate, for distinguished 
service in engineering and science. May be awarded for general 
service in science having possible application in engineering. 


Holley Medal, instituted and endowed in 1924 by George I. 
Rockwood, Honorary Member and Past Vice-President of the 
Society, to be bestowed, together with an engraved certificate, 
for some great and unique act of genius of engineering nature 
that has accomplished a great and timely public benefit. 


Worcester Reed Warner Medal, established in 1930, provision 
for which was made in the will of Worcester Reed Warner, Hon- 
orary Member of the Society, is a gold medal to be bestowed, 
together with an engraved certificate, for an outstanding con- 
tribution to permanent engineering literature. 


Melville Prize Medal for Original Work, established in 1914 
by the bequest of Rear-Admiral George W. Melville, Honorary 
Member and Past-President of the Society, to be presented, to- 
gether with an engraved certificate, for an original paper or 
thesis of exceptional merit, presented to the Society by a mem- 
ber for discussion and publication during the calendar year 
previous to the year of award, to encourage excellence in papers. 
Only papers of single authorship are eligible. The medal may be 
presented annually. 


Spirit of St. Louis Medal, established. by an endowment fund 
created in 1929 by citizens of St. Louis, Mo., to be awarded for 
meritorious service in the advancement of aeronautics. This 
medal will be awarded at the discretion of the Council of the 
Society at approximately three-year periods upon the recom- 
mendation of its Board on Honors. 


Spirit of St. Louis Junior Award, established in 1938 by an 
endowment fund created by the General Committee for the 1935 
Aeronautic Meeting in St. Louis; a cash award of $50 and cer- 
tificate made every three years, for the best paper on an aero- 
nautic subject presented at any ASME meeting during the 
three-year period either personally by the author (a Junior 
Member of the Society under thirty years of age) or by a Junior 
Member designated by him, and submitted to the Board on 
Honors within a reasonable period (to be determined by the 
Board) after its initial presentation. 


The Richards Memorial Award, established in 1944, was en- 
dowed by Pi Tau Sigma, national honorary mechanical engineer- 
ing fraternity. It consists of a cash award of $250; an engraved 
certificate; a token as a service reference to the award; and 
a monetary supplement to cover travel expenses to the ASME 
meeting at which the award is to be given. It is presented for 
outstanding achievement in mechanical engineering within 
twenty to twenty-five years after graduation from a regular 
four-year mechanical engineering course of a recognized Ameri- 
can college or university. 


Pi Tau Sigma Medal Award, established in 1938, endowed by 
Pi Tau Sigma, the national honorary mechanical engineering 
fraternity, to be presented annually, together with an engraved 
certificate, and monetary supplement to the ASME meeting at 
which the award is to be given. to a young mechanical engineer 
for outstanding achievement in his profession within ten years 
after graduation from a regular four-year mechanical engineer- 


ing course of a recognized American college or university. Any 


AWARDS 


paper, “aes Technicians or Professional Engineers” 


mechanical engineering graduate, not more than 35 years of age, 
whose achievement has been all or in part in any field including 
industrial, educational, political, research, civic, etc., is eligible. 


Junior Award, annual cash award of $50, established in 1914 
from a fund created by Henry Hess, Past Vice-President of the 
Society, to be presented, together with an engraved certificate, 
for the best paper or thesis submitted during the calendar year 
previous to the year of award by a Junior Member not more 
than thirty years of age. Papers of joint authorship are eligible. 


Charles T. Main Award, annual cash award of $150, established 
in 1919 from a fund created by Charles T. Main, Past-President 
of the Society, to be awarded, together’with an engraved certifi- 
cate, to a Student Member of the Society for the best paper 
within the general subject of the influence of the profession upon 
public life. The exact subject is assigned by the Board on 
Honors, with approval of the Council, and is announced each year 
through the Honorary Chairmen of the Student Branches. 


Student Awards, two annual cash awards of $25 each, estab- 
lished in 1914 from a fund created by Henry Hess, Past Vice- 
President of the Society, to be presented, together with engraved 
certificates, for the best papers or theses submitted by Student 
Members. Awards for 1932 and subsequent years have been given, 
one for undergraduate and the other for postgraduate work. y 


SCHOLARSHIPS AND LOAN FUNDS 


Maz Toltz: Loan Fund of $15,000 established by Major Max 
Toltz, former member of the Council of the Society, the income 
to be used for assistance to Student Members. 

John R. Freeman: Fund of $25,000 established in 1926 by 
John R. Freeman, Past-President of the Society, the income to 
be used for travel scholarships and research. 

Woman’s Auzviliary: Educational Loan Fund offered by the 
Woman’s Auxiliary to the Society to assist sons and daughters 
of members or worthy students of mechanical engineering. 
Calvin W. Rice Memorial Scholarship Fund for students in 
mechanical engineering from South America. 


Cy 
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1948 RECIPIENTS OF AWARDS 


The names of the recipients of the different awards for 1948 
are given in the following list, together with the services or 
papers for which the awards were made. Complete listing of past 
recipients can be found in 1948 Transactions SR-43-SR-46. 


ASME Medal, FREDERICK GEORGE KEYES, eminent in science, 
chemistry and thermodynamics. In recognition for his many 
fundamental contributions to the advancement of mechanical 
engineering 


Holley Medal, E>pw1n HERBERT LAND, scientist, inventor, engi- 
neer, for his great and unique work in polarized light and optics 


Worcester Reed Warner Medal, Epwarp Smiru Cote, for his 
permanent “Contributions to methods of measuring the flow of 
water in conduits and the speed of ships, based on original 
applications of the Pitot tube and the development of the 
Cole pitometer. His life has been devoted to the advancement 
of knowledge in the field of water measurement” 


Melville Prize Medal for Original Work, REGINALD EVERETT 
GILLMoR, for his paper, “The World the Manager Lives In” 


Pi Tau Sigma Medal, WALTER Guipo VINCENTI, for outstand- 
ing achievement in mechanical engineering 


Junior award, Hunt Davis, for his paper, “A Method of 
Correlating Axial Flow Compressor Cascade Data” 


Charles T. Main Award, EarteE DvuANe Stewart, for his 

paper, “The Relation of Invention to Engineering” 7 08) 

Student Awards 


Postgraduate Award, THoMas LAtRD DINSMORE, for his paper, 
“An Experimental Investigation of the Stresses in Eyebars” 


Undergraduate Award, Leroy WILLIAM LEDGERWOOD, for his 
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‘THURSTON, 


The Thurston and Towne Lectures were established in 1925 
to bring to the program of the Society new and stimulating 
thinking on subjects on the borderlines between engineering 
and science on the one hand, and business, management, and eco- 


nomics on the other hand. 

The Thurston Lecture 


The Thurston Lecture, in honor of Robert Henry Thurston, 
the first President of the Society and farseeing leader in science 
and engineering, gives opportunity for a leader in pure and 
applied science to reveal some new development, new research 
or new applicatioa of science that offers promise of engineering 
and industrial use. A certificate is presented to the lecturer. 

The Thurston Lecturers and their subjects have been: 


1925 Title: 


ZAY JEFFRIES, Aluminum Company of America. 
Engineering and Science in the Metal Industry 


(1926 Crecm H. LANpER, Director, Fuels Research Department 
of Scientific and Industrial Research, London, England. 
---- Title: Recent Discoveries in the Science of Coal Utili- 
gation 
1928 WueeLer P. Davey, Professor of Physical Chemistry, 
Pennsylvania State College. Title: The Elastic Properties 
of Materials as Shown by Crystal Structure Investigation 
1931 Epwarp L. THORNDIKE, Professor of Education, Teach- 
ers’ College Columbia University. Title: Psychology and 
Engineering 
1932 W. F. G. Swann, Director, The Bartol Research Founda- 
tion, The Franklin Institute. Title: Recent Advances in 
Physics 
1934 JoHN JOHNSTON, Director of Research, U. S. Steel Cor- 
poration. Title: Some Applications of Science to the 
Making and Finishing of Steel 
1935 CHARLES H. PurRcELL, Chief Engineer. Title: Construc- 
tion Methods and Equipment on the San Francisco- 
Oakland Bay Bridge 
1936 Hartow SHaApLey, Director, Harvard Observatory. Title: 
Ninety Years of Stellar Exploration 
1937 R. Merwin Horn, Photographic Department, Massachu- 
setts Institute of Technology. Title: Seeing the Unseen 
1938 Howarp W. Haaearp, Director of the Laboratory of 
Applied Physiology, Yale University. Title: Physiology 
the Engineer 


The Towne Lecture 


The Towne Lecture is in honor of Henry Robinson Towne, 
President of the Society in 1889, whose paper in 1886 on “The 
Engineer as an Economist” initiated the flow of valuable Society 
contributions on scientific management. The Towne Lecture 
gives opportunity for an outstanding leader in the field of 
management, economics, or business to reveal his experience, 
preferably related to the scientific method in industry or busi- 
ness. A certificate is presented to the lecturer. 

The Towne Lecturers and their subjects have been: 


1925 THe HonorABLe HERBERT Hoover (then Secretary of 
Commerce). Title: The Economic Value of Research in 
Pure Science 

Davis Rich DEwEyY, Department of Economics, Massa- 
chusetts Institute of Technology. Title: The Credit Fac- 
tor in the Structure of Industry 

T. S. Apams, Professor of Political Economy, Yale Uni- 
versity, President, American Economic Association. Title: 
The Relationship between Industry and Taxation—An 
Economist’s Views of a Sound Program for American 
Business in the Field of Taxation 

W. B. DonuaAm, Dean, Graduate School of Business Ad- 
ministration, Harvard University. Title: The Temporary 
Emergency and Twenty-Year Plan 


1926 


1927 
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1932 A. W. Ropertson, Chairman of the Board of Directors, 
Westinghouse Electric and Manufacturing Company. Title: 
The Scientific Approach to Human Affairs 

Davip CUSHMAN CoyYLE, Consulting Engineer, New York, 
N.Y. Title: High Productivity and the Distribution 
Problem 

Dexter S. KIMBALL, Past-President ASME, and Dean, 
College of Engineering, Cornell University. Title: Proph- 
ets and Panaceas 

RatpH E. FLAnpers, Past-President ASME, President, 
Jones and Lamson Machine Company, Springfield, Vt. 
Title: New Pioneers on a New Frontier 

JAMES ROWLAND ANGELL, President, Yale University (now 
retired). Title: Achievements of Westinghouse as Factors 
in our Modern Life 

Earnest A. Hooton, Professor of Anthropology, Curator, 
Peabody Museum, Harvard University. Title: The Simian 
Basis of Human Mechanics, or Ape to Engineer 

GERARD Swope, President, General Electric Company, 
New York, N.Y. Title: Mechanical Engineering—Men, 
Materials and Methods 

CHARLES E. WILSON, President, General Motors Corpora- 
tion, Detroit, Mich. Title: The Great Delusion—Where 
Marx Went Wrong 

H. B. Maynarp, President, Methods Engineering Council, 
Pittsburgh, Pa. Title: The Role of Scientific Manage- 
ment in World Recovery 


1933 
1934 
1935 
1936 
1937 
1938 
1946 


1948 


The Rice Lecture 

The Calvin W. Rice Lecture, founded in 1934, was named to 
honor the man who served as Secretary of the Society from 
1906 to 1934, and to further two ideals he had fostered, namely 
to increase understanding between the engineers of the various 
countries and to stimulate the programs of meetings outside of 
the Annual Meeting in New York, N.Y. Through this lecture 
it was hoped to bring leading engineers and scientists to lecture 
at national meetings outside New York. The lecturer is elected 
a Life Member of the Society. 

The Rice Lecturers and their subjects have been: 


1934 JoHN H. FINtEy, The New York Times, New York, N.Y. 
Title: Dr. Calvin W. Rice’s Contribution to International 
Friendliness 

ApoLF Meyer, Brown, Boveri and Company, Baden, Swit- 
zerland. Title: The Velox Boiler and its Possibilities for 
Plants on Land and Sea 

Hitp1ne TorNEBOHM, SKF Industries, Goteborg, Sweden. 
Title: Modern Tolerance Requirements and Their Sci- 
entific Determination 

=B. Barciay, Consulting Metallurgist, Mond 
Nickel Company, London, England. Title: Some Metal- 
lurgical Contributions to Engineering Progress 

R. E. BALLESTER, Engineer and Director of Irrigation, 
Argentina, S.A. Title: Some Technical and Economic 
Aspects of the Argentine 

K. Y. Cuen, China Defense Supplies, Inc., Washington, 
D. C. Title: What Postwar China Hopes for from the 
United States Engineers 

FRANK MaArTINUZZI, Director of Research, Co-ordinator 
on Gas Turbines, Italian National Research Council, 
Rome, Italy. Title: Continental and American Gas Tur- 
bine and Compressor Calculation Methods Compared 


Each iil receives a certificate and inscribes saan name in 
the lecturers’ roll book. Towne and Thurston lecturers were 
selected from outstanding men known to be coming to the United 
States. All Rice lecturers but one received an honorary doc- 
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torate from an American engineering school. 
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HONORARY MEMBERS IN 
PERPETUITY 


ALEXANDER LYMAN HOo.ttey, Founder of 
the Society. Died 1882. 

JOHN Epson Sweet, Founder of the So- 
ciety. Died 1916. 

RossitER WoRTHINGTON, 
of the Society. Died 1880. 


Founder 


DECEASED HONORARY MEMBERS 


ELECTED DIED 
LEON PRATT ALFORD ....... 1941 1942 
HORATIO ALLEN ........... 1880 1889 
LORENZO ALLIEVI ......... 1937 1941 
Sir WILLIAM ARROL....... 1905 1913 


Sir JOHN AUDLEY FREDERICK 


WILLIAM WALLACE 

Sir BENJAMIN BAKER..... 1886 1907 
EDMUND Bruce BALL...... 1939 1944 
JOHANN BAUSCHINGER . 1884 1893 
Sir HENrY BESSEMER...... 1891 1898 
Sir FREDERICK JOSEPH 

JOHN ALFRED BRASHEAR.,. 1908 1920 
GUSTAVE CANET .......... 1900 1908 
ANDREW CARNEGIE ........ 1907 1919 
DANIEL KINNEAR CLARK... 1882 1896 
Rupo_tpH JuLIuS EMMAN- 

WEE 1882 1888 
HUTCHINSON I. CONE....... 1936 1941 
Sm JOHN COope........... 1889 1892 
MortTIMER ELWyYN COooLey. 1928 1944 
PEPER COORER 1882 1883 
CHARLES DE FREMINVILLE,, 1919 1936 
CARL GUSTAF PATRICK DE 

RUDOLPH DIESEL ......... 1912 1913 
JAMES DREDGE 1886 1906 
VictoR DWELSHAUVERS- 

1886 1913 
Tuomas EDISON..... 1904 1931 
ALEXANDRE GUSTAVE EIFFEL 1889 1923 
MARSHAL FERDINAND FocH. 1921 1929 
Sir CHARLES DovuGLas Fox. 1900 1921 
JOHN RIPLEY FREEMAN.... 1932 1932 
Masor GENERAL GEORGE 

WASHINGTON GOETHALS.. 1917 1928 
FRANZ GRASHOF .......... 1884 1893 
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HONORARY MEMBERS 


ELECTED 
REAR ADMIRAL ROBERT STAN- 
ISLAU GRIFFIN .........- 1920 
Otto HALLAUER .........-. 1882 


CHARLES HAYNES HASWELL 1905 
NATHANAEL GREENE HERRES- 


1921 
FrreprRicH Gustav HErR- 

1884 
Gustav ADOLPH HIrRN..... 1882 
JOSEPH HIRSCH .......... 1889 
Rospert Wootston Hunt... 1920 
BENJAMIN FRANKLIN 

1894 
ALBERT KINGSBURY ....... 1940 
WILLIAM S. KNUDSEN..... 1946 
Hennt LEAUTE 1891 
ErRASMvUsS DARWIN LEAVITT 1915 
HENRI LE CHATELIER...... 1927 
CHARLES THOMAS MAIN.... 1939 
ANATOLE MALLET ......... 1912 
CHARLES H. MANNING..... 1913 
REAR ADMIRAL GEORGE 

WALLACE MELVILLE ..... 1910 
GeorGE A. ORROK......... 1936 


THE HONORABLE SIR CHARLES 


ALGERNON PARSONS ..... 1920 
Sir (STANDEN) LEONARD 

CHARLES TALBOT PORTER... 1890 
EDWIN JAY PRINDLE....... 1939 
Aveuste C. E. RATEAU.... 1919 
Sir Epwarp J. REED....... 1882 
FRANZ REULEAUX ........ 1882 


CALVIN WINSOR RICE...... 1931 


PALMER C. RICKETTS...... 1931 
HenrI ADOLPHE-EUGENE 

1882 
CHARLES M. SCHWAB...... 1918 
JAMES A. SEYMOUR........ 1940 
C. WILLIAM SIEMANS..... 1882 
VISCOUNT EI-ICHI 

1929 
AURRE 1941 
AMBROSE SWASEY ........ 1916 
ELInU THOMSON ......... 1930 
HENRY ROBINSON TOWNE.. 1921 
TREBOA. 1882 
Epwarp N. TRUMP........ 1943 
WILLIAM CAWTHORNE 

1898 
SAMUEL MATTHEWS 

1920 
Henry HaAGue VAUGHAN... 1939 
OSKAR VON MILLER........ 1912 
Francis A. WALKER....... 1886 

Worcester REED 1925 

GEORGE WESTINGHOUSE .... 1897 


Sir WILLIAM HENRY WHITE 1900 


ORVILLE WRIGHT ......... 1918 

Roy V. WRien?........... 1943 
ALFrReD FERNANDEZ 

1914 
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1923 
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1948 
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1919 
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1912 
1944 


1931 


1947 
1910 
1942 
1930 
1906 
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1934 
1934 


1898 
1939 
1943 
1883 


1931 
1942 
1937 
1937 
1924 
1885 
1944 
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1942 
1934 
1897 
1929 
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1913 
1948 
1948 


1932 


LIVING HONORARY MEMBERS 


ELECTED 
WILLIAM LAMONT ABBOTT........ 
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agers 


EXverReTT G. 1947 
M. ALIEN 1944 
Roper? W. 1940 
FRANCIS BLOSSOM 1943 
ReAR ADMIRAL HAROLD GARDINER 

LIEUTENANT GENERAL LeEvIN H. 

ALEXANDER G. CHRISTIE.......... 1946 
WILLIAM FREDERICK DURAND..... 1934 
RatpH E. FLANDERS............. 1946 
Lorp DupLEY GORDON............ 1947 
ARTHUR M. GREENE, JR........... 19400 
FRANCIS HODGKINSON ........... 1947 
HERBERT CLARK HOOVER.......... 1925 
CLARENCE Decatur Howe........ 1941 
JEROME C. HUNSAKER...........- 1942 
DUGALD CALEB JACKSON.......... 1945 
Davip SCHENCK JACOBUS......... 1934 
DEXTER SIMPSON KIMBALL....... 1939 : 
Vicr-ADMIRAL Emory S. LAND.... 1944 
OscaR A. LEUTWILER............. 1948 
GENERAL GEORGE C. MARSHALL.... 1947 
GENERAL ANDREW G. L. 

Irvinc E. MOULTROP........... . 1946 
GRANDE UFFICIALE ING. PIO 

1920 
ANDREY ABRAHAM POTTER........ 1945 
Sir Harry R. RICARDO........... 1942 
Vice-ADMIRAL SAMUEL MURRAY 

Grorce I. ROCKWOOD............. 1948 
Sir WILLIAM ARTHUR STANIER... 1945 
Masor GENERAL WILLIAM H. 

RigHT HoNoRABLE Lorp WEIR..... 1920 
Magor GENERAL CHARLES MACON 


OW 


; 
me 


ASME SOCIETY RECORDS 


LIVING, PRESENT AND FORMER OFFICERS OF THE SOCIETY 


MANAGERS 
PRESIDENTS VICE-PRESIDENTS _ DIRECTORS AT LARGE * 
WILLIAM LaMont 1925-1026 (45th) 1907-1910 


1912-1914 1908-1911 
1927-1929 1924-1927 


* Changed from “Manager” in 1945. 


Terms start in December of first date given. 


IVERSIDGE, HORACE P 
Morton, Roscoe W 
MouLLER, Epwarp 


NAGLER, FORREST 
O’BRIEN, Evcene W.. 
Peck, CLarr B.. 
Prouty, FRANK H... 


SHBEHAN, WILLIAM M..... 
GOS 
Lewis K... 


WEYMOUTH, THOMAS 
WHITTEMORE, HERBERT 
WILKINSON, 


Wricut, PAUL 


1946-1947. (66th) 


1941-1942 


ee 


LIVENG, AND FORMER OFFICERS THE SOCIETY 
(Continued) 


PRESIDENTS 


VICE-PRESIDENTS 


1946-1950 
1948-1950 
1943-1945 
1934-1936 
1938-1940 
1941-1943 


1940-1942 


1942-1943 
1947-1949 


1940-1942 
1948-1950 
1923-1925 


1942-1944 
1935-1937 
1921-1923 
1938-1939 
1923-1925 
1936-1938 
1937-1939 
1934-1937 
1930-1932 


1943-1945 
1924-1926 
1945-1948 
1942-1944 
1920-1922 
1941-1943 
1927-1929 


sae 


MANAGERS 
DIRECTORS AT LARGE * 


eee 


1931-1934 
1935-1938 


1947-1951 


1903-1906 
1947-1951 
1948-1952 
1939-1942 


1944-1945 
1933-1936 


1942-1945 
1913-1916 
1930-1933 


1938-1941 
1924-1927 


1917-1926 


1936-1938 


ALEXANDER LYMAN 


cal Engineers (1882) 


1880-1882 Rosert HENRY THURSTON (1903) 
ErRASMUS DARWIN LEAVITT (1916) 
JOHN Epson (1916) 
JOSEPHUS FLAVIUS HoLLoway (1896) 
CoLEMAN SELLERS (1907) 7 
H. Bascock (1893) 
Horace SEE (1909) 
HENRY RoBiInson TowNE (1924) 
OBERLIN SMITH (1926) 
ROBERT Woouston Hunt (1923) 
CHARLES HaArpING Lorine (1907) 
EcKLEY BRINTON CoxE (1895) 

Epwarp F. C. Davis (1895) 7 
CHARLES ETHAN BILLINGS (1920) 
JOHN Fritz (1913) 
WORCESTER REED WARNER (1929) - 
CHARLES WALLACE Hunt (1911) 
GEORGE WALLACE MELVILLE (1912) 

CHARLES Hitt Morean (1911) 
SAMUEL T. WELLMAN (1919) 
EDWIN REYNOLDS (1909) 
JAMES Mapes Dopce (1915) 


1892 
1893-1894 
1895 
1895 
1896 


HOLLey, 
Meeting for Organization of The American Society of Mechani- 


Chairman of the Preliminary 


1904 AMBROSE SwASEY (1937) 
JOHN RIPLEY FREEMAN (1932) 
1¢- 
“TREASURERS 
ei 
1880—Dec. 1881 Lycureus B. Moore * ous 
Dee. 1881—Nov. 1884 CHARLES W. CoPELAND (1895) 
1884—1925 WILLIAM H. WIteEy (1925) 
1925—1935 ERIK OBERG 
WILLIAM D. ENNIS (1947) 
1944—-date K. W. JAPPE 
be 


‘ 


GEORGE WESTINGHOUSE (1914) 


Ag, 


* Deceased. Year not known. 


_ DECEASED PAST-PRESIDENTS 


Dates in parenthesis denote years of death, 


FREDERICK WINSLOW TAYLOR (1915) 
MINARD LAFEVER HOLMAN (1925) 
JESSE MERRICK SMITH (1927) 


Epwarp DANIEL MEIER (1914) 
ALEXANDER CROMBIE HUMPHREYS (1927) | a 
WILLIAM FREEMAN Myrick Goss (1928) 
JAMES HARTNESS (1934) 
JOHN ALFRED BRASHEAR (1920) 
Ira NELSON (1930) 
CHARLES THOMAS MAIN (1943) | ape. 
MortTIMeR Etwyn (1944) 
Frep J. (1939) 
JOHN LYLE HARRINGTON (1942) 


FREDERICK ROLLINS Low (1936) 
ALEx Dow (1942) 


ELMER AMBROSE SPERRY (1930) 
CHARLES PIEz (1933) 
Roy V. Wriecut (1948) 
ConraD N. LAUER (1943) 
PAavuL Doty (1938) 


SECRETARIES 


Organization Meeting, 1880 SAMUEL S. WEBBER, JR. (1921) 
Acting Secretary, Apr.-Nov. 1880 Lycurcus B. Moore * 
Nov. 1880—Mar. 1883. THos. WHITESIDE RAE (1895) 


1883—1906 FREDERICK R. Hutton (1918) 
7 1906—1934 CALVIN W. RIce (1934) 
1934—date CLARENCE E. DAVIES 


— 
1906 
1912 
1913 
1914 
1915 
1917 
1918 
1919 
1920 
1923 
1924 
1927 
1929 
i 
1934 
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Memes 
HE purpose of Memorial Biographies is to place on alae record the bio- 
3 graphical and professional data relating to deceased members of The American 
- Society of Mechanical Engineers. Hence every effort is expended to insure accuracy 
and to make the memorials as inclusive as is reasonably possible. 


The first source of informatign upon which these notices are based is the Society’s 
file of membership applications and transfers. In the case of the more recent members, 
these application revords are fairly complete. The applications of those who became 
members many years ago, however, contain less detailed data, and in many cases the _ 
sponsors are no longer alive, so that assistance from this source cannot always be 
obtained. If the member has been retired for several years prior to his death, his 
business associates are frequently hard to locate, and, in some cases, members of his | 
family cannot be found. While all these factors add to the difficulty of obtaining _ 
accurate and fairly complete data, every possible source of information is explored, — 
__with the result that publication of the notice is delayed. 


The Committee appreciates and acknowledges the assistance that has been given by 
relatives, business associates, and friends in the preparation of these memorials. It 
also acknowledges its debt to such sources as Who’s Who in Engineering, Who’s Who __ 
in America, and similar publications; the Encyclopedia of American Biography,and | 

the National Cyclopaedia of American Biography; the technical and daily press; 
colleges and universities and their alumni associations; and engineering and other 
societies which have supplied information from their records. 


Recent action of the Publications Committee approved by the Board on Technol- 
- ogy and the Council, has resulted in a decision to abandon the practice of publish- 
ing memorial notices of deceased members in the form used in this section of the 
Society Records. This will be the last group of biographies to appear in this form. 
_ Henceforth, deaths of members and important biographical data will appear in” 
~ Mecuanicat ENGINEERING in much briefer form, but within a month or two of the 


date of death. 


Relatives, business associates, and Section and Student Branch officers are urged © abs: 


to notify the Society promptly of the deaths of members. Newspaper clippings or 
obituaries in any other form should be sent immediately whenever available. wc 
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Memorial Biographies in This Issue 


(With Year of Birth and Death, and Page Reference) 
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HerBert THoMas ABRAMS) 1861-1940 SR-19 Epwarp W. Kun 1 1882-1948 
FREDERICK CLARKE ADAMS 1923-1947 SR-19 Lester Lee Krart 1896-1947 
Ray GERARD AURIEN biol 1895-1948 SR-19 Frep Prescotr 1874-1940 
GrEorRGE FREDERICK BATEMAN 1886-1948 SR-19 Harotp Gorpon 1896-1940 
LAURENCE VINCENT BENET 1863-1948 SR-20 Dona.tp Bruce MAHLER 1917-1947 
Crayton Oscar BiILLow { 1860-1945 SR-20 James H. McGraw ai te 1860-1948 
ArtTHuR Henry BLAcKBURN 1863-1940 SR-20 McK&y 1868-1940 
GILBERT FREDERICK BOLGIANO 4889-1947 SR-20 Quincy LupLow Morton 1880-1940 
J. Francis BooraEM “ 1869-1947 SR-21 Prrcy NIcHOLuis 1870-1942 
Jutius F. BRENZINGER 1867-1947 SR-21 WesTeRVELT NicHOLS 1870-1940 
Austin Buck SR-21 Earv Francis OGDEN 1916-1940 
James BURKE 9873-1940 Percy Tapert OLpHAM 1890-1948 
Rosert TURNBULL BuRWELL SR-22 Martin E. Popkin 1891-1940 
Horace CARPENTER 1874-1945 SR-22 James ALEXANDER PoWELL 1888-1948 
CHRISTIANSEN 2 SR-22 Howarp W. Price on 1888-1940 
Peter J. CLARK 1882-1947 SR-22 Mervyn ALEcK ap Ruys Pryce tee 1905-1940 
Joxun ALoystus CoLLins 1872-1947 SR-23 Net. Pyster 1871-1947 
GEORGE GRISWOLD CoTTon 1854-1940 SR-23 Earu J. W. RacspALe 1885-1946 
Howarp PARTRIDGE CRANE AED 1895-1947 SR-23 Tuomas Francis RatTaiczaK 1882-1940 
ARTHUR CHARLES Davis 1889-1940 SR-23 Louis REBER risigt 1858-1948 
RicHARD FRANKLIN Davis 1901-1948 SR-24 Joun Francis RHOADES 1884-1947 
Howarp WALKER DeExtTER, JR. 1902-1948 SR-24 Rosert L. Rockwe.u 1886-1948 
JuLes DiERcKx 1871-1948 SR-24 Geismar RoTHscHILp 1908-1940 
WILLIAM FarRELL DoucutTy 1876-1946 SR-24 Max Rortrer 1867-1940 
MILLARD CLAYTON ERNSBERGER 1862-1940 SR-24 Harry Metvin 1879-1940 
Epwarp R. Fricut to 1881-1948 SR-25 MatrHew SAALFRANK 1863-1944 
I. FosteER ah 1888-1940 SR-25 Epwarp Tatum STREET ae aul 1884-1948 


BensAMIN C. GARBETT 
= 1895-1948 SR-25 RoGer VERNON TERRY bors 1898-1948 
GErorRGE GIBBS 1861-1940 SR-25 Tuomas O. THompson, Jr. 1915-1944 
WarRREN BLAKE GODDARD hie 1917-1947 SR-26 Lynpon Sanrorp Tracy 1875-1943 
Tuomas MacLEeNATHEN GOODRICH 1885-1947 SR-26 JosepH LEONARD TRECKER 1902-1947 
Wiiu1am Hamitton hye 1867-1948 SR-27 Sysren Ruvurp TyMsTRA 1884-1948 
ALBERT WILHELM HAPPEL 1882-1947 - SR-27 THeropore Wacus | 1886-1948 
GrorGE Fiske Harpy 1865-1947 SR-27 ARDEN WALDRON Bt 1864-1939 
Ernest artt 1872-1948 SR-27 Ortro WECHSBERG 1881-1948 
GerorceE Luke Hoxis 1872-1946 SR-28 Hersert ALBERT WEISS  1889- 1948 
JoHN PricE JACKSON 1868-1948 SR-28 Raymonp Epcar WHITE 
WALTER FRaANcIS KEENAN, JR. 1885-1940 SR-29 GrorGe WASHINGTON WILDIN 1868-1939 
THEODORE Kipp rik 1880-1941 SR-29 FREDERICK NEWTON WILLSON ine 1855-1939 
Avueust CLARENCE KLEIN 1887-1948 SR-29 Dwicut Forrest WINDENBURG (1895- 1947 
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HERBERT THOMAS ABRAMS (i861- -1940) amd 


Herbert Thomas Abrams, retired consulting engineer, died at his 
home in Orange, N. J., on Nov. 10, 1940. 

He was born at Croton Falls, N. Y., on May 2, 1861, son of Thomas 
Griggs and Harriet Priscilla (Wiles) Abrams, and attended the Jack- 
son Military Institute and the Amenia (N. Y.) Seminary. His early 
training was with James F. Lewis at Quinnemont, W. Va., and Ferrol, 
Va., in the manufacture of pigiron. In 1882 he went with the Shapa- 
roon Iron Works at Dover Furnace, N. Y., and in 1884 both he and 
Mr. Lewis (a member of the ASME from 1887 until his death in 1901) 
became associated with the Rand interests. 

Mr. Abrams entered the employ of the Rand Drill Company at its 
Freeland Tool Works in New York and two years later was doing 
general office and sales work at its New York office. In 1893 he was 
acting branch manager in the Chicago, Ill., office. From 1894 to 1905 
he was again in the New York office, developing pneumatic systems of 
pumping, and he was secretary (1895-1900) and treasurer (1900- 
1905) of the Pneumatic Engineering Company, one of the company’s 
branches. 

Upon consolidation of the Rand Drill Company and the Ingersoll- 
Sergeant Drill Company in 1906 under the corporate name of the 
Ingersoll-Rand Company, he became manager of the pneumatic 
pump department and calyx drill department, specializing in 
pneumatic pumping systems and deep-hole drilling, principally in 
connection with mining, quarrying, and general sounding work. 
After 47 years of service with the Rand companies, Mr. Abrams re- 
tired in 1931. 

He had been a member of the ASME since 1901. He was a trustee 
of the First Church of Orange (Presbyterian) and a member of the 
nonpartisan Board of Education of Orange (elected in 1907). 

His wife, Anna Josephine (Mead) Abrams, a native of Somers, 
N. Y., whom he married in 1888, died in 1937; four sons, Lawrence 
Brundage, Thomas Griggs, Staats Mead, and Herbert Thomas 
Abrams, Jr.; and two daughters, Mrs. S. H. Painter and Mrs. H. W. 
Arrowsmith, survived him; also a brother, Percy Ray Abrams, and a 
sister, Mrs. Charles A. James (who has since died). 


FREDERICK CLARKE ADAMS (1923-1947) 


Frederick Clarke Adams was born in Toronto, Ont., Can., on April 
7, 1923, son of Isaac and Winnifred Olive (Smith) Adams. He 
attended the Howard Park Public School and Western Technical 
School in Toronto and the Faculty of Applied Science and Engineering 
of the University of Toronto, receiving the BASc. degree from the 
university in 1945. 

Following his graduation Mr. Adams was employed by A. C. Wick- 
man (Canada) Ltd., Toronto, for engineering work on a hydrogen- 
gas producing plant. In October, 1946, he joined Imperial Oil 
Ltd., Leaside, Ont., Can., as an industrial salesman and at the time 
of his death was stationed in Peterborough, Ont., Can. 

Mr. Adams was a student member of the ASME while in college 
and became a junior member in 1945. He also belonged to the 
Association of Professional Engineers of the Province of Ontario. 

He was killed in an automobile accident on September 5, 1947. 
Surviving him were his mother and a sister, Ruth. 


RAY GERARD AURIEN (1895-1948) 


Ray G. Aurien, with the American Steel Foundries of Chicago, IIl., 
since 1929, died at his home in Evanston, IIl., on Feb. 5, 1948, after 
an illness of several months. 

Mr. Aurien was born in St. Louis, Mo., on Aug. 21, 1895, son of 
Charles Aurien and Louise (Opel) Aurien. He attended St. Louis 
University and Columbia University for one year each. After com- 
pleting his education, he went into the employ of the American Brake 
Company as a draftsman, designer, checker,.and traveling engineer, 
remaining there from July, 1913, to May, 1929. 

In 1929 he accepted a position with the American Steel Foundries, 
eventually becoming assistant chief mechanical engineer of that 
organization. 

He was a member of Beacon Lodge Number 3 (Masonic), St. Louis, 
Mo. 

Mr. Aurien became a member of anhes in 1944, 

He is survived by his wife, Grace. 
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GEORGE FREDERICK BATEMAN (1886—1948) 


wh 


George Frederick Bateman, dean of the school of engineering, The 
Cooper Union, New York, N. Y., died suddenly on Jan. 29, 1948. He 
was born in Halifax, England, on July 4, 1886, son of Frederick and 
Annie Bateman. After attending the local schools he spent three 
years at practical work in power plants. He accompanied his family 
to New York, N. Y., in 1903 and entered The Cooper Union day 
course in engineering. He spent his summers in testing and power- 
plant work. He was graduated in 1907 with a BS in electrical and 
mechanical engineering and was immediately appointed to the teach- 
ing staff of The Cooper Union day and night schools, serving as an 
instructor in the departments of physics, and electrical and mechanical 
engineering. During the early years of his teaching he engaged in 
electrical and mechanical-engineering test work. He became a mem- 
ber of the ASME in 1921. 

The first World War interrupted his teaching activity at The | 
Cooper Union; for the period of the summer vacation of 1917 he 
joined with Professors Lucke and Parr of Columbia University in 
serving as one of the three civilian volunteer instructors on the staff of 
the U.S. Navy Gas Engine School at Columbia University. In 1917 
he received his ME from Columbia University. In May, 1918, he 
was enrolled as lieutenant (j.g.) in the U. S. Navy and detailed to 
duties in the training of engineer officers at the U. S. Navy Steam En- 
gineering School, Stevens Institute of Technology, Hoboken, N. J. 
While there, he was in charge of the department of propulsion ma- — 
chinery and later of the advanced course, being promoted to the grade 
of lieutenant. He also organized and took charge of a field staff of in- 
vestigators in marine engineering for the collection of practical data 
and information for class purposes, and of an editorial staff for editing 
the subject matter given in the entire school. ; 

In 1919 Dean Bateman returned to The Cooper Union as assistant _ 
professor of mechanical engineering to develop the mechanical-engi- 
neering department which was then a part of the electrical-engineering 
department. In this connection new classroom subjects were in- 
augurated and the scope of the laboratory work extended. A re- 
frigeration laboratory was installed, followed by the instruments and 
auxiliaries laboratory and the enlargement of the steam and internal- _ 
combustion-engine laboratories. 

In 1925 he was appointed professor of mechanical engineering and 
was placed in charge of the department. He was chairman of many ~ 
important faculty committees. 

He was the author of the mechanics problems for Hartmann’s 
‘‘Mechanics,’’ and the problem book for Hartmann’s ‘Heat and 
Thermodynamics.” In addition, he was the author of the ‘‘Mechanical 
Engineering Laboratory Manual” used at The Cooper Union. 

In April, 1932, two days after the death of Dean Hartmann, the 
Trustees appointed him acting dean, and in May, 1933, he was 
appointed dean of the school of ehgineering. 


He was a staunch advocate of the need for the humanities for en- _ ; 


gineering students and introduced these humanities subjects into the 
engineering curricula of The Cooper Union. 

Throughout the busy years of his teaching activity he was an active 
member in professional societies, clubs, and alumni associations. He 
was a member of the council of the American Society for Engineering 
Education, United Engineering Societies Library Board and Execu- 
tive Committee, Standing Committee on Professional Recognition of 
the Engineers’ Council for Professional Development, Committee on 
Abbreviations of the American Standards Association, “Advisory 
Committee on Biography of the ASME, and Publications Committee 
of the ASME, being chairman in 1939. He was an active member of 


the ASME, the American Society for Engineering Education, New _ 


York Electrical Society, the Newcomen Society, and the Tau Beta Pi. © 

He was a fellow in the American Association for the Advancement of — 

Science, director of the New York Electrical Society over the years, _ 
1940-1947, and president of the latter group for the years 1944-1946, 
being the first president to hold office for more than one year. He was 
chairman of the Survey Committee of the Barstow Award for the | 
New York Electrical Society, and chairman of the Committee on 


Meetings of the Middle Atlantic Section of the American Society for _ 


Engineering Education. 


Well known were his activities in the Century Association, and the _ * : 
Grolier, Engineers’, and Columbia University Clubs. He wasalways _ 


actively connected with Cooper Union alumni affairs, having been a 
charter member of The Cooper Union Day Alumni Association, and its fe 
first secretary from 1907-1914. ad al : 
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Dean Bateman’s interests beyond engineering were catholic. He 
was a devotee of the theater, concert stage, and opera. His knowledge 
of fine foods and wines procured a reputation for him as a gourmet 
and his advice on these matters was frequently sought by his friends. 

He made annual trips to Europe during the period from 1927-1938, 
as necessary relaxation after his strenuous scholastic, administrative, 
and professional duties. His tours of Europe were made on a specially 
constructed bicycle incorporating many of his own designs. 

His chief hobby was book collecting, and his library on many di- 
versified topics was extensive. He was particularly interested in books 
on travel and he acquired almost a complete set of Baedeker’s Guides, 
in addition to other valuable early American and English books on 
travel, his collection numbering thousands of guides, bulletins, maps, 
and topographical descriptions and data. 

Dean Bateman is survived by his widow, Mildred S. (Wolf) Bate- 
man, registrar of The Cooper Union, whom he married in 1937, and 
one sister, Mrs. Gladys Mitchell. 

Those who were his classmates have lost a companion. Those who 
were his students have lost an inspiring teacher and leader, exemplify- 
ing all of the best in the engineering profession. Those who were his 
associates and those who knew him as an administrator have lost an 
understanding professional aide. All have lost a friend. 

{Memorial biography prepared by HerBErtT F. RorEMMELB®, Head of the 
Division of Industrial Relations, The Cooper Union for the Advance- 
ment of Science and Art, New York, N. Y. Mem. ASME.] 


LAURENCE VINCENT BENET (1863-1948) 


Laurence Vincent Benet, honorary president, La Société Hotchkiss 
et Cie, Paris, France, internationally known engineer and inventor of 
refinements and improvements to the Hotchkiss machine gun, died on 
May 21, 1948, in Washington, D. C., where he had lived since his re- 
tirement in 1936. 

Mr. Benet was born at West Point, N. Y., on Jan. 12, 1863, the son 
of Brig. Gen. Stephen Vincent Benet, one-time Army Chief of 
Ordnance, and Laura (Walker) Benet. He was educated at the 
Emerson Institute in Washington, D. C., and received a PhB degree 
in 1884 from the Sheffield Scientific School, Yale University. 

After graduation he left the United States for France to begin an 
association with the Hotchkiss Company which was to last almost a 
half century. He started as an ordnance engineer and was promoted 
to positions of responsibility until he was made managing director in 


1902, and in 1920, vice-president and managing director. After his 
retirement Mr. Benet was named honorary president. 
He returned to the United States only for brief periods. During the 


Spanish-American War he served as an ensign in the U.S. Navy. In 
1914, when World War I broke out, he helped to found the American 
Ambulance and Hospital Service and worked with that organization 
through 1917. He was a member of the advisory staff of the Pur- 
chasing Board, AEF, 1917 to 1918. 

For these and other services he was honored by various govern- 
ments. Among the honors conferred upon him, Mr. Benet was a 
Commander of the Legion of Honor (France), a Commander of the 
Military Order of Christ (Portugal), a Commander of the Crown 
(Rumania), and an Officer of Osmania (Turkey). 

Mr. Benet in 1927 presented to the U. S. Military Academy, West 
Point, N. Y., a pair of flintlock pistols once owned and used by 
Napoleon I. 

He became a member of ASME in 1892. He also belonged to the 
U. S. Naval Institute, the Yale Engineering Society, and to the In- 
génieurs Civiles de France. He wrote several monographs on interior 
and experimental ballistics. 

In 1899 he married Margaret Cox of Washington, D. C., who died 
July 20, 1941. Best known of his family are his nephews, William 
Rose Benet, author, and the late Stephen Vincent Benet, poet, who 
died in 1943. 


CLAYTON OSCAR BILLOW (1860-1945) 


Clayton Oscar Billow, retired consulting engineer, died on March 
19, 1945. He was survived by his widow, Helen (Parker) Billow, 
whom he married in 1887, and by a daughter, Virginia Billow, resi- 
dents of Wilmette, Ill. A son died in infancy. 

Mr. Billow was born at Shelby, Ohio, on June 14, 1860, son of David 
and Susan (Tressler) Billow. He attended public schools in Shelby, 
and began work in Colorado in 1879 as chainman and rodman. Field, 
shop, and office work in various engineering activities fitted him for 
the position of executive officer of the Champion City Oil Company in 
1884. This company was subsequently absorbed by the Standard Oil 
Company, and in 1885-1886 Mr. Billow assisted in the conduct of 
tests of petroleum as fuel at the No. 1 works of that company in Cleve~- 
land, Ohio. 

In 1888-1889 he was general western eal of the Pasteur 


Chamberlain Filter Company, St. Louis, Mo., and then he and his 
brother, Elmer E. Billow, organized the National Supply Company, 
Chicago, Ill. He was secretary and treasurer of the company, and also 
carried on an extensive practice in consulting engineering. 

In 1892-1893 he was assistant mechanical engineer for the Colum- | 
bian Exposition in Chicago, and designed, installed, and operated > 
what was at that time the largest boiler plant in the world fired ex- 
clusively with fuel oil, comprising some sixty boilers. Many such 
power plants were later designed and installed by him. His installa- 
tions at the Columbian Exposition and at the Louisiana Purchase Ex- 
position in 1904 won high awards. 

He was. codesigner and inventor of the Billow system of fuel-oil- | 
burning appliances, including furnaces, forges, kilns, and ovens. 
He wrote and lectured on the subject for some years. 

Mr. Billow became a member of the ASME in 1914. He also be- 
longed to the Western Society of Engineers, The Society of American > 
Military Engineers, The Franklin Institute, and American Association i 
for the Advancement of Science, and to the Union League and engi- — 
neers’ clubs, Chicago. He was past-president of the Ohio Society of 
Chicago, and belonged to the Sons of the American Revolution, and | 
Masonic Veterans Association of Illinois. He was past grand sov- 
ereign of the Grand Imperial Council of the Red Cross of Constantine, 
U. S. A., a Shriner and Knight Templar, and a member of the Pi 
Gamma "Mu fraternity. He belonged to the Lutheran church. 


ARTHUR HENRY BLACKBURN (1863-1940) 


Arthur Henry Blackburn was born in Horsforth, Yorkshire, Eng- 
land, on Aug. 29, 1863, the son of Henry Webster and Caroline 
Jemina Blackburn. He was educated in the schools of Horsforth and. — 
the science department of South Kensington University, London. 

From 1879 to 1884 he did general and hydraulic-engineering work — 
for Tannett Walker and Company, Leeds, and during the next two 
years was draftsman for the company. 

Mr. Blackburn came to the United States in 1886, and was first. 
employed as superintendent of a cottonseed-oil mill at Madison, Fla.; 
then he designed and erected machinery for the Reading Iron Works, | 
Reading, Pa., and the Pusey and Jones Company, Wilmington, Del. — 
Returning to England in 1890, he was employed by E. Green and Son, 
Ltd., Manchester, as assistant manager until 1893, when he again | 
came to this country. For some years he was treasurer and manager 
of the Fuel Economizer Company, Matteawan, N. Y., and its suc- 
cessor, the Green Fuel Economizer Company, Beacon, N. Y. During 
the first World War he became consulting engineer for The Under- 
Feed Stoker Company of America, manufacturers of the Jones under- 
feed stoker. After a time he took a more active part in the company 
as assistant manager and chief engineer, with office at Detroit, Mich., 
in the early 20’s, and he continued with the company when it was ac- 
quired by the Sanford Riley Stoker Company, Worcester, Mass., in 
1922. Two years later, when the two companies were merged as the ~ 
Riley Stoker Company, he was held in the capacity of assistant 
manager. Subsequently he was made assistant sales manager, and 
continued to serve the company in that position until ‘his death on 
January 27, 1940, at his home in Worcester. 

Mr. Blackburn was elected a member of the ASME in 1894, “a. 
served on the Executive Committee of the Worcester Section, 1934—_ 
1936. He was also a member of the Worcester Mechanics Associa- _ 
tion, Worcester Country Club, and masonic fraternity, and had been © 
a member of The Institution of Mechanical Engineers and the Ameri- 
can Foundrymen’s Association. He wrote many articles for trade i 
publications. 

He married Miss Emilie Bever, of Bradford, England, in 1893; 
her death occurred in 1945. Two sons, Charles Henry Blackburn, | 
Park Ridge, N. J., and Godfrey Cecil Blackburn, Worcester, Mass., 
survive them. 


GILBERT FREDERICK BOLGIANO (1889-1947) 


Gilbert Frederick Bolgiano, engineer, died on Nov. 16, 1947. He oe 
was born in Baltimore, Md., March 12, 1889, the son of Gilbert _ 
Cassard and Emma Elizabeth (Luthardt) Bolgiano. 

He was educated at the Baltimore Polytechnic Institute, and was — 
graduated with an engineering diploma in 1908. From 1908 to 1909 he 
served an apprenticeship in the Repair School of the National Cash — 
Register Company, Dayton, Ohio. After completing his training he — 
worked for two years as a manual-training instructor in the Baltimore 
public schools. 

For the next three years he was employed in Chicago, Ill. First, he 
was draftsman and designer for the Illinois Central Railroad Com- 
pany; and later, as draftsman with the Water Pipe Extension De-— 
partment, City of : 
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In 1913 he moved to Baltimore, Md., and joined the Wilson-Malt- 
man Electric Company as electrical engineer and estimator for elec- 
trical contracting work, such as: plant wiring, street lighting, and 
switchboard construction. In 1916 he began a connection which was 
to last twenty-three years with the Bartlett Hayward Division, The 
Koppers Company. He was superintendent of machine-shop and tool 
design and later he was made valuation engineer, assigned to valuating 
fields for gas plants in Washington, D. C., Maryland, and New York. 
From 1923 to 1924 he was located in New York, N. Y., while working 
on inspection of fields and the preparation of the data in rate case. 
When this work was completed he returned to New York where he re- 
mained until 1937, and was in charge of field and office work in con- 
nection with the appraisal of gas properties of all the utilities in New 
York, N. Y., and Long Island, working directly for Col. Alten S. 
Miller, than vice-president of the Bartlett Hayward Division. 

In 1937 he joined Day and Zimmermann, Inc., Philadelphia, Pa., 
and was assigned to the reports and appraisal division until 1940, 
when he was transferred to Burlington, Iowa, at which time Day and 
Zimmermann took over the operation of the Iowa Ordnance Plant, 
until the plant was returned to the United States Ordnance Depart- 
ment in January, 1946. While there he was assistant division manager 
of the Components Division, rising to the position of chief engineer for 
the division. There was a reorganization in June, 1943, and the en- 
gineering deparments for the Shell and Bomb, Components, and Struc- 
ture Divisions were combined under the Engineering Department, and 
Mr. Bolgiano was placed in charge of this new department with the 
title, chief of plant engineering. 

He became an associate member of ASME in 1924; member in 
1935. He was registered on the permanent official roster of ‘‘Ammu- 
nition- Know-How” of the U. S. Army. He also belonged to the 
Burlington Executive Club. He was a member of the Lutheran 
Church of the Redeemer in Baltimore, Md., at the time of his death. 
He is survived by nis widow, Mrs. Mary Smaw Bolgiano. 


J. FRANCIS BOORAEM (1869-1947) 


J. Francis Boofaem, consulting engineer and inventor. died in 
Greenwich (Conn.) Hospital after a brief illness on Oct. 9, 1947. 

He was born in Jersey City, N. J., on July 27, 1869. A son of the 
late John Van Vorst and Elizabeth (Wreaks) Booraem, he was named 
after his great-grandfather, Dr. John Francis Vacher, personal surgeon 
to General Lafayette during the American Revolution. 

After spending six years at the Polytechnic Institute of Brooklyn, 
he went to Sibley College, Cornell University, receiving degrees in 
mechanical and electrical engineering in 1891. 

He served his apprenticeship at the Henry Worthington Pump 
Company, where he engaged in research work, and was given the op- 
portunity to gain his drafting experience. He then served in the en- 
gineering department of Havemeyer and Elders, sugar refinery, where 
he helped to simplify the methods of washing and refining sugar. 

In 1894 he was made executive director and engineer of the Ameri- 
can Enamel Brick and Tile Company. There he developed a means of 
reducing kiln-firing periods from 700 to 300 hours. He remained with 
this organization until 1930. At the same time he served as a con- 
sulting engineer in the development of swimming pools, and dirécted 
the construction of nearly 500 swimming pools, including year-round 
outdoor pools protected from frost by his own patents. He was the 
inventor and original developer of the ‘‘cinch’’ anchorage system for 
stone and concrete. He retired from active business in 1939. 

He was a veteran of Squadron A, of the New York National Guard; 
and also belonged to the Sons of the American Revolution. 

Mr. Booraem became a junior of ASME in 1895 and was advanced 
to full membership in 1906. 

He served as treasurer and trustee of the First Presbyterian Church 
of Greenwich (Conn.) for many years. 

Surviving are his widow, Alice Robert Booraem; three daughters, 
Mrs. Thomas B. Walker, II, of Portsmouth, N. H., and the Misses E. 
Dorothy and Marguerite A. R. Booraem of Greenwich, and a brother, 
Alfred W. Booraem of Clinton, N. J. 


JULIUS F. BRENZINGER (1867-1947) 


Julius F. Brenzinger, inventor and pioneer in the development of the 
tin can, died on Sept. 6, 1947, at his home in Fairfield, Conn., after a 
brief illness. 

Born on Dec. 23, 1867, in Donaueschingen, Germany, son of August 
Brenzinger and Christina Brenzinger-Frey, he attended the technical 
school in Karlsruhe, Baden, Germany, served a three-year apprentice- 
ship, and served for three years in the engineer corps of the German 
army before coming to the United States in 1892 at the request of Max 
Ams. His early experiments in double-sealing tin cans for the 


Company, until 1894, 
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Street in New York, N. Y., were regarded by many as highly imprac- 
tical, and growth of the new industry was slow. However, he and his 
associates persisted in their conviction of the merit of their product, 
and, by 1910 the Max Ams Machine Company, which had moved to 
Mount Vernon, N. Y., in 1903, was a going concern. It moved to 
Bridgeport, Conn., in 1915, at which time the Brenzingers took up 
residence in Southport, Conn., later moving to Fairfield. Mr. 
Brenzinger served the company as vice-president until his death. The 
book by Earl Chapman May entitled ‘‘The Canning Clan,”’ depicts 
the details of the growth of the industry and devotes a chapter to the 
work of Mr. Brenzinger and his company. 

A yacht enthusiast, he was a member of several yacht clubs, in- 
cluding the Pequot (Connecticut), the Harlem (New York), and the 
Algonquin (Bridgeport). 

He had been a member of ASME since 1915, and served on the 
executive committee of the Bridgeport Section in the years 1935-1937. 
He was a naturalized citizen of the United States. 

Surviving him are his widow, Marie M. (Miller) Brenzinger, for- 
merly of San Francisco, Calif., whom he married in 1905, a sister, 
Bertha, and a nephew, William Brenzinger of Baden, Germany. 


CHARLES AUSTIN BUCK (1867-1945) 


Charles Austin Buck, former vice-president of the Bethlehem Steel 
Company, who played a prominent part in the development of its raw 
materials branch, and a director of the Bethlehem Steel Corporation, 
died July 13, 1945, in St. Luke’s Hospital, Bethlehem, Pa. 

Mr. Buck was born in Bucksville, Bucks County, Pa., on March 14, 
1867, the son of Alfred Nichplas and Helena (Buck) Buck. He was 
graduated from Lehigh University in 1887 with a BS degree in chemi- 
cal engineering. In 1932 the University conferred on him an honorary 
degree of doctor of engineering for his outstanding work in the steel 
industry. 

On July 1, 1887, he started as an assistant chemist for the old 
Bethlehem Iron Company, the steel company’s predecessor. After a 
year as chemist for a subsidiary iron company in Cuba, he returned 
to the main office, where he was made superintendent of blast fur- 
naces in addition to his chemist’s duties. 

He served in that capacity until 1905. From 1906 to 1908 he was ° 
assistant general superintendent of the Bethlehem plant of the com- 
pany, and for the next five years was general superintendent. in 1913 
he was made vice-president in charge of raw materials, a position he 
held until 1940, when he became consultant vice-president to the raw 
materials department. He retired on Jan. 1, 1942. 

Mr. Buck was president at the time of his death of several sub- 
sidiary companies of Bethlehem Steel. He was well known for his 
engineering work in Chile and Venezuela, where he played a leading 
part in the development of the iron-ore industries. He was also 
prominent in the development of the Cornwall, Pa., iron mines, and 
had acquired many quarry properties and coal mines for the company. 

During the first World War Mr. Buck was a member of the Commit- 
tee of Five of the War Industries Board, on which he was a key figure 
in the search for raw materials. He also served on tariff commissions 
as a representative of American industry. Since 1933 he had been a 
lecturer on raw materials procurement in the chemistry department of 
Lehigh University. 

Mr. Buck was a member of the ASME, 1918; of the AIMME; and 
of the American Iron and Steel Institute. 

He married Josephine Martha Ranky who died Jan. 7, 1925. Sur- 
viving are five sons, Leonard J., Far Hills, N. J., Richard J., Walter S., 
and Louis A., all of New York, N. Y., and Robert O.; two daughters, 
Mrs. Justin C. O’Brien of New York, N. Y., and Mrs. Edward J. Fox, 
Jr., of Easton, Pa., and 18 grandchildren. 


JAMES BURKE (1873-1940) 


James Burke, inventor and consulting engineer, retired chairman 
of the board of directors of the Burke Electric Company, Erie, Pa., 
died at his home in that city on Jan. 21, 1940, at the age of sixty-six. 
For three years prior to his death he had been president of the Edison 
Pioneers, a group associated with Thomas A. Edison in his early days 
as an inventor, or connected with his work. 

Mr. Burke was born in London, England, on April 7, 1873. He 
came to this country in 1888 with a letter of introduction to Samuel 
Insull, who was then Mr. Edison’s chief assistant and through whom 
he obtained his first job at the Edison Machine Works in Schenectady, 
N. Y., in 1889. He was the first to enroll in the student test course 
organized in that year. Later he was detailed to assist Mr. Edison in 
experimental work. He continued with the company and its succes- 
sors, the Edison General Electric Company and the General Electric 
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During the next: four years he engaged i in J aideisitiiea work in New 
York, N. Y., as a partner in the firm of Herrick and Burke. He went 
to Germany in 1898 as consulting engineer for the Bergman Electric 
Works at Berlin, and remained to serve as its technical director and 
chief engineer until 1902, when he returned to his consulting practice. 
z In 1904 he founded the Burke Electric Company, of which he was 

president until 1928, then was chairman of the board the following 
five years, when he retired, except as an adviser to the company. 

Among Mr. Burke’s inventions were the three-wire generator, the 
Universal electric motor, and the ‘‘teaser’’ system for electrical 
printing-press control. 

He became a member of the ASME in 1916, and in 1932 served as 
alternate for Region V and the Nominating Committee. He also be- 
longed to the American Institute of Electrical Engineers and had 
represented that society and the National Electrical Manufacturers 
Association (of which he was a past-president) on the U.S. National 
Committee of the International Electrotechnical Commission, and was 
its president in 1935. He had also served on the standards and 
electrical machinery committees of the AIEE. He was a member of 
the American Welding Society. 

Mr. Burke is survived by a brother, Stephen Burke, of Toronto, 
Ont., Can., and a sister, Miss Barbara Burke, of New York. i =e 


ROBERT TURNBULL BURWELL 


Robert Turnbull Burwell, a member of the ASME since 1901, died 
on Jan. 21, 1947, of a cerebral hemorrhage, at his home in New Orleans, 
La. He was born in Charlotte, N. C., on April 15, 1867, and took a 
PhB degree at the University of North Carolina in 1887. He entered 
Cornell University in 1889 with advanced standing and received his 
ME degree in 1891. He was a member of the Cornell Society of Engi- 


: During the summer of 1891 he was traveling inspector for the 

mechanical department of the Baltimore & Ohio R.R. Subsequently 
he taught mechanical-engineering subjects at the Audubon Sugar 
School in North Carolina for about six years. Early in 1897 he entered 
the employ of the Hartford Steam Boiler Inspection and Insurance 
Company as inspector at New Orleans. He was made chief inspector 
. of the company’s Gulf Department in 1902, and manager of the New 
Orleans Department in 1919, and continued in this position until his 
death. He was an active member of the Episcopal church. 

His wife, Beatrice (DeGrange) Burwell, predeceased him. Two 
sons, Robert T. Burwell, Jr., and John S. Burwell, survived him, as 
did also five married sisters. 


HORACE CARPENTER (1874-1945) 


Horace Carpenter was born on May 30, 1874, at St. Johnsbury, Vt., 
- gon of Charles Paine and Elizabeth Julia (Carpenter) Carpenter. He 
prepared for college at the St. Johnsbury Academy, and was graduated 
from Worcester Polytechnic Institute with a BS degree in mechanical 
and electrical engineering in 1896. 

During the next four years he was employed by the Anchor Electric 
Company, Boston, Mass., successively as shop foreman, general fore- 
man, designer, and shop superintendent, engaged in the manufacture 
of electrical supplies. From 1900 to 1905 he was foreman of the are 
lamp and small-motor departments of the General Electric Company, 
Lynn, Mass. Then, after a short period as assistant superintendent 
for the Otis Elevator Company, Yonkers, N. Y., he became con- 
struction engineer for the Paul Smiths Electric Power and Railroad 
Company, Paul Smiths, N. Y., directing the construction of railroad 
and transmission lines, and hydroelectric installations. 

In March, 1907, Mr. Carpenter was appointed mechanical and 
electrical engineer for the Board of Water Supply, City of New York. 
He continued in this position until July, 1912, making investigations 
and reports, and designing and constructing plants and equipment. 

He was general manager, July, 1912, to March, 1914, for the Coffin 
Valve Company, Boston, Mass., directing the design, manufacture, 
and sales of large valves, sluice gates, and special hydraulic-control 
equipment. As general manager of H. C. Raynes, Inc., Boston, during 
the remainder of 1914, he re-organized a plant manufacturing elec- 
trical supplies. 

The Sanitary District of Chicago, IIll., engaged his services at the 
beginning of 1915, to design, construct, and operate steam and 
electrically operated pumping plants, and the mechanical equipment of 
sewage-treatment plants. He severed this connection in May, 1916, to 
become chief engineer for The Arnold Company, Chicago, IIl., engi- 
neers and constructors. About twelve years were spent with this 
company, and subsequently he served in the same capacity for Bliss 
and Laughlin, Inc., Harvey, IIl., in connection with plants in that city 
and in Buffalo, N. Y., and for Frank D. Chase, Inc:, of Chicago. 

In February, 1931, Mr. Carpenter took up consulting practice in 


Chicago, but left it it in the spring of 1936 to become iaienieitedhi with the 


Tennessee Valley Authority in Knoxville, Tenn. At the time of his 
death on Jan. 4, 1945, he held the position of senior specification engi- 
neer in the design department. 

Mr. Carpenter had been a member of the ASME since 1912, and 
served on the Executive Committee of the Chicago Section as vice- 
chairman, 1921-1922, and chairman the following year. He was a 
former member of the Western Society of Engineers, of which he was a 
vice-president in 1923-1924. 

He married Ethel Mae Baker, of Winthrop, Mass., in 1902, and was 


survived by her and four children, Mrs. Elizabeth Baker (Carpenter) — 


Mahon, and Charles Richard, Donald Franklin, and Horace Carpen- 
ter, Jr. 


PAUL CHRISTIANSEN (1890-1940) 


Paul Christiansen, associate marine engineer at the Navy Yard, 
Mare Island, Calif., died suddenly at his desk there on April 10, 1940. 

He was born in St. Paul, Minn., on Sept. 5, 1890, son of Peter 
and Sofie Christiansen. At the age of five his mother took him to 
Denmark to live, and he received his early education there, as well as 
a four-year course in a technical school. He returned to the United 
States on an American-Scandinavian Foundation scholarship, under 
which he received his degree of BS in mechanical engineering from the 
Carnegie Institute of Technology in 1916. 

He went to Lindsay, Ont., Can., in May, 1917, as draftsman for the 
Boving Hydraulic and Engineering Co., but shortly afterward trans- 
ferred to the Toronto office of the Canadian Allis-Chalmers Company, 
where he engaged in the design of pumps and marine engines for two 
years. In September, 1919, he returned to the United States to work 
for the Pittsburgh Filter and Engineering Co., Oil City, Pa., on the de- 
sign and testing of oil engines. In July of the following year he went 
to Oakland, Calif., as designer for the Pacific Diesel Engine Company, 
and his next connection, for a year beginning in September, 1921, was 


with Fairbanks, Morse and Co., Beloit, Wis., in connection with the © 


design of solid-injection oil engines. 


Mr. Christiansen was then engaged by the Dow Pump and Diesel © 


Engine Co., Alameda, Calif., as designing and testing engineer on 
Diesel-engine development work. He became their chief engineer in 
1924, and held that position until 1939. During that time he was in- 


terested in the design and development of special hot oil pumps | 


(Thompson patent), the Dow Simplex pump valve gear, and many 
types of machines such as can-filling machines, a condensation return 
system, rock drills, etc., on all of which much research was done. A 


particularly interesting machine on which he had been working wasa 


gasoline engine-driven portable saw for low stump tree cutting and 
logging. It had been his intention to take out some additional 
patents on this machine. 

He received his appointment to the Mare Island Navy Yard about a 
year before his death. 

Mr. Christiansen became a member of the ASME in 1930, and was 
also a member of the American Association of Engineers. He was sur- 
vived by his widow, Mrs. Bessie Christiansen, of Berkeley, Calif., 
and his mother, Mrs. Sciie Olesen, who was still living in Denmark at 
the time of her son’s death.— [Biography compiled from best obtaina- 
ble information, not all of which could be verified. ] 


PETER J. CLARK (1882-1947) 


Peter J. Clark, assistant architect, Bureau of Buildings of the 
New York Fire Department, Long Island City, N. Y., died on Sept. 
26, 1947. 

He was born at Stony Point, N. Y., Oct. 22, 1882, the son of 
Francis J. and Margaret (Hunt) Clark. He studied at the Pratt 
Institute, receiving a diploma in 1908. He later continued his 


education by taking extension courses at the Polytechnic Institute of a 7 


Brooklyn. 

Between 1903 and 1906, before starting his professional training, 
he served as a marine machinist apprentice with J. W. Sullivan 
(Marine Shops), New York, N. Y. During the next two years he 
was occupied by his studies at Pratt Institute, and then in 1908 he 


entered the employ of T. V. Clark of Stony Point, N. Y., as a drafts- a 


man. After another two years he entered the office of the mechanical 
engineer of the New York Central and Harlem Railroad Company, 
again asa draftsman. He held the same position with the American 
Can Company, New York, N. Y., and the New Jersey Zinc Com- 
pany, also of N. Y. In 1912 he obtained a position in the fire mar- 
shal’s office of the New York Fire Department. As senior draftsman 
in the Division of Buildings, he subsequently designed and wrote the 
specifications for all new firehouses in Greater New York, and then 
became assistant architect, which position he held at the time of his 
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death. 


Mr. Clark became a member of ASME in 1932. 
He is survived by two brothers, Francis X. and Thomas V. Clark, 
and by asister, Anna L. Clark. hyn 5 


JOHN ALOYSIUS COLLINS (1872-1947) 


John Aloysius Collins, a member of the ASME since 1924, died on 
March 16, 1947, at the St. Elizabeth’s Hospital, Boston, Mass. He 
was born on Aug. 28, 1872, in Worcester, Mass., where he attended 
public schools. A resolution adopted by the directors of the Mutual 
Boiler Insurance Company of Boston gives the following record: 

“Mr. Collins became associated with the company as secretary on 
May 11, 1909, and held that office thirty-five years. From 1931 until 
his death he served as vice-president and director. 

‘Before entering the field of insurance to which he devoted his life, 
Mr. Collins acquired a sound training in the principles of mutual in- 
surance through fifteen years of experience with the Arkwright Mutuai 
Fire Insurance Company. During this period he prepared himself for 
the technical phase of boiler and machinery insurance problems by 
attending night school at Lowell Textile Institute, and also by com- 
pleting a course in mechanical engineering at the Lowell Institute 
School for Industrial Foremen under the auspices of the Massachusetts 
Institute of Technology. 

“The company actually began its rise to a position of strength and 
leadership in its field when Mr. Collins first directed his energies and 
talents toward the management of its business. The position which 
the company occupies today, the expansion of its activities to encom- 
pass wider territories, the development of broader coverages to in- 
crease the scope of its service—all are due in no small measure to his 
broad vision, unwavering loyalty, quick and discerning judgment, and 
boundless energy.” 

Mr. Collins had been a resident of Watertown, Mass., since 1911, 
and took an active part in community affairs. He served on the 
town’s finance committee, 1913-1919; was a selectman, 1922-1923; 
and was a library trustee, 1934-1940. He was on committees dealing 
with street improvements, construction of school buildings, and other 
phases of the town’s development and administration. He belonged 
to the Knights of Columbus. 

Since 1920 he had been a member of the Massachusetts State Board 
of Boiler Rules in the Department of Public Safety. He was a director 
of several co-operative banks in Watertown and Boston. 

He was survived by his widow, Carolyn (LaLine) Collins, a son, 
Ravenel L., a daughter, Beatrice (Mrs. Clayton A. Johnson), all of 
Watertown; a brother, William, of Providence, R.I.; and two sisters, 
Miss Elizabeth Collins and Mrs. Anna Hines, both of New York, 
N.Y. 


GEORGE GRISWOLD COTTON (1854-1940) 

George Griswold Cotton was born at Roscoe, IIl., on Nov. 10, 1854, 
son of Sanford Dennis and Jane Ellen (Terry) Cotton. He obtained 
his early education in the grade schools of Roscoe, and attended high 
school in Syracuse, N. Y., ‘or one year. 

From 1872 to 1877 he wac with the Bradley Manufacturing Com- 
pany, Syracuse, N. Y. manufacturers of farming implements and 
power hammers. Here he worked as an apprentice and mechanic, 
and represented the company at its exhibition at the Centennial Ex- 
hibition at Philadelphia, Pa., from July to November, 1876. Subse- 
quently he was salesman, working i in the Chicago area, until the com- 
pany temporarily suspended activities. 

For about two years, 1877-1879, he was machinist with the Porter 
Manufacturing Company, Ltd., Syracuse, N. Y., manufacturers of 
stationary engines and power presses. He was then called into the 
Syracuse Iron Works in connection with the design and construction 
of a machine for manufacturing horseshoes. While working there he 
lost his left hand in an accident, and feeling that this handicap had 
thrown him out of the field of mechanics, he took a position as clerk 
in the Onondaga county clerk’s office in Syracuse. He worked for 
six years in that capacity, then was deputy county clerk for three 
years, and county clerk another three years. 

In 1892, although he had had no experience in the cement business, 
he was appointed general manager and treasurer of the Warners Port- 
land Cement Manufacturing Company, at Warners, N. Y., through 
the influence of William B. Cogswell (Mem. ASME), manager and 
vice-president of the Solvay Process Company, Syracuse, N. Y., who 
was interested in the cement company. The company had been ex- 
perimenting without success in the use of a rotary kiln for burning 
Portland cement. Under the supervision of Mr. Cogswell, Mr. 
Cotton continued in this work and succeeded, using crude petroleum 
as fuel. While he was conducting further experiments with powdered 


coal, the plant butned. was but about a year, their bama, and R. 


supply of raw materials ran out, and Mr. Cotton was appointed re- 
ceiver and closed out the business. 

He then went with the Solvay Process Company as assistant master 
mechanic. In 1898 he became superintendent of construction, in 
which position he continued until 1923, when he retired on contract. 
During the years that followed he was interested in the crude-oil 
business in Texas. 

Mr. Cotton became a member of the ASME in 1902. 

He died on March 5, 1940, at a hospital in Pasadena, Calif., where 
he had resided for ten years. He was survived by his second wife, 
Jane (Hartley) Cotton, whom he married in 1929, a son, Donald Reed 
Cotton, New York, N. Y., by his former marriage, and four grand- 
children. 


HOWARD PARTRIDGE CRANE (1895-1947) 


Howard P. Crane, who for the past twenty-five years was connected 
with the Pullman Standard Car Company of Worcester, Mass., died 
on Oct. 8, 1947 from a heart attack. He was born in Rutland, 
Vt., on Oct. 9, 1895, son of Leslie and Nina (Partridge) Crane, 
and educated at.the Worcester Polytechnic Institute, where he was 
awarded the BS degree in 1920. He also did some graduate work 
there, concentrating on aerodynamics and patent law. 

During 1918-1919, before graduation, he was assistant to the chief 
engineer at the American Standard Metal Products Corporation, and 
after Armistice Day was acting plant engineer. 

After receiving his degree, he went to work for the Norton Com- 
pany, as assistant to the plant engineer at the electric-furnace plants 
at Niagara Falls, N. Y., and Chippawa, Ont., Can. 

In 1923 he entered the employ of the Osgood Bradley Car Company, 
Worcester, Mass, which was soon to become the Pullman-Standard 
Car Manufacturing Company. He began as an assistant material 
estimator, and in 1925 became a draftsman for the company. In 
1987 he was promoted to engineer, and he continued in that position 
until the time of his death. 

Mr. Crane became a junior member ASME in 1928, and was ad- 
vanced to full membership in 1932. 

In 1918 he married Pauline L. Lindquist of Worcester, Mass. He 
is survived by his wife and three children, Harold Leslie, Norman 
Charles, and Mrs. Priscill Crane Merrill. 


ARTHUR CHARLES DAVIS (1889-1940) 


Arthur Charles Davis, who died on May 25, 1940, was a member of 
the ASME for more than twenty years; he was elected a junior in 
1917, and transferred to the member grade in 1922. At the time of his 
death, Mr. Davis was construction engineer in charge of design and 
construction for the American Sugar Refining Company, Arabi, La. 

He was born near Chelsea, Indian Territory (now Oklahoma), on 
March 10, 1889, the son of Charles Arthur and Alice (Russell) Davis. 
He attended the University of Arkansas, graduating in 1909 with the 
degree of BSME. His first position, in 1909 and 1910, was with the 
M. W. Kellogg Company as a mechanic on powerhouse construction 
in Iowa and Illinois. Between 1910 and 1915 he worked as drafts- 
man and ‘designer on substations and powerhouses for H. M. Byl- 
lesby and Company, Chicago, Ill., Southern California Edison Com- 
pany, Los Angeles, Calif., and Western Power House Equipment 
Company, also of Los Angeles. 

In 1915, after a brief period appraising a gas system for the Los 
Angeles Gas and Electric Company, he entered the employ of the 
Craig Shipbuilding Company, Long Beach, Calif., making designs 
and drawings of marine engines and other parts of cargo ships. Sub- 
sequently he designed special machinery for the Layne and Bowler 
Corporation, Los Angeles. Between 1916 and 1920 part of his time 
was spent with the Los Alamitos (Calif.) Sugar Company and the 
Holly Sugar Corporation, Huntington Beach, Calif., as designer and 
assistant construction engineer on beet-sugar mills, and part as drafts- 
man for the Los Angeles Shipbuilding Company and Long Beach 
Shipbuilding Company. For the latter companies he did drafting 
and estimating. 

During the summer of 1920 he was appraisal engineer on materials 
in yards for the Emergency Fleet Corporation, and then was associ- 
ated with the Board of Port Commissioners, New Orleans, La., 
designing harbor improvements. From 1924 to 1928 he was chief de- 
signing engineer for the Alabama State Docks, Mobile, Ala. Here 
he had complete charge of preparing plans, estimates, and specifica- 
tions for a ten-million-dollar port development. While in Mobile, 
he made the designs and working drawings for the operating ma- 
chinery for the highway bridge across Pass Manchac in Louisiana for 
the contractor for that bridge, and also made the designs and plans 
for a turntable foundation and the Mobile terminal yard for the Ala- 
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a During 1928-1929 he prepared er for a cement plant to be built 

at Waco, Texas, by The Atlas Portland Cement Company, of North- 

ampton, Pa., and the next year was spent on work for The Foundation 

Seen New York, N. Y., as mechanical engineer, estimating the 

cost of powerhouses and industrial plants. 
; In 1930 he went to Moscow, USSR, as structural engineer for the 
_ Macdonald Engineering Company of New Orleans, and there had 
_ the training and supervising of work of Russian engineers on the de- 
sign of cement plants. Returning to the United States, he worked for 
various companies on the design of bridge cofferdams, forms for con- 
crete, and similar structures. In 1933 he was chief engineer for the 
pp am ‘ngineering Company on the Mississippi River Bridge 
contract, and in 1934 had charge of the design and preparation of 
_ plans and specifications for proposed crest gates on Dam No. 17 on 
the Black Warrior River, Alabama, for the U. S. Engineer Depart- 
ment, first New Orleans District. In that year he also supervised 
the making of plans, estimates, and specifications of various projects 
- in Louisiana for the Federal Emergency Relief Administration. Sub- 
_ sequently he became associated with the American Sugar Refining 
Company, with which he continued until his death. 

_ Mr. Davis was survived by his widow, Margaret (Wooten) Davis, 
whom he married in 1927, and by a son and a daughter, Arthur 
Charles, Jr., and Marianne; also by a brother, Frank R. Davis. 


Fs 
RICHARD FRANKLIN DAVIS (1904-1948) 


Richard Franklin Davis, chief engineer at the Michigan City Gen- 
_ erating Station of the Northern Indiana Public Service Company, 
_ died on May 20, 1948. 
> He was born on Oct. 24, 1901, the son of Harvey O. and Laura A. 
Davis. In 1925 he received a BS degree in chemical engineering from 
University. 

He was a member of Phi Lambda Upsilon, honorary chemical en- 
gineering fraternity, Tau Beta Pi, and Torque, a social fraternity. 
a His entire professional career was spent in various positions with the 

Northern Indiana Public Service Company. Immediately after his 

graduation, he became plant foreman in Fort Wayne, Indiana. In 

1928 he became district manager at Frankfort, Indiana, and he was 

M fos of gas production in Fort Wayne until 1932. Mr. 


- Davis went to the Michigan City Generating Station in 1933, and 
served there for a year as efficiency engineer. In 1934 he was ap- 

- pointed chief engineer, the position which he held at the time of his 

death. 

- He became a member of the ASME in 1942; served on St. Joseph 
Valley Section, Executive Committee. 
-_ a : a4 He is survived by his wife, Mrs. Lelah Steel Davis, whom he mar- 
hae tied i in 1926, and two children, Patricia L. and Richard 8. Davis. 


HOWARD WALKER DEXTER, JR. (1902-1948) 


Howard Walker Dexter, Jr., director of the power and steam 
utilization division of the Duquesne Light Company of Pittsburgh, 
Pa., died on Jan. 18, 1948, in Shadyside Hospital, Pittsburgh, after an 
extended illness. 

Born in Valdosta, Ga., on June 20, 1902, Mr. Dexter was the son of 
Howard W. and Bessie (Jenkins) Dexter. He was graduated from the 
_ Massachusetts Institute of Technology in 1923 with a BS degree in 

electrical and mechanical engineering. 
: _ Immediately after graduation, he accepted a position with the 
West Penn Power Company of Pittsburgh, as a junior engineer in the 
Electrical Engineering Department in the Relay and Control Division 
_ where he remained until 1925. Then until 1926, he served as an 
| Soapen to the electrical engineer at the H. C. Fugate Engineering 


Company, West Palm Beach, Fla. In 1926 he was associated with 
George W. Goethals, Inc., New York, N. Y., as field engineer and in- 
_ spector on Port of Palm Beach Authority, Dock and Slip Project, 
Se Beach County, Fla. The following year he took employment 
oe with the Duquesne Light Company as senior sponsor engineer, 
yen section, sales engineering department. He was named to the 
me capacity in the electric installation section in 1932. In 1939 he 
was promoted to the post: which he held at the time of his death. 
_ Mr. Dexter became a junior member of ASME in 1924, and was 
se Peover Pcie to full membership in 1946. He was also a member of the 
merican Institute of Electrical Engineers, the Electric League of 
Pennsylvania, and the Engineers’ Society of Western Pennsylvania. 
He belonged to the Edgewood Country Club and to the University 
lub. 
He is survived by his father and mother, both of Pittsburgh, Pa. 


JULES DIERCKX (1871-1948) 


ASME SOCIETY RECORDS 


chinery distributors of New York, N. Y., died on May 21, 1948. . 
Born in Antwerp, Belgium, on July 16, 1871, he came to this 
country in 1888 and was naturalized in New York, N. Y., 1894. He 
was the son of Franz and Anna (Horch) Dierckx. He received his 
education at the Institut Industrial and Commercial of Antwerp. 

Until 1905 he was interested in selling and handling domestic 
and imported wares of all kinds, and in that year he entered the em- 
ploy of Keller Mechanical Engraving Company, which was at the 
time constructing dies for drop-hammer and press work, and Mr. 
Dierckx worked on the development of machines for cutting dies of all 
kinds automatically. In 1918 he was promoted to the rank of vice- 
president and sales manager. 

In 1945 he founded Jules Dierckx Distributers, Inc., and became 
president of the concern. 

He has served the Army Ordnance Association, the First Battalion 
of the New York Naval Militia, the Boy Scouts of America, the Re- 
serve Officers Association, and the Citizens Union of the City of New 
York. 

He became an associate of ASME in 1921, and also belonged to the 
American Society of Tool Engineers, the American Welding Society, 
and the American Society for Metals. dh he 

Two brothers, Christian J. and Ernst Dierckx survive him. io 


WILLIAM FARRELL DOUGHTY (1876-1946) 


William Farrell Doughty was born in Brooklyn, N. Y., on March 
29, 1876. After preparatory studies at the Polytechnic Institute of 
Brooklyn, he entered the Stevens Institute of Technology, from which 
he was graduated in 1897 with an ME degree. 

He was draftsman and machinist for the N. Y. Sugar Refining 
Company, Long Island City, N. Y., for two years after graduation; 
then gained further experience with the N. Y. Mutual Gas Light 
Company, International Paper Company, in New York, and the 
Logan Iron Works, Greenpoint, Brooklyn, N. Y. 

He became engineer and assistant superintendent of the N. Y. and 
Boston Dyewood Company, Brooklyn, in 1900, and was with this 
company and the N. Y. Tanning Extract Company during the next 
eight years. He was sent to South America in 1908 as engineer in 
charge of the design, erection, and operation of a plant of the Argen- 
tine Quebracho Company, in the Gran Chaco district of Argentina. 
Upon his return he served both the N. Y. Quebracho Company and 
the N. Y. Tanning Extract Company as engineer and superintendent 
until 1914, directing the design, erection, and management of extract 
plants. Subsequently he traveled a great deal in Europe and the 
Near East, and for many years conducted his own engineering prac- 
tice in New York. 

Mr. Doughty attended New York University Law School in the 
evening, earning the degree of LLB in 1902. He was admitted to the 
Bar but never entered regular law practice. He became a junior 
member of the ASME in 1899, and a memberin 1915. His death oc- 
curred on Dec. 31, 1946, while he was visiting his daughter, Mrs. W. 
B. Lambert, in Cincinnati, Ohio. Besides her, he left two grandsons. 
His wife, Ora (Wetmore) Doughty, died in the middle 20’s. He had 
resided in Westfield, N. J., since their marriage, and was an active 
member of the Community Players there. He read much, especially 
literature and history; and collected stamps, a hobby which he began 
as a boy and maintained through his’grandsons in later years. 


MILLARD CLAYTON ERNSBERGER (1862-1940) 


Millard Clayton Ernsberger, professor emeritus of power engineer- 
ing at Cornell University, died in Ithaca, N. Y., on Jan. 25, 1940. 

Professor Ernsberger was born in East Varick, Seneca County, 
N. Y., on June 12, 1862, son of Daniel W. and Hannah (Warne) 
Ernsberger. He was graduated from the University of Rochester 
with the degree of AB in 1888, and later, in 1908, received an ME de- 
gree from Cornell. 

After graduation from the University of Rochester he studied law, 
and was admitted to the Bar in the City of New York in 1891. He 
left this field in September, 1897, to become manager of the art and 
engraving departments of the New York Tribune, but resigned in 
July, 1899, to enter the employ of McIntosh, Seymour and Company, 
in Auburn, N. Y. He worked on steam-engine and machine-tool de- 
sign, the last three years principally on valve gears and governors, 
until entering Cornell in 1906. 

At Cornell he was assistant in steam-engine design, February, 1907, 
to June, 1908, and after securing his degree stayed on at Sibley 
School of Mechanical Engineering as instructor in charge of a course 
in steam machinery for a year. In 1909 he became professor of 
mechanical engineering at the University of Rochester, in charge of 
organization of courses and equipment of drawing rooms and labo- 
ratories in the new Copaenent of applied science, and was there until 
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of power engineering. He held this chair until June, 1930, when he 
was made professor emeritus. 

Professor Ernsberger had been a member of the ASME since 1910. 
He belonged to the Sigma Xi, Phi Beta Kappa, and Alpha Delta Phi 
fraternal orders. 


EDWARD R. FEICHT (1881-1948) 


Edward R. Feicht, who had been a consulting engineer for a 
number of years, died at his home in Bala-Cynwyd, Pa., on March 22, 
1948. 

He was born in Dayton, Ohio, on Aug. 16, 1881, the son of Frank 
and Emma (Applesellar) Feicht. 

After receiving his ME degree from Ohio University in 1904, he 
went with the Westinghouse Machine Company, East Pittsburgh, 
Pa., erecting and operating turbines. Then he was in charge of 
erecting Westinghouse-Parsons steam turbines in power plants in many 
cities throughout the country. From 1909, for several years, he was 
chief engineer, American Beet Sugar Company, Lamar, Colo., and 
Sacramento Valley Sugar Company, Hamilton City, Calif. In 1911 
he joined Federal Dyestuff and Chemical Corporation, Kingsport, 
Tenn., as maintenance engineer, where his work included all phases of 
construction, and maintenance of mechanical and electrical installa- 
tions. For ten years beginning in 1917, he was plant engineer for the 
Bridgeport Brass Company, of Bridgeport, Conn., working with 
maintenance and power in three plants. Then, in 1927, he was 
engaged by the Collins and Aikman Corporation of Philadelphia, Pa., 
as an engineering consultant in charge of all mechanical and electrical 
engineering for the company’s seven plants. For another three- 
year period, beginning in 1931, he served in various consulting posi- 
tions.. Between 1934 and 1937 he was superintendent of power 
maintenance for the Container Corporation of America, and then he 
went into private consulting work until 1940. During the next five 
years he was chief engineer for Thomas E. Murray of New York, 
N. Y., taking charge of design and erection of additions to the power 
plants of the Chevrolet Motor Division of General Motors, as well as 
of the Dercheval and Dodge Forge plants of the Chrysler Corporation 
in Detroit, Mich. He became consulting engineer for Syska and 
Hennessey of New York, N. Y., in 1946, after which he again opened 
private consulting offices in Bala-Cynwyd, Pa. In this capacity he 
designed and built a modern boiler plant for Grover-I'ergusen Com- 
pany, Inc., in Philadelphia, as well as undertaking various. other 
consulting jobs in industrial plants. He was still engaged in this work 
at the time of his death. 

Mr. Feicht became a junior member of ASME in 1907 and a full 
member in 1917. He had belonged to the Old Guard since 1942. 
In 1925 he was chairman of the Bridgeport Section, and from 1930 
to 1938 was active in committee work in the Philadelphia Section. 

He was also a member of the National Association of Power 
Engineers, and of the American Pulp and Paper Mill Superintendents 
Association. He belonged to the American Iris Society for fifteen 
years, and was a member of the Overbrook Presbyterian Church. 

He is survived by his wife, Erminnie (Griffith) Feicht, by a son, 
Lt. Edward E. Feicht, Jr., of the U. S. Air Force, and by a daughter, 
Mrs. Francis W. Magee of Penn Valley, Pa.; two grandchildren; two 
sisters, Mrs. R. S. Hollingsworth, San Antonio, Texas, and Mrs. 
Harry J. Decker, Western Spr? gs, IIl. 


WILLIAM I. FOSTER (1888-1940) 


- William I. Foster died at his home in Allentown, Pa., on July 7, 


1940. He was assistant valuation engineer for the Pennsylvania 
Power and Light Company of that city. 

Mr. Foster was born in New York, N. Y., on Oct. 22, 1888, son of 
Charles and Anna Maria (Herzog) Foster. He attended public 
schools in New York, and The Cooper Union, from which he received 
the degrees of BS in 1908 and BSEE three years later. 

While pursuing his engineering studies he worked for W. E. Baker 
and Company, New York, N. Y., as junior draftsman on powerhouse 
work; as assistant manager of a lamp factory in Long Island City, 
N. Y.; for the Consolidated Telegraph and Electric Subway Com- 
pany, New York, as draftsman on the design of underground conduit 
systems; and in the mechanical division of the Department of Water 
Supply, Gas, and Electricity of the City of New York. He served 
the department first as draftsman, and in 1911 became assistant engi- 
neer in charge of mechanical-construction work, holding this position 
until 1914. He was mechanical engineer in the chief engineer’s office 
of the Board of Estimate and Apportionment of the city during the 
next four years. 

In 1918 he became construction engineer on industrial-plant work 


in charge of 
the valuation of the Palmerton plants. In 1922 he went with the 
Lehigh Power Securities Corporation, Allentown, Pa., as consulting 
engineer in charge of the appraisal of mechanical equipment of the 
Pennsylvania Power and Light Company and its subsidiaries. In 
1924 he was engaged by this company as cost engineer to appraise 
mechanical equipment and prepare a series of price trends for all 
major equipment used on electric, gas, and transit properties. In 
1927 he was made assistant valuation engineer. 

He became an associate member of the ASME in 1923, and was auto- 
matically transferred to the member grade in 1935. He was secretary 
of the Anthracite-Lehigh Valley Section of the Society in 1931-1932. 
He was also a member of the Pennsylvania Electric Association and 
served on its Fixed Capital Committee from 1929 to 1932, as chair- 
man, 1930-1932. He belonged to the Engineer’s Club of the Lehigh 
Valley, the Four Square Club of Allentown, and the Odd Fellows. 

Mr. Foster was survived by his widow and by a daughter, Dorothy. 
—|[Biography compiled from best obtainable information, not all of 
which could be verified. ] 


BENJAMIN C. GARBETT (1876-1940) 


Benjamin C. Garbett, who died at St. Mary’s Hospital, Minneapo- 
lis, Minn., on Feb. 14, 1940, following an operation, was born in 
Shropshire, England, on May 15, 1876. He was brought to this 
country when an infant, and grew up in Minneapolis, where he at- 
tended the grade schools and Minneapolis Academy. Prior to enter- 
ing the academy, he served a three-year apprenticeship in pattern- 
making with the Twin City Iron Works, and he worked in their ma- 
chine shop during his vacations from school. He spent part of the 
years 1899 and 1900 at the University of Minnesota, but discontinued 
his studies there because of ill health. 

In 1900 he took charge of the drafting room of the Twin City Iron 
Works, and when the company was merged with the Minneapolis 
Steel and Machinery Company, he continued with the new organiza- 
tion until 1907, his duties relating chiefly to detail drawings for gas and 
Corliss engines and general power-plant design. 

In 1907 he became a member of the firm of Garbett and Schneider, 
Minneapolis, and was in charge of the office and assistant superin- 
tendent of the shop. This partnership later became the Twin City 
Machine Company, of which Mr. Garbett was for some years secre- 
tary and later vice-president and treasurer, in which capacities he was 
serving at the time of his death. 

He became a member of the ASME in 1912. He was unmarried, 
and was survived by a sister, Mrs. E. K. Pickett, of Minneapolis. te : 


FREDERICK C. GATJE (1895-1948) ; 

Frederick C. Gatje, a mechanical engineer with the firm of Simler 
and Sengstaken, Inc., New York, N. Y., died on Feb. 12, 1948. 

A native of Brooklyn, N. Y., he was born on Sept. 7, 1895, the son 
of Christian C. and Johanna (Loehrs) Gatje. He received his pro- 
fessional training at Columbia University, where he was awarded an 
ME degree in 1917. 

Mr. Gatje entered upon his career in 1917, immediately after gradu- 
ation, when he accepted a position with the Cuban-American Sugar 
Company of New York, N. Y., and Cuba, as a draftsman, test engi- 
neer, and structural engineer. In 1921 he became a test engineer at 
the Waterside Station of the New York Edison Company, and then 
for two years, beginning in 1923, he was a draftsman and estimator for 
the Babcock and Wilcox Company, of Bayonne, N. J. Between 
1925 and 1932 he was an estimator for the Combustion Engineering 
Corp. of New York, N. Y. He then became associated with Simler 
and Sengstaken, Inc., where he remained until the time of his death. 

Mr. Gatje was also a director of the South Brooklyn Savings and 
Loan Association of New York, N. Y. 

He became a junior member of ASME in 1920, and was advanced to 
associate membership in 1923, and to full membership in 1935. 

He is survived by his wife, the former Erna H. Kelting, to whom he 
was married in 1926, and by two children, Robert Frederick and 
Norma Dorothea Gatije. 


GEORGE GIBBS (1861-1940) A 


George Gibbs, who ‘died of pneumonia on May 20, 1940, at the 
Harkness Pavilion of the Columbia-Presbyterian Medical Center, 
New York, N. Y., was born in Chicago, IIl., on April 19, 1861. He 
was the son of Francis Sarason and Eliza Gay (Hosmer) Gibbs. 

Mr. Gibbs was graduated in 1882 from Stevens Institute of Tech- 
nology, Hoboken, N. J., with an ME degree. The first work he was 
able to secure after graduation was as laboratory assistant for Thomas 
A. Edison, who presently appointed him superintendent of meters in 
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Company at Bergen Point, N. J. 

His railroad career began in 1885 when, through Roswell Miller, 
an intimate friend of his father’s, he was offered a position with the 
Chicago, Milwaukee and St. Paul Railway Company, to organize and 
take charge of a new department—that of physical and chemical 
tests of materials. He soon advanced to the position of mechanical 
engineer and was placed in charge of all machinery, locomotive, and 
car designing, in addition to his duties as chief of the department of 
tests. In this capacity he became particularly interested in advancing 
safety in railroad operation. He devised, after some experimentation, 
a practical steam-heating system for trains and this, when put into 
effect, made the ‘“‘St. Paul Road”’ a pioneer in safer and better train 
heating; and a system of electric lighting for heavy through-trains 
that proved a great success and came into extensive use. During 
these years he was active in conducting tests of brakes for freight 
trains, improving signaling systems, etc., and he patented numerous 
inventions, notably in the direction of safety appliances. While with 
the railroad, Mr. Gibbs, with his brother, Lucius, organized the Gibbs 
Electric Company of which he was president. This company devised 
and manufactured a practical line of electric motors for general fac- 
tory use. 

During these activities in the West, Mr. Gibbs became acquainted 
with two very prominent men in industry; George Westinghouse, 
famous inventor of the air brake, and manufacturer of steam and elec- 
tric machinery and railway signaling equipment, and Samuel M. 
Vauclain, of the Baldwin Locomotive Works, Philadelphia, Pa. 
These men had come to the conclusion that heavy electric traction 
might soon be a possibility and might become of great importance in 
their manufacturing fields. At Mr. Vauclain’s suggestion they ar- 
ranged with Mr. Gibbs to become associated with them in the de- 
velopment of electric locomotives, and to make this arrangement pos- 
sible, Mr. Westinghouse’s company purchased the Gibbs Electric 
Company. For the Westinghouse and Baldwin companies Mr. 
Gibbs developed the low-built type of electric locomotive for re- 
stricted headroom service in mines, which has become standard in 
America. 

While thus engaged, Mr. Gibbs was asked also to represent the 
Westinghouse interests abroad in connection with heavy electric 
traction, and during the next few years (1900—1902) he was chief en- 
gineer of the Westinghouse Companies in England and on the Conti- 
nent. He made many trips to Europe in connection with electrifica- 
tion projects for the Metropolitan Railway (Inner Circle) in London, 
England; Mersey Railway in Liverpool, England; and certain of the 
tube railways in London; and also was consultant for the Paris Un- 
derground Railway, and other projects on the Continent. 

The period 1902-1906 was one of great development in railroad- 
terminal building and heavy electric traction in the vicinity of the 
City of New York, and during this period Mr. Gibbs was first vice- 
president of Westinghouse, Church, Kerr and Company, then an out- 
standing firm of engineers. This position enabled him to take on inde- 
pendent consulting work, and he served as a member of the Electric 
Traction Commission of the New York Central Railroad Company in 
connection with its new Grand Central Terminal; was consulting en- 
gineer for the Rapid Transit Subway Construction Company, which 
constructed the first New York City subway; designed and installed 
the electric traction system and equipment for the Long Island Rail 
Road Company; and became consulting engineer for the Pennsylvania 
Railroad Company. In 1905 he was appointed chief engineer of elec- 
tric traction and station construction for the Pennsylvania Railroad’s 
New York tunnel and terminal line then being constructed, and a mem- 
ber of the board of engineers responsible for this entire improvement. 
This service continued until the completion of the station and ter- 
minal lines in 1910-1911. 

Mr. Gibbs’s interests in promoting the maximum of safety on rail- 
roads led him to design and patent the first all-steel passenger car 
ever put into practical use on a railway, a revolutionary idea at the 
time but one which he regarded as essential for high-speed tunnel and 
underground operation. 

To continue in the electric traction field after the completion of the 
Pennsylvania Railroad Terminal, early in 1912 Mr. Gibbs and E. 
Rowland Hill, who had been closely associated on heavy electric trac- 
tion development and related projects since 1898, formed a partner- 
ship for conducting a general engineering practice. This firm, later 
incorporated, has been responsible for the design and execution of 
much of the important electrification work on American railways. 

During World War I, Mr. Gibbs was a member of the United States 
Government Advisory Commission of Railway Experts to Russia, and 
spent seven months on behalf of Russia and the Allies on-the reorgani- 
zation of Russian transportation facilities. Later Mr. Gibbs advised 
the Ministry of Transport of the British Government on electrification 
projects for lines radiating from London. 
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Mr. Gibbs had been a mem 
past-director of the American Society of Civil Engineers, which 
awarded him the Norman Medal for the year 1911, and the Arthur M. 
Wellington Prize for 1930. He was a member of the Institution of 
Civil Engineers (Great Britain), Fellow of the American Association 
for the Advancement of Science, and the American Institute of Elec- 
trical Engineers; past-president of the American Institute of Con- 
sulting Engineers; and a member of the American Mathematical So- 
ciety and of a number of associations in the railway-engineering field. 
He was the author, over a period of many years, of numerous technical 
papers published by these societies and the press. 

In the nontechnical societies Mr. Gibbs’s membership included De- 
scendants of the Signers of the Declaration of Independence, Society of 
the Cincinnati, and numerous charitable and educational institutions. 
He was a member of the Board of Trustees of the Presbyterian Hospi- 
tal (Columbia-Presbyterian Medicai Center), and vice-president and 
chairman of the Executive Committee of the Woman’s Hospital, New 
York. He was alife trustee of Stevens Institute of Technology, which 
in 1930 conferred upon him the honorary degree of doctor of engi- 
neering. He belonged to a number of clubs in Philadelphia, New York, 
and vicinity. 

Throughout his career Mr. Gibbs exhibited the desire and determina- 
tion to excel in the quality of the things he created and in this he pos- 
sessed masterful skill, balanced and farsighted judgment, and persist- 
ence in carrying through to ultimate success the thing he believed to 
be the best in any situation. There was courtesy, charm, and dignity 
in his associations with others, both in professional and personal re- 
lationships. 

Mr. Gibbs was not married; he was devoted to his brother and sis- 
ters and took an unusual interest in their children. Surviving were 
a sister, Mrs. William H. Miller, of New York and Baltimore, Md.; 
a nephew, W<icott Gibbs, New York; and four nieces, Mrs. W. F. 
Peterson, of Baltimore; Mrs. Robert Canfield, of Port Washington, 
L.I., N. Y.; and Mrs. Joseph McGrath and Mrs. R. N. Williams, both 
of Milwaukee, Wis.— [Abridged from a memoir prepared by E. Row- 
LAND HI, New York, N. Y., for the American Society of Civil Engi- 
neers. | 


WARREN BLAKE GODDARD (1917-1947) 


Warren Blake Goddard, whose death from leukemia occurred on 
Aug. 24, 1947, at the St. Elizabeth’s Hospital, Brighton, Mass., was 
the son of the Reverend Warren Goddard and Helen Huston (Blake) 
Goddard, of Elmwood, Mass. He was born in Urbana, Ohio, on 
June 29, 1917. After graduating from the East Bridgewater (Mass.) 
High School in 1935, he took the mechanical-engineering (co-opera- 
tive) course at the Massachusetts Institute of Technology, receiving 
a BS degree in June, 1939, andan MSayear later. His excellent work 
in high school and collége won him several awards and scholarships. 


He entered the employ of the General Electric Company in Lynn, . 


Mass., and in September, 1941, was chosen as one of five key engi- 
neers in the Aircraft Gas Turbine Engineering Division to develop 
the jet-propulsion engine, under the supervision of the U. S. Army 
Air Force. At the time of his death he was in charge of the section of 
his division that was responsible for handling the problems of stress 
analysis, materials, and temperatures that arose in connection with 
these engines. 

He was co-author with A. W. Brunot of a paper on ‘‘Static-Load 
Tests on an Aircraft Gas Turbine to Simulate Loads Produced by 
Rapid Plane Maneuvers,” presented at the 1946 ASME Annual 
Meeting, and published in the March, 1947, issue of the Journal of 
Applied Mechanics. ° 

Mr. Goddard was a student member of the ASME at M.I.T. and 
became a junior member in 1940. He was elected an associate mem- 
ber of the M.I.T. chapter of Sigma Xi in 1940, and was a member of 
the Men’s New Church Club of Boston, and of the Thomson Club of 
employees of the General Electric Company of Lynn. 


THOMAS MacLENATHEN GOODRICH (1885-1947) 


Thomas MacLenathen Goodrich, who died in Baltimore, Md., on 
April 27, 1947, was born in Berkeley, Calif., on April 19, 1885. His 
parents were William Wordsworth and Marie Ellen (MacLenathen) 
Goodrich. His schooling included studies at Friends School, Mary- 
land Institute, and The Cooper Union, and his early employment re- 
lated to drafting and design for large buildings and industrial plants, 
and layouts for engines, generators, and general machinery. 

After a period of about two years with the Brooklyn Rapid Transit 
Company and Long Island Rail Road Company, during which he was 
engaged in design and layout work, he went to Portland, Ore., in the 
spring of 1908. There he was a member of the firm of Goodrich and 
Goodrich, construction engineers in the same fields as those in which 
Mr. Goodrich had his early experience. 
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In 1913-1914 he was chief engineer for the Canadian Standard Con- 
a,  erete Steel Company, Winnipeg, Man., Can., and from then until 
ia ~ for7 continued with the Chicago, IIl., office of the Standard Concrete 
Steel Company in the same capacity. 
- _Karly in 1918 Mr. Goodrich became chief estimator for Bartlett 
Hayward Company, Baltimore, Md., manufacturers and builders of 
gas works. Subsequently he ‘was appointed valuation engineer and 
- principal assistant to Alten S. Miller, yice-president of the company, 
in charge of the valuation of gas plants in the vicinity of New York, 
ee! N. Y., and later in other cities. Since 1931 he had been located in 
New York, working as senior gas engineer for the Public Service Com- 

mission, State of New York. 

Mr. Goodrich became an associate member of the ASME in 1925, 
and was automatically advanced to the grade of member ten years 
later. 

_ _He was survived by three nephews, Thomas Wheaton Goodrich of 

_ Baltimore, Robert D. Goodrich, Catonville, Md., and Ivan T. Good- 
_ rich of Savannah, Ga.; and by three nieces, Mrs. David H. Fisher, 
Parkville, Md., Mrs. G. D. Phillips, Baltimore, and Mrs. Clyde F. 
Lankenau, Savannah, Ga. 


WILLIAM JUBL HAMILTON (1867-1948) 


William Juél Hamilton, secretary of the Hendrick Manufacturing 
~ Company, Carbondale, Pa., died on Jan. 27, 1948, in the Carbondale 
- General Hospital, where he had been a patient for several months. 
- _ He was born in Albany, N. Y., on Dec. 17, 1867, the son of William 
Augustus and Amanda Jane (Juél) Hamilton. He attended the Al- 

a bany Boys’ Academy and was employed at the First National Bank 

a... Albany. He then enrolled at the Stevens Institute of Technology 

- a and was graduated with honors as a mechanical engineer in 1889. 
ale: He entered the employ of the Hendrick Manufacturing Company in 

October of that year as draftsman. He was made purchasing agent in 

-- 1897. Later he was named assistant to the late W. T. Colville, then 
treasurer. He was elected to the board of directors and was named 
secretary in 1909, a position which he held until the time of his death. 
Y Mr. Hamilton was elected to membership in ASME in 1905 and 
served as Secretary of the Committee on Safety Code for Mechani- 
cal Power-Transmission Apparatus, 1936-1938. He was also a mem- 
_ ber of the Engineers’ Club of New York. 

Me He was keenly interested in civic organizations. He was founder 
i. and director of the Carbondale Public Library and Chamber of Com- 

: tor and active in the Community Chest and the Carbondale Chap- 


ter of the American Red Cross. 
Surviving him are his wife, the former May Joseph of Scranton, Pa., 


ALBERT WILHELM HAPPEL (1882-1947) 


Albert Wilhelm Happel was born at Aschenthal, Westphalia, Ger- 
- many, on March 3, 1882, son of Anton and Emilie (Leyer) Happel. 
_ He secured his preparatory education at the Gymnasium in Essen, 
Ruhr, Germany, and was graduated from the Koenigliche Héehere 
- Maschinenbauschule, Dortmund, Germany, in 1904. 
_ Prior to his graduation he had worked as patternmaker and ma- 
chinist for Friedrich Krupp, A. G., Borbecker Maschinenfabrik, and 


in the spring of 1907. Later that year he went to work for the General 
- Electric Company, Lynn, Mass., designing electric motors. The fol- 
lowing year he was engaged by the Breshnahan Shoe Machinery 
took a position in Buffalo, N. Y., as gear inspector for the E. R. 
_ Thomas Motor Company. 
Mr. Happel remained in Buffalo until about 1917. After a few 

months with the Thomas company, he was designer of automatic high- 
speed machinery, printing presses, and tools for the Molineux Mailing 
Machine Company for two and a half years, and then was employed 

by the Pierce Arrow Motor Car Company on design and special 

studies of tools and equipment. 

Pr, In 1917-1918 he was in Pennsylvania, with the Keystone Truck 

Company at Oaks, and the Commercial Car Unit Company, Phila- 
_delphia. Then he spent about four years with the Willys-Overland 
- Company, Toledo, Ohio, in the positions of assistant truck engineer, 
- chief draftsman, and layoutman and checker for the Passenger Car 
Division. 
; He became designer and chief engineer for the Kent-Owens Mach- 
- ine Company, Toledo, in 1922, and during approximately fifteen years 
_ with the company helped to develop many special tools and labor- 
saving devices. 
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Mr. Happel opened an office in Toledo as designing and consulting 
engineer in the fall of 1937. In 1939 he became chief development en- 
gineer for the Lynch Corporation, Anderson, Ind., the position he held 
at the time of his death, which occurred at his home in that city on Dec. 
1, 1947, of a heart ailment. 

Over a period of some thirty-five years, United States patents on a 
variety of machines designed by Mr. Happel were granted and as- 
signed to the companies for which he worked. These included metal 
cutting, grinding and milling machines, machine-tool feeding mecha- 
nisms, ice scoring, cubing, vending apparatus, and glass machinery. 

Mr. Happel became a member of the ASME in 1928, and served on 
the Executive Committee of the Toledo Section in 1932-1933. He 
belonged to the Knights of Columbus. He became a naturalized citi- 
zen of the United States in 1914. 

He was survived by his widow, Hedwig (Binder) Happel, and four 
children, Emilie Marie, Charlotte E., and Anton W. Happel, of An- 
derson, and Hermann E. Happel, of Indianapolis, Ind. wvbernecg't 


GEORGE FISKE HARDY (1865-1947) 


George Fiske Hardy, senior partner of George F. Hardy and Son, 
mill architects and consulting engineers, New York, N. Y., died in that 
city on Oct. 2, 1947. He had been known for many years as the ‘‘dean 
of the paper industry” and had been responsible for the design of more 
pulp and paper mills of various types than any other individual 
American. He designed pulp and paper mills and hydroelectric power 
developments throughout Canada and the United States, as well as 
mills in Newfoundland and Mexico. ; 

Mr. Hardy was born in Poquonock, Conn., on Feb. 12, 1865, son of 
George Francis and Jane (Smyth) Hardy. He studied at Dartmouth 
College, receiving a BS degree in 1888. He was employed after 
graduation as an engineer for D. H. and A. B. Tower of Holyoke, 
Mass., specialists in pulp and paper mills, later to become a junior 
member of the firm under the name of A. B. Tower and Company. 
He resigned in 1896 to build a mill for the Hudson River Pulp and 
Paper Company, Corinth, N. Y. In 1897 he built a newsprint mill for 
the Laurentide Paper Company, Grand’ Mére, Que., Can., which was 
the first of its kind in Canada. The next year he was appointed chief 
engineer of the International Paper Company; he resigned in 1901 to 
purchase the mill engineering business of A. B. Tower which had in the 
meantime moved to New York, N. Y. 

He built a large number of paper and pulp mills and power plants, 
including the 275,000-hp hydroelectric plant at Abitibi Canyon, On- 
tario, Can., in 1930-1932. From then on he was engaged largely in 
the development of the kraft pulp and paper industry in the southern 
states, which has included mills in Savannah and St. Marys, Ga., Fer- 
nandina and Port St. Joe, Fla.; and Bogalusa and Monroe, La. He 
designed the first mill to make newsprint from southern pine at Luf- 
kin, Texas, and shortly before his death had completed the first mod- 
ern sulphate pulp mill in Mexico. At the time of his death he was 
working on the design of the 600-ton per day kraft liner-board mill 
for the Macon Kraft Company, Macon, Ga. 

He was a director of the St. Croix Paper Company at Woodland, 
Me. He served as New York district manager, Division of Supply, 
Emergency Fleet Corporation, in 1918. Dartmouth College awarded 
him the honorary degree of doctor of science in 1926. 

Mr. Hardy had been a member of the ASME since 1895. He was 
also a member of the American Society of Civil Engineers and The 
Engineering Institute of Canada, and a Fellow of the Royal Society of 
Arts (Great Britain). He belonged to the Union League and Univer- 
sity clubs in New York, and to the Sigma Chi fraternity. He was sur- 
vived by two sons, George Fiske, Jr., and John Alexander, the latter 
associated with him in business. His wife, Johnetta (Beall) Hardy, 
whome he married in 1896, died in 1925. [Adapted from an obituary 
in The Engineering Journal, December, 1947.] Yo 
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ERNEST ROWLAND HILL (1872-1948) 


E. Rowland Hill, chairman of the board of directors of Gibbs and 
Hill, Inc., New York, N. Y., the organization established to succeed 
the partnership he and George Gibbs formed in 1911, died on Aug. 
25, 1948 at the Orange (N. J.) Memorial Hospital. 

He was born at Pompton, N. J., on Jan. 29, 1872, the son of 
Benjamin Rowland Hill, Jr., and Hetty Maria (Van Duyne) Hill. 

Mr. Hill attended Pratt Institute in Brooklyn, N. Y., and was 
graduated from Cornell University in 1893 with a degree in ME and 
EE. After graduation, he entered the general shop and engineering- 
training course at the works of the Westinghouse Company, which 
involved mechanical and electrical inspection of machinery. In 
1895, as special engineering assistant to George Westinghouse, he was 
placed in charge of all installation and initial operation of heavy 
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railroad and multiple-unit train equipment installed by the Westing- 


house Company. 

Mr. Hill went to London in 1901 as engineer-in-chief of the Westing- 
house Company, in charge of engineering, design, and construction of 
railway-electrification and power-plant projects for the Metropolitan 
Railway (Inner Circle) in London, the Mersey Railway in Liverpool, 
England, and certain of the tube railways in London. 

During his stay in England, he became well acquainted with George 
Gibbs, previously chief engineer for the Westinghouse Companies, 
and consulting engineer for several European railways. Mr. Gibbs 
persuaded Mr. Hill to return to this country in 1906 to be his assistant 
on the construction of the New York Pennsylvania Station, the tun- 
nels under the North and East Rivers, and the electrification of the 
railroad extensions to New York, N. Y., on which Mr. Gibbs served as 
chief engineer of electric traction and station construction. 

To continue in the electric traction field after the completion of the 
Pennsylvania Railroad Terminal, early in 1911 the two men, who had 
been closely associated on heavy electric-traction development and 
related projects since 1898, formed a partnership for continuing a 
general engineering practice. This firm, later incorporated, has been 
responsible for the design and execution of much of the important 
electrification work on American railways. Such installations have 
included the electrification of the Norfolk and Western Railway and 
The Virginian Railway mountain grade heavy coal and freight- 
haulage lines; extensive additions and changes to electrification 
equipment and power plants of the New York, New Haven and Hart- 
ford Railroad; electrification of the New York Connecting Railroad 
and Long Island Rail Road Company’s freight line operated by the 
New Haven (Hell Gate Bridge Line); the Chicago Suburban electri- 
fication of the Illinois Central Railroads; the suburban lines of the 
Pennsylvania Railroad in the vicinity of Philadelphia, Pa., and later 
the electrification of all through-passenger and freight services of the 
Pennsylvania Railroad between New York and Washington, D. C., 
and to Harrisburg, Pa. The Pennsylvania lines thus electrified com- 
prised 670 miles of route and a power load of over 200,000 kw, and 
involved a cost of more than one hundred fifty million dollars. 

In 1929, subsequent to the decision by Messrs. Hill and Gibbs to 
perpetuate the Gibbs and Hill organization, Mr. Hill directed the 
endeavor which led to greatly broadened activity, including consulting 
and designing engagements for numerous industries, public-utility 
companies, city transit lines, public-service commissions, govern- 
mental bodies, and foreign countries. His leadership in this endeavor 
was at all times characterized by an unswerving adherence to the 
ethics of the profession, and an unusual aptitude for quickly discarding 
any outmoded design or engineering concept in favor of proved but 
more modern and better techniques. 

During World War II, he directed the firm’s design of important 
Army and Navy installations, special work for airfields, aviation 
gasoline refineries, and synthetic-rubber plants. 

Mr. Hill was a Fellow of the American Institute of Electrical 
Engineers, a member and past-president of the American Institute 
of Consulting Engineers, a member of the American Society of Civil 
Engineers, a member of The American Society of Mechanical Engi- 
neers, 1907, served on the Research Committee on Drawing and 
Drafting Room Practice (Z14), 1937 to 1947, and a member of the 
Institute of Civil Engineers of England. 

It has been said of Mr. Hill that he did as much work each day on 
civic affairs in the Oranges of New Jersey as he did in directing the 
activities of Gibbs and Hill. There is probably a great deal of truth 
to this statement, since he was a director and officer of both the 
Orange Memorial Hospital and the YMCA of the Oranges from 
the time of their humble beginnings more than 25 years ago, up 
to the time of his death ‘when, as a result of his engineering skill, 
he left outstanding modern edifices and facilities to serve the needs 
of his fellow citizens in the Oranges. His other civic activities in- 
cluded membership on the Sinking Fund Commission of East Orange, 
N. J., a director of the Ampere Bank and Trust Company, and mem- 
ber of the Session of the First Presbyterian Church of East Orange. 

Nontechnical societies in which he was interested included the 
Sons of the American Revolution, and numerous charitable and 
educational groups. Mr. Hill’s clubs included Rock Spring, Bankers, 
the New York Railroad, and the Cornell Club of New York. 

He was married to Grace Gibson Crider of Pittsburgh, Pa., in 1904. 
In addition to Mrs. Hill, he is survived by a daughter, Mrs. Jean 
(Ernest C.) Johnson, and four grandchildren. 

He will be remembered by his professional associates for his un- 
paralleled contribution to the field of railroad electrification, and by 
his personal friends for his sterling character and sportsmanship. 
[Abridged from a memoir prepared by E. C. Jounson, President, and 


E. H. Anson, Vice-President, Gibbs and Hill, Inc. 
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GEORGE LUKE HOXIE (1872-1946) 


George Luke Hoxie, whose death occurred on Nov. 14, 1946, was 
born on May 14, 1872, at Leonardsville, N. Y., son of Luke and Har- 
riet Ellen (Parker) Hoxie. He prepared for college at the Utica (N. 
Y.) Free Academy and was graduated from Sibley College, Cornell 
University, with an ME degree in 1892. He spent that summer work- 
ing at the Camden (N. J.) Iron Works, then went to the University of 
Arizona as instructor in mech&nical drawing. During four years at 
the university he advanced to the position of professor of physics and 
mechanics, in charge of the department of physics. 

In 1896 he returned to Cornell to do graduate work in electrical en- 
gineering. He received an MME degree in 1897, and PhD in 1902, 
teaching physics, 1897-1898, and electrical engineering the next three 
years, while working for his degrees. 

During the years 1902-1904 he was engineer with Westinghouse, 
Church, Kerr and Company, New York, N. Y., and then became chief 
engineer of the Henney-Hoxie Company, Inc., New York, N. Y., 
carrying on general engineering and contracting work, particularly in 
the electric railway and hydroelectric fields. After a few years he took 
up consulting work and for some time was a member of the firm of 
Hoxie and Goodloe, New York, N. Y. In the early 1920’s he went to 
Los Angeles, Calif., where he continued his practice, serving the 
Southern California Edison Company, Ltd., until his retirement in 
1937, with the title of economist and research engineer. 

Dr. Hoxie was joint author, with Harris J. Ryan and Henry H. 
Norris, of a textbook on electrical machinery, first published in 1903, 
and his books on “Stock Speculation and Business’’ and ‘‘Men, 
Money, and Mergers”’ were published in 1930 and 1932, respectively. 

Dr. Hoxie became a junior member of the ASME in 1893, and a 
member in 1904. He was a Fellow of the American Institute of Elec- 
trical Engineers. 

He married Mary Coleta Osborn, of Tucson, Ariz., in 1896, and was 
survived by her and their four children, Dorothy E., Robert O., 
Stephen P., and Henry L. Hoxie. 


Stim JOHN PRICE JACKSON (1868-1948) 


Col. John Price Jackson, retired, former personnel ensten of the 
Consolidated Edison Company of New York, N. Y., died of a heart 
ailment on April 2, 1948. 

He was born in Philadelphia on Sept. 27, 1868, the son of Josiah 
Jackson and Mary Detweiler Price. He received the BS degree from 
Pennsylvania State College in 1887, and went on to take the ME de- 
gree in 1892, and the EE degree in 1901. In 1906 the University of 
Pittsburgh conferred upon him the degree of DS. 

For two years, between 1890 and 1892, Col. Jackson was an inspect- 
ing and constructing engineer for the Sprague and Edison Electric 
Companies. In 1892 he became instructor in charge of shops and 
drafting rooms at Pennsylvania State College, and in 1893 was pro- 
moted to assistant professor of electrical engineering. For the fol- 
lowing five years he was professor of electrical engineering, and was 
put in charge of the department in 1894. While holding the above po- 
sition, he also engaged in consulting and other technical work. 

For one year he left academic circles to become president of the 
Pennsylvania Zinc and Lead Mining Company, but returned to the 
professorship soon after. In 1907 he became dean of the School of 
Engineering at Pennsylvania State College. During this period, until 
1913, he was also director of engineering at the Experiment Station, 
director of engineering extension work, and for one year president of 
the Land Grant College Engineering Association. In 1917 he was a 
trustee of Pennsylvania State College. He and his brother-in-law, 
Louis E. Reber, at one time were listed among the owners of the 
weekly State College Times, which started as a daily paper in 1934. 

Between 1913 and 1919 he was commissioner of labor and industry 
for the State of Pennsylvania, the first occupant of that position. 
During this time he was also, for comparatively brief periods, chair- 
man of the Pennsylvania Engineering Congress, and president of the 
Pennsylvania Engineering Society. 

In 1914 he was sent by the governor of his state on a three months’ 
trip to Europe to study industrial and engineering practices there. 
In 1916 he became chairman of the State Industrial Board, adminis- 
trator and ex officio member of the Accident Compensation Board, 
and vice-chairman and administrator‘of the Accident and Insurance 
Fund Board. He also served a two-year period as secretary and mem- 
ber of the Pennsylvania Board on Licensing Engineers. 

The entrance of the United States into World War I took him to 
France as a major in command of Engineering Corps shop construc- 
tion. At the end of the war, bearing the rank of colonel, he made a 
special study of labor and industrial conditions in England and France 
for General Atterbury. He was also a member of a eee commis- 
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sion to Turkey, headed by Gen. Harbord, which was examining in- 
dustrial and technical matters. 

Returning to private life in 1919, he spent a year as consulting en- 
gineer for the Duquesne, West Pennsylvania, and Pennsylvania-Ohio 
Light Companies. In 1921-1922 he served as administrative officer 
for the Committee on Manufacturers, and the following year was 
made national managing director for the Joint Fuel Committee of the 
National Utilities Association, Washington, D. C. 

In 1923 he entered the Consolidated Edison Co. of N. Y., Inc., as 
personnel director, and retired in 1938. i 

Colonel Jackson became a member of ASME in 1903, and a Fellow 
in 1939. Among the host of other engineering honors which he held 
were: Fellow in the American Institute of Electrical Engineers, 
honorary membership in the National Society of Municipal En- 
gineers, the Pennsylvania Electrical Society, and the International 
Association of Municipal Electricians. In 1904 he was a member of 
the Electrical Jury of St. Louis Exposition, Eta Kappa Nu, the 
Society for the Promotion of Engineering Education, the Newcomen 
Society, and Phi Kappa Phi, and a member of N. Y. State and U.S. 
Advisory Board on Employment. 

He was a chevalier of the French Legion of Honor, a Commander of 
the Order of the Crown of Italy, and held the Italian War Cross. He 
also received a U.S. Army citation from General Pershing for excep- 
tionally meritorious service. He was a joint author of ‘‘Alternating 
Currents and Alternating Current Machinery,”’ published in 1896 and 
in a new edition in 1913; and ‘‘Elementary Electricity and Magnet- 
ism,’’ in 1902 and 1919. 

Surviving him are his wife, Mrs. Jessie M. Jenkins Jackson, and a 
daughter Mrs. Kathryn Reynolds; a brother, Dugald Caleb Jackson, 
and a sister, Mrs. Helen Jackson Reber. 


WALTER FRANCIS KEENAN, JR. (1885-1940) 


Walter Francis Keenan, Jr., director and vice-president in charge of 
engineering, Foster Wheeler Corporation, New York, N. Y., died at 
his home in Pelham Manor, N. Y., on March 18, 1940. 

He was born at Cape May, N. J., on Oct. 4, 1885, son of Walter 
Francis and Lily R. Keenan, and received his preparatory education 
at Drexel Institute, Philadelphia, Pa. He was graduated from the 
University of Pennsylvania in 1908 with a BS degree in mechanical 
engineering, and then worked with the American Locomotive Com- 
pany of Schenectady, N. Y. He was engaged as draftsman and in- 
spector for the construction department of the Power Specialty Com- 
pany, Dansville, N. Y., at the beginning of 1911, and later that year 
became assistant engineer for the company in New York, N. Y. He 
continued with them, advancing through several posts to that of chief 
engineer in 1920. Prominent among his activities during this period 
were the development of embryo radiant-heat superheaters and fur- 
nace waterwalls into successful commercial applications. The de- 
mand for marine superheaters and other special products during 
World War I necessitated opening a second plant to provide necess- 
ary production, and Mr. Keenan was largely responsible for the suc- 
cess of. this activity. im 

When the company became the Foster Wheeler Corporation in 1927, 
he remained in charge of the steam-engineering department, and 
subsequently was elected a director of the corporation and vice-presi- 
dent in charge of engineering. 

As president of the American Boiler Manufacturers Association for 
the two years before his death, as an active designer of prominent 
steam generators, and for pioneering in the development of fundamen- 
tal improvements, he was widely known throughout public utility and 
industrial power-plant circles in North America and Europe. His 
broad travels during 29 years devoted to this work, his contributions 
to the art, and the large number of patents taken out, have impressed 
him deeply in the minds of contemporary engineers. 

Mr. Keenan became a junior member of the ASME in 1912, and a 
member in 1925. As a representative of the American Boiler Manu- 
facturers Association, he served on the Joint Research Committee on 
Boiler Feedwater Studies. He was a member of the Bankers’ Club of 
New York, Delta Tau Delta fraternity, the Belmont Cricket Club of 
Philadelphia, Pa., and other country clubs. 

Mr. Keenan was survived by his mother, Mrs. Lily R. Keenan, of 
Essex Fells, N. J., and ason, Peter Keenan, of Charleston, W. Va., two 
sisters, and two brothers. 


THEODORE KIPP (1880-1941) 


- Theodore Kipp, vice-president and managing director of Kipp- 
Kelly, Ltd., Winnipeg, Manitoba, Can., died in that city on May 30, 
1941, after a lengthy illness. He was born at Dortmund, Westphalia, 
Germany, on March 19, 1880, son of F. B. Theodore and Anna (Strat- 
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mann) Kipp, and came to the United States with his parents at the 
age of one year. 

After two years of high school and two years at the Bradley Poly- 
technic Institute, Peoria, Ill., he served an apprenticeship in flour and 
cereal mills, at the same time taking home courses and private in- 
struction in mechanical engineering. Then he was assistant manager 
of the National Cereal Milling Company, Chicago, Ill., for a year. 
In 1904-1905 he was superintendent of the milling and by-products 
recovery department, Woolner Distilling Company, Peoria, IIl. 
The next year he was assistant manager of the Independent Cereal 
Milling Company; Peoria, for which he designed a large oat mill. 
Subsequently he was engaged in contracting and consulting engineer- 
ing in the firm of Kipp-Lackey Company at Peoria. 

He went to Canada in 1908 as chief engineer with Tillson Com- 
pany, Ltd., at Tillsonburg, Ontario, rebuilding mills. The following 
year he wasengaged by Robin Hood Mills, Ltd., Moose Jaw, 
Saskatchewan, as superintendent in charge of the design and con- 
struction of new cereal mills. After the completion of this work in 
1913, he became a member of the engineering firm of Kipp-Kelly, 
Ltd., Winnipeg, Manitoba, to design and build flour and cereal mills, 
grain elevators, etc. ’ 

In 1916-1917 Mr. Kipp was consulting engineer to the British 
Government Food Board, designing potato-drying plants and other 
food-manufacturing plants in England and Ireland. Then he was 
made chief engineer of Ogilvie Flour Mills Company, Ltd., Montreal 
and Winnipeg, and designed and built large mills and an elevator for 
this company. He returned to consulting engineering and contract- 
ing with Kipp-Kelly Ltd., Winnipeg, in 1920. A few years later he 
organized the engineering firm of Sullivan, Kipp and Chace, Ltd., 
Winnipeg, of which he was vice-president and a director at the time of 
his death. 

Mr. Kipp was also vice-president of the Canadian Engineering and 
Construction Company, Ltd., and a director of the Alberta Wood Pre- 
serving Company, Ltd., Hess Drier Company of Canada, Ltd., Martin 
Paper Products, Ltd., God’s Lake Mines, Ltd., White Eagle Silver 
Mines, Ltd., and Grouped-Income Distributors, Ltd. 

He was chairman of the Industrial Development Board of Manitoba 
and councilor, Canadian Manufacturers’ Association. He had been 
a member of the ASME since 1924, and also belonged to The Engineer- 
ing Institute of Canada, and was a past-chairman of its Manitoba 
Branch, Canadian Institute of Mining and Metallurgy, Association of 
Professional Engineers of Manitoba, and American Chemical Society. 
His clubs included the Manitoba, St. Charles Country, Royal Lake of 
the Woods Yacht, and Engineers’ (Montreal). He was a naturalized 
British subject. 

Mr. Kipp had devoted considerable time to industrial and technical 
research and held a number of patents. He had contributed various 
articles to periodicals in his field. 

He married Jessie McKay Ross of Tillsonburg, in 1909, and they 
had two sons, Theodore Ross and Robert Angus, and a daughter, 
Maria. [Based on an obituary in The Engineering Journal, July, 1941, 
p. 369, and information prepared for ““Who’s Who in Canada.”’ ] ae 
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AUGUST CLARENCE KLEIN (1887-1948) = 


August C. Klein, Fellow of the ASME, and key engineer of the proj- 
ect which produced fissionable material for the first atomic bomb, 
died suddenly while on vacation in Jamaica, British West Indies, on 
Feb. 3, 1948. 

“Gus” Klein, as he was known to engineers throughout the coun- 
try, was an outstanding example of what we mean by ‘‘dynamic’”’ in 
describing character or personality. The same physical vigor that 
distinguished him on the skating rink, the badminton court, or in 
dancing the polka, lent force and emphasis to his rapid-fire engineering 
decisions. He was able to lead or drive, as circumstances might dic- 
tate, and to energize large groups of men to the point where the seem- 
ingly impossible was frequently accomplished. It is not entirely a , 
figure of speech to say the he did the work of four men. In one short 
lifetime he achieved eminence in three distinct fields—manufactured- 
gas production, power generation, and explosives manufacture—the 
last including materials for atomic fission. At the same time, he be- 
came an acknowledged expert in the field of valuation of utility plants 
and equipment, and particularly in the controversial matter of depre- 
ciation. 

Born in Jersey City, N. J., April 1, 1887, the son of August and 
Louise (Gavenesch) Klein, Dr. Klein grew up in a traditionally Ger- 
man community and retained a facility in that language throughout 
his life. His inherited German hospitality was augmented by mar- 
riage in 1920 to Maree Keeling, a Nashville girl, steeped in the tradi- 
tion of the Old South. His spacious home in Newton Centre, Mass., 
was the scene of many large gatherings, including people of all ages 
and from all walks of life. The Kleins’ eggnog on Christmas Day was 
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an institution of many years’ standing, and as many as 300 guests 
have visited his home on these occasions and have been equally re- 
galed by the excellence of his eggnog and the gaiety of his reception. 

Dr. Klein’s flair for mathematics and natural science developed at 
an early age, and he matriculated at Stevens Institute of Technology 
in 1904. He was graduated with the degree of ME in 1908, and in 
1947 he was awarded the honorary degree of Doctor of Engineering 
by the same institution. 

After graduation from Stevens, he served a two-year apprentice- 
ship with the Erie Railroad, and then entered the employ of United 
Gas Improvement Company as gas engineer. His major work for the 
next 16 years was in this field. 

The manufactured-gas industry offered, at that time one of the 
broadest fields of chemical engineering in the country, and the years 
spent in the development and design of gas works and chemical by- 
product plants gave Dr. Klein a thorough foundation on which to 
build his later achievements in the design of explosive plants during 
World War II. All of his chemical-engineering work was notable for 
the speed with which the designs were produced, for the smoothness 
with which the completed plants went into operation, and for the 
unfailing achievement of design capacity and efficiency. 

At the outbreak of World War I, the young gas engineer promptly 
volunteered for Chemical Warfare Service but was commissioned first 
lieutenant in the Ordnance and given responsibility for toluol produc- 
tion in the Philadelphia area. Soon after the Armistice he returned 
to the United Gas Improvement Company, at Philadelphia, Pa., but, 
in 1920 he transferred to Stone and Webster in Boston, Mass., also as 
gas engineer. 

While his first assignments with Stone and Webster were on gas engi- 
neering, he soon became interested in steam power-plant design, being 
‘‘white card,’’ or project engineer, for a number of utility and indus- 
trial plants. In 1926 he was given the title of mechanical engineer 
and in 1929, became assistant chief mechanical engineer with general 
supervision of mechanical designs for all power, industrial, and chemi- 
cal plants constructed by Stone and Webster. It was during his occu- 
pancy of this position that he established his outstanding reputation as 
an expert witness on matters affecting valuation and depreciation. 

Following the outbreak of hostilities in Europe in 1939, Stone and 
Webster was entrusted by the Government with the design and con- 
struction of three large TNT plants, the cost of which totaled more 
than $200,000,000. To handle these vast projects, a substantially 
separate engineering organization was set up by Stone and Webster 
with Dr. Klein as its chief engineer. This same separate organiza- 
tion formed the nucleus of a still greater one when Stone and Webster 
was awarded the mysterious ‘‘X Job,’’ now known to history as ‘‘The 
Manhattan Project.” 

In the beginning, Stone and Webster was the sole engineering con- 
tractor, and Dr. Klein was its chief engineer for the project, though 
retaining his regular title which had become chief mechanical engi- 
neer. After an intensive course in nuclear science in the laboratories of 
Cambridge, Mass., Chicago, Ill., and Berkeley, Calif., in which his tu- 
tors included three Nobel prize winners, he began to organize one of 
the greatest engineering achievements of all times. 

Under his supervision, the initial plutonium pile was constructed at 
Argonne Forest, and also the heavy-water plant at Trail, British 
Columbia. It was Dr. Klein and his chief, Dr. Emmart LaCrosse, 
who first raised a question as to where the uranium was coming from 
for initial operation, and Stone and Webster was immediately 
assigned the responsibility for securing a supply. This timely ques- 
tion resulted in the purchase of a year’s output from the only existing 
commercial source, just before the close of navigation in Hudson 
Bay, which would have blocked deliveries for many months. 

While, eventually, the magnitude of the project compelled its dis- 
tribution among several other contractors, the entire plant for mag- 
netic separation of U-235, and also the construction of the city of Oak 
Ridge, Tenn., remained in the hands of Stone and Webster, and so un- 
der the supervision of Dr. Klein. This work cost more than $400,- 
000,000, exclusive of the 14,000 tons of Treasury silver, valued at an 
equal amount, which was used instead of copper to conserve the latter 
for war work. When he was awarded the degree of Doctor of Engi- 
neering at Stevens in 1947, the citation read, in part: ‘‘Perhaps for the 
first time since the building of the pyramids, an engineer had an un- 
limited budget to work with, and the responsibility was commensur- 
ate with the opportunity. It was a tremendous task magnificently 
accomplished.” 

There was no pilot plant to serve as a model. Design and construc- 
tion were keyed to research. Only constant liaison among laboratory, 
engineering, construction, and operating groups could keep the vast 
project in step with discovery. This liaison and the supervision of his 
own 800 men were Dr. Klein’s sole occupation for the next two years. 
As disclosed by the Smythe Report, it was the Magnetic Separation 


Plant first produced material i in quan- 


tities, enabling the essential scientific and development work to pro- 
ceed at Los Alamos, N. Mex., to permit the design and construction © 
of the bomb. The rapid and successful completion of the Magnetic 
Separation Plant advanced the date of Hiroshima and the end of the 
war by more than a year. 

The role of the engineer in the achievements at Oak Ridge, and the © 


other atomic centers, is not widely appreciated. The atomic bomb — ; 


was a scientific achievement of the first magnitude, but it is forgotten _ 
that the enemy was at least on a par with the Allies in the realm of — 
nuclear science. Our advantage was in the quality of our engineers, 
including the men who conceive, design, and manage our pre-eminent _ 
production facilities, but particularly those dynamic organizers of en- 
gineering for the construction of vast and unprecedented works; 
men like Dr. Klein who could take the results obtained in a laboratory 
producing submicroscopic quantities and, without even the interven- 
tion of a pilot plant, in less than two years design and build a plant of 
such staggering proportions as Oak Ridge for operation by ordinary 
mechanics and laborers, as well as unskilled women. 
Magnets were designed and built containing thousands of tons of 
steel, each 100 times larger than the 184-in. cyclotron at Berkeley, 
Calif., then the mightiest magnet in existence. Pumping equipment 
was designed and built capable of evacuating the enclosures, many 
thousands of cubic feet in volume, producing absolute pressures less _ 
than one thirty-millionth of the vacuum normally obtained in power- 
plant condensers. It is said that more instruments were installed at 
Oak Ridge than had been manufactured in the whole United States ; 


prior to 1942. To assign, co-ordinate, procure, and organize enter- _ 


prises of this magnitude was the engineer’s part. Our ability to sup- | 
ply such engineers is the reason that the first atomic bomb was 
dropped on Hiroshima and not on New York. 

As the work on the Manhattan Project approached completion, Dr. | 
Klein returned to his normal duties in the Boston office of Stone and _ 
Webster. He was appointed engineering manager in 1945, and a year 4 
later was elected vice-president. He was soon in the midst of a post- _ 
war rush of industrial expansion. At the time of his death, he was in 
charge of the design of power stations totaling more than 1,500,000 
kw in capacity, as well as the planning of a large number of industrial — 
and chemical plants and institutional work of major proportions. 

Dr. Klein was active in ASME work. He became a member in © 
1928 and was elected Fellow in 1944. He was at onetime chairman | 
of the Boston Section and served on several committees. 
a member of the American Gas Association, the Massachusetts So- — 
ciety of Professional Engineers, and the National Society of Profes- — 
sional Engineers, Dr. Klein was also active in the work of his church, 


Trinity Church of Newton Centre, Mass., and of several Boston clubs, Ea 


particularly the Skating Club of Boston, the University Club, and the © 
Algonquin Club. 

Dr. Klein is survived by his wife, Maree (Keeling) Klein, his sons, _ 
James S., August S., Frederick W., and John D., and his daughter, _ 
Maree S., all of Newton Centre, Mass. His untimely death has cre- | 
ated an irreplaceable void, not only in his family, his organization, _ 
and among his intimate friends, but throughout the engineering pro- 
fession. [This memorial was prepared by William F. Ryan, | 
Engineering Manager, Stone and Webster Engineering Corp., Boston, 
Mass. Fellow ASME. ] 


EDWARD W. KLEIN (1882-1948) 


aah 
Edward W. Klein, widely known steam-heating engineer, who was _ 


for twenty-five years a representative of Warren Webster 
Company, died on April 21, 1948. - 
He was born on Aug. 9, 1882, the son of Jacob C. and Mary Lilly — 
Klein. 
the Georgia School of Technology in 1902. 
Even before graduation, during the summer vacations from 1900 _ 
to 1902, Mr. Klein was receiving practical training as a draftsman _ 
with Frank Lederle of Atlanta, Ga. In 1902, after taking his degree, | 
he became a draftsman with the Tennessee Coal, Iron, and Rail- _ 
road Company Steel Plant Division, Ensley, Ala. The same year he © 
accepted a position with the Minneapolis, St. Paul, Sault Ste. Marie 
Railway, Minneapolis, Minn., as a draftsman in the mechanical 
department, where he remained until 1905. For the next two years 
he was level man, transit man, and resident engineer in charge of — 
construction work for the Tampa Northern Railway, Tampa, Fla. _ 
Between 1908 and 1916 he held the position of heating and ventilating _ 
engineer with the Engelhart Heating Company of Atlanta, Ga., and ( 


and 


then spent two years with the Bishop, Babcock, and Becker Com- _ 


pany of the same city, as a sales engineer in charge of the vacuum _ 
department. 


In 1919 he became associated with Warren Webster and Company, cS, 


wales he remained —_ his death. 


He was also © 


He received his BS degree in mechanical engineering from _ 
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Mr. Klein became an associate-member of ASME in 1918, and a 
member in 1924. A charter member of its Atlanta chapter, he was an 
honorary life member of the American Society of Heating and 
Ventilating Engineers, and belonged also to the Georgia Engineering 
Society. He belonged to two* honorary Greek letter societies, Phi 
Kappa Phi and Pi Tau Sigma. 

Surviving are his widow, Mrs. Berma Daniell Klein, whom he 
married in 1911; two daughters, Mrs. Allen G. Webb and Mrs. Lloyd 
L. Davis; and two sons, Robert D. Klein and Edward W. Klein, Jr., 
all of Atlanta, Ga.; a sister, Mrs. William Tellam, Atlanta, Ga.; 
a brother, Thomas Klein, Detroit, Mich.; and 4 grandsons. 


LESTER LEE KRAFT (1896-1947) 


Lester Lee Kraft, general superintendent of the Venice plant of the 
Union Electric Company of Missouri, died on Jan. 16, 1947, at the 
Barnes Hospital in St. Louis, Mo., of a heart ailment. He was sur- 
vived by his widow, Anna (Dierl) Kraft, a native of St. Louis, and by 
a sister, Matilda Kraft, and two brothers, Oliver and Andrew Kraft, 
of Ironton, Mo. 

Mr. Kraft was also a native of St. Louis. He was born on May 14, 
1896, son of Fred and Julia L. Kraft. His grade-school studies were 
supplemented by night courses in structural steel and chemistry at 
Washington University and the La Salle Extension University. 

Nearly all of Mr. Kraft’s work was with the Union Electric Light 
and Power Company, and Union Electric Company of Missouri. He 
had some early experience in drafting with the Fred Medart Manufac- 
turing Company (gymnasium-apparatus layouts) and the Girtanner- 
Davies Engineering Company and its successor, American Steam Jet 
Ash Conveyor Corporation. During World War I he entered the U. 
S. Army as a cadet in the air service early in 1918, and completed 
training as a pilot and received a commission as second lieutenant. 

Following his discharge from the army in 1919, Mr. Kraft performed 
test work for the Steam Operation Department of the Union Electric 
Light and Power Company. He was named senior engineer in 1921, 
and four years later was assigned to the Ashley Street plant. He be- 
came design and estimate engineer in 1929, was transferred to the 
Cahokia plant in 1933, and was made general superintendent of the 
Venice plant in 1946. 

Mr. Kraft had been a member of the ASME since 1931 and was ac- 
tive in its St. Louis Section, and in the Engineers’ Club of St. Louis. 


FRED PRESCOTT LOVEJOY (1874-1940) 

Fred Prescott Lovejoy, president of the Lovejoy Tool soniene 
Inc., Springfield, Vt., died on Feb. 9, 1940. He was born at Andover, 
Vt., on May 9, 1874, a son of Isaiah and Elizabeth (Puffer) Lovejoy. 
He was educated in the public schools of his native town and at Black 
River Academy, Ludlow, Vt., and in 1895 entered the employ of the 
Jones and Lamson Machine Company, Springfield, Vt. After two 
years in the shop he was transferred to the drafting room, where his 
inventive ingenuity and marked talent for design eventually brought 
him to the position of chief draftsman and special tool designer. 

While serving in this connection he invented a single-point turning 
and boring tool of the inserted-blade type (patented in 1916), designed 
particularly for adaptation to the Hartness flat-turret lathe. Later 
he received a number of other patents pertaining to metal-cutting 
tools of the inserted-blade type, all manufactured by the Lovejoy 
Tool Company, Inc., which he organized in 1916 in association with 
Charles N. Safford. Mr. Lovejoy was president and general manager 
of this company from its formation until his death. 

The whole of his career was centered in Springfield but he was 
widely known by reason of his industrial prominence. He was active 
in public life in Springfield and for twelve years (1923-1929, 1932- 
1938) served as a selectman. He was treasurer of the Springfield 
Manufacturers Association, and took a leading part in the establish- 
ment and operation of the Springfield Community House, and in the 
work of the chamber of commerce. For several years he was a 
trustee of the Springfield Savings Bank, and at the time of his death 
was trustee of bequeathed public money for Springfield. 

Mr. Lovejoy became a member of the ASME in 1917. He was a 
Republican in politics, and his religious affiliation was with the 
Springfield Congregational Church, which he served as treasurer and 
trustee. 

He married Lilla Alice Richardson, of Westminster, Vt., in 1901, 
and they had one son, Prescott Richardson Lovejoy, who succeeded 
his father as president and manager of the Lovejoy Tool Company, 
Inc. [Adapted from biography published by the National Cyclo- 
paedia of American Biography, vol. XX XI, page 317.]} 
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_ Graw foresaw the doom of the horse car and his first official act as an 


HAROLD GORDON MacCHESNEY (1896-1940) 


Harold Gordon MacChesney, mechanical engineer of New York, | 
N. Y., died on Sept. 13, 1940. He became a member of the ASME in © 
January of that year. 

He was born on Sept. 26, 1896, at isis Falls, N. Y., and attended 
the Amsterdam, N. Y., grade and high schools. After graduation 
from high school he was with the American Locomotive Company, | 
Schenectady, N. Y., for two years as draftsman in the elevation de- 
partment. During the next four years he was engaged as tool designer ae 
in Detroit, Mich., working for several automobile and tool companies, 
and for the American Car and Foundry Company. In 1920 he was > 
transferred to the New York office of this company, with which he | 
continued until 1929 as designer, field engineer, and sales engineer. 

In 1929-1930 he was chief engineer for the American Twist Drill — 
Company, Detroit, Mich. During 1930 and 1931 he designed a cello- 
phane plant for E. I. du Pont de Nemours and Company, Wilming- 
ton, Del., chemical plants for the United Gas Improvement Company, 
Philadelphia, Pa., and shell gages for the U. S. Government at the | 
Picatinny Arsenal at Dover, N. J. He also assisted in new layouts for — 
the arsenal. He then served as designer of oil refineries, and was field 
engineer and sales engineer for Alco Products, Inc., New York, N. Y. 

Mr. MacChesney held patents on a clutch drum, an emulsifying 
apparatus, and a traveling reaming-and-riveting device for railroad 
shops. From 1932.to 1934 he was president of his own company, the — 
Macreamer Corporation, New York, N. Y., engaged in the develop- _ 
ment, manufacture, and marketing of his emulsifying apparatus. Sub-— 
sequently he was sales and field engineer for the Combustionaid, a New _ 
York firm handling combustion equipment for boilersin industrial con- _ 
cerns and on locomotives, and from 1936 to 1939 he was inspector of 
wire cable, subway cable, blowers, and other equipment for the Pitts- 
burgh Testing Laboratories, New York, N. Y. In the year before his 
death he was in Oroya, Peru; S. A., acting as mechanical engineer for - 
the Cerro de Pasco Copper Corporation. E 
DONALD BRUCE MAHLER (1917-1947) 

Donald Bruce Mahler died on Feb. 24, 1947, at the Samaritan Hos- 
pital in Huron, 8S. D., of a pulmonary embolism following a tonsillec- 
tomy. He was survived by his widow, Gladys (Newton) Mahler, of 
Laurel, Mont., whom he married in 1938, and by a daughter, Pamela 
Ann Mahler. 

Mr. Mahler was born at Pompey’s Pillar, Mont., on July 4, 1917, ee 
son of Clarence and Jessie (McKay) Mahler. His preparatory educa- — 
tion was obtained in Lodge Grass, Mont. He was graduated from the — 
Billings (Mont.) Polytechnic Institute as an associate in arts in 1936. 
Later he attended Purdue University, where he received a BME d= 
gree in 1946. He was elected to Tau Beta Pi and Pi Tau Sigma at Pur 
due and served as vice-president of both in 1946. He also belonged to 
the Reamers at Purdue. He was a student member of the ASME 
there, and became a junior member of the Society, following his pa i, 
ation. 

He had been employed by the Chicago, Northwestern Railroad, 
Huron, as ee foreman. 


JAMES H. McGRAW (1860-1948) 


a, 

James H. McGraw, dean of industrial publishers, ates of fin 
McGraw-Hill Publishing Company, Inc., died in San Francisco 
Calif., on Feb. 21, 1948. He had been ill for several years. ; 

When he resigned on Dec. 27, 1935, as chairman of the board of 
directors, he was made honorary chairman, and his responsibilities 
were taken over by his son, James H. McGraw, Jr., who assumed the 
presidency and chairmanship of the board. Though retired he never 
lost interest in the business. 

He was born in Panama, Chautauqua County, N. Y., on Dec. 27, 
1860. He attended the State Normal School at Fredonia, Noe, 
and at the same time taught at a district school. On graduation from _ 
normal school as valedictorian, in 1884, he was appointed principal — 
of the district school in which he taught. He worked in his spare 
time for a monthly publication called ‘“The Countryside,” writing at 
$5 a column, and selling subscriptions on commission. When Chau- 
tauqua County friends started ‘“‘The American Journal of Railway — 
Appliances” and purchased a little paper called ‘‘Steam,’’ the tempta- | 
tion was too much. He left his country schoolhouse for New York 
and the publishing business; but the venture was not an immediate 
success financially. 

e An important fact which was to prove his judgment sound came 
about when he and his partner parted company over a difference of 
opinion as to the importance of Edison’s new electric car. Mr. Mec- 
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independent publisher was to hire an electrical editor for his ‘Street 
Railway Journal.” 

It was his realization of the vast possibilities of electricity that led 
to the expansion of his publishing house. 

In 1916, a few months after John.A. Hill’s death, the McGraw and 
Hill companies were consolidated and the new firm began with nine 
national publications. Today there are 26 national publications, 
nine international, and three annual. 

In 1909, seven years before the parent companies were consoli- 
dated, the book departments of the McGraw and Hill companies 
were merged to form a subsidiary, operated as the McGraw-Hill 
Book Company. With a list of some 2500 active titles, it has ex- 
panded its field to cover practically all branches of pure and applied 
science, including economics, business, and the social sciences, and 
has played an important role in two world wars, providing textbooks 
for service men and for the industries serving them. A trade division, 
Whittlesey House, was established in 1930, and still a further venture, 
publication of fiction, began in 1944. 

Messrs. McGraw and Hill were the first industrial publishers to 
print in their papers their total circulation figures. Mr. McGraw’s 
associates said of him that he had a ‘remarkably high standard of 
dissatisfaction,’’ which led to improvements in editorial authority 
and advertising ethics. 

In 1924 he established the James H. McGraw Award “‘to encourage 
constructive thinking for the advancement of electrical industry,” 
the endowed award, of four medals and a purse, given in recognition 
of the most important personal contributions to electrical progress 
in the manufacturing, wholesaling, and contraction branches, and for 
co-operation in promoting the general welfare of the industry. 

The Bok gold medal, presented annually as the Harvard Adver- 
tising Award, ‘“‘for distinguished personal service rendered American 
commerce and industry through raising the standards of advertising,” 
went to Mr. McGraw in 1927. 

In 1929 Mr. McGraw received the degree of doctor of commercial 
science from New York University, conferred on him as ‘‘an educator 
transformed into publisher, who has never ceased to be an educator.” 
In 1944 he was honored by the Fredonia State Teachers’ College 
Alumni Association by being named, with Edgar C. Markham, for the 
“distinguished service certificate’ given annually to two alumni of 
outstanding contribution. 

He became a member of the ASME in 1926, and served on the 
George Westinghouse Bust Committee from 1937 to 1944. He wasa 
member of the American Institute of Electrical Engineers, National 
Electric Light Association, Illuminating Engineering Society, and 
many clubs. 

Mr. McGraw married Mildred F. Whittlesey of Corfu, N. Y., on 
June 8, 1887. Surviving, besides his widow, are their sons, James H., 
Jr., now president and chairman of the board of the company, Curtis 
W.., senior vice-president and treasurer, and Donald C., vice-presid- 
ent in charge of manufacturing, and Harold W. They also had a 
now Mrs. John E. Osmun, of J. 


William McKay, marine surveyor and consulting n marine engineer, 
of Honolulu, Hawaii, died on Sept. 20, 1940. 

A native of Scotland, Mr. McKay was born in Aberdeen on March 
14, 1868. His family moved to London, England, when he was a small 
boy. He was educated in private schools, and in 1885 was apprenticed 
to the Great Eastern Railway in London as engineer and draftsman. 
In 1890 he left England for'the Hawaiian Islands and up to 1895 he 
did shop work and sugar-mill work for various marine engineers there. 

In 1896 Mr. McKay became chief engineer for the Wilder Steamship 
Company in Honolulu, and two years later was made assistant 
superintendent engineer. He was advanced to the position of super- 
intendent of the Hilo office in Hawaii in 1900. Six years later, when 
the Inter-Island Steam Navigation Company bought out the Wilder 
company, he continued in the same position. In 1916 he was trans- 
ferred to the main office in Honolulu as marine superintendent. Dur- 
ing his sixteen years in Hilo he did a great deal to further better roads, 
especially in designing bridges for the city and for the county of Ha- 
waii, free of charge. 

He left the company in 1921, to become transportation manager for 
the Hawaii Meat Company for whom he reconditioned several 
steamers carrying cattle and built one new steamer. In 1925 he re- 
signed this position to open his own office as marine surveyor and con- 
sulting engineer, representing the American Bureau of Shipping, the 
British Corporation, the Registro Italiano, the Bureau Veritas, and 
the Kaji Kyokai. 

became a member of the in 1918, and: was 


of the Society of Naval Architects and Marine Engineers, the Royal 
Society of Arts, and various local engineering organizations. SaaPRaES! 

He was survived by his widow, Mrs. Helen Willis McKay. TES 


QUINCY LUDLOW MORTON (1880-1940) 


Quincy Ludlow Morton, owner of the Never Slip Safety Clamp 
Company of New York, N. Y., was born in Hoboken, N. J., on Jan. a 
6, 1880. He was the second son of Henry Morton (first president of __ 
the Stevens Institute of Technology, and one of the founders ofthe _ 
ASME) and Clara Whiting (Dodge) Morton. He attended Stevens “sy 
Preparatory School and Stevens Institute, from which he was gradu- __ 
ated in 1902 with the degree of ME. He worked in the engineering Be 
department of the N. Y. and N. J. Telephone Company after gradua- i, 
tion. 

At this time he and his brother, Henry Samuel Morton, were also 
engaged in the design and construction of the Morton Memorial Li- 
brary at Pine Hill, Ulster County, N. Y., where the family resided. 
This 'ibrary, begun by their father before his death on May 9, 1902, 
in memory of his wife, was dedicated in 1903 to both Dr. and Mrs. — 
Morton. Built of native stone, it was stocked to serve the people of _ 
that area, and particularly the children, that section being one of the _ 
most complete in the state, outside large cities. It was turned over to _ 
the trustees of the Village of Pine Hill in 1938. i 

In 1910 Mr. Morton became owner and sales agent for the Never 
Slip Safety Clamp Company. This clamp was used for handling _ 
boiler plate horizontally. Mr. Morton bought the patent in 1912, se- 
curing the sole right to manufacture the clamp up to 1922, when the —s| 
patent expired. He had the clamp redesigned by Bradley Stoughton, os — 
consulting engineer, and in 1913 he began selling the redesigned clamp. __ 
With the patent for the horizontal lifting clamp, the inventor had 
given Mr. Morton the idea for a vertical lifting clamp. He hadthis | 
clamp designed by Prof. James McGregor, of Columbia University, — 
and put it on the market about 1913 as the ‘‘Voltz.”’ ; 

Except for a few years in other work, Mr. Morton devoted all his ne? 
time to his own business. In 1925 he worked as tracer for Gibbs and _ 
Hill, New York, N. Y., and from 1927 to 1932 he was employed as jun- 
ior mechanical draftsman with the New York City Board of Educa- | 
tion, Bureau of Construction and Maintenance, Heating and Ventilat- — 
ing Division. In 1933 he took a course in structural design. i 

His company was awarded a bronze medal by the First Interna- | 
tional Exposition of Safety and Sanitation, held under the auspices of 
the American Museum of Safety in 1913, and in 1914 a gold medal by 
the Second American Exposition of Safety and Sanitation. : 3 

He joined the ASME as an associate member in 1923, and wasauto- 
matically transferred to the grade of member in 1935. He wasalsoa _ 
member of the American Geographical Society. a 

Mr. Morton died on May 13, 1940. He was not married. A niece, — 
Clara Bronson Morton, and two nephews, Henry and Bronson Mor- | 
ton, survived him. 


PERCY NICHOLLS (1870-1942) 


Percy Nicholls, supervising engineer of the Fuels Section at <i a 
Central Experiment Station of the U.S. Bureau of Mines, Pittsburgh, 
Pa., died on Feb. 12, 1942, after a short illness. ; 

He was born in London, England, on June 4, 1870, son of Alfred ce | 
George and Mary Anne (Robertson) Nicholls. He was educated at __ | 


the Northern Congregational Schools, Wakefield, England, and at or 
Leeds University, from which he was graduated with an MS degree in _ 
engineering in 1891. After graduation he served as shop apprentice =—=s— 
for three years with Fairbairn, Naylor and McPherson Company, and © 
Henry Berry and Company, then was employed for three years by the _ 
General Electric Company in England as designer and engineer. He 2 h 
planned and erected the first three-phase installation in England, at — ’ 
the Bootle Docks, Liverpool. And 

As a Whitworth Scholar; Mr. Nicholls came to the United Statesin 
1897 for experience in electrical work. Heentered the test department _ 
of the Westinghouse Electric and Manufacturing Company, Pitts- 
burgh, Pa., later becoming foreman, draftsman, and mechanical engi- 
neer. He was sent to Le Havre, France, in 1899, and spent about a * 
year there in connection with the establishment of Westinghouse 
works. 

In 1905 he became chief draftsman and mechanical engineer in the _ 
Power Apparatus Department of the Western Electric Company, _ 
Hawthorne, IJ]. Four years later, when the company’s manufactur- 
ing in this field was taken over by the General Electric Company, he 
took charge of the transfer. Later he served the General Electric as 
development engineer on centrifugal compressors, and then on oil | 
switches, continuing with the company at Schenectady, N. Y., and — 
Lynn, Mass., until 1914. 

During the aabe seven years he was director * ies and research 
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for the Franklin (Pa.) Manufacturing Company, where he became in- 
terested in heat transmission and combustion of solid fuels. He was 
made investigator of heat transfer at the Pittsburgh laboratory of the 
American Society of Heating and Ventilating Engineers in 1921, and 
continued in that position until going to the U. S. Bureau of Mines in 
1923. 

Mr. Nicholls was the author of more than fifty papers on technical 
subjects. He was an outstanding contributor to the literature on 
solid fuels, his papers on the fundamentals of combustion being ac- 
cepted as classics. He also developed the Nicholls. heat meter 
whereby the flow of heat through existing structures can be accurately 
determined. 

He was elected a member of the ASME in 1931. He served on the 
Special Research Committee on Removal of Ash as Molten Slag 
From Powdered-Coal Furnaces from March, 1929, to Jan. 1939, when 
this committee was discharged; on the Special Research Committee 
on Boiler Furnace Refractories from October, 1929, to October, 1939, 
when the committee was also discharged; and on the Special Re- 
search Committee on Furnace Performance Factors from October, 
1941, until his death. 

He was a life member of the American Society of Heating and Ven- 
tilating Engineers and served on many technical committees of that 
society. He assisted in developing the boiler testing and rating codes 
and at the time of his death was chairman of the society’s publication 
committee. He was a charter member of the Physical Society of 
Pittsburgh. 

At a joint Fuels Meeting of the ASME Fuels Division and the 
AIME Coal Division in St. Louis, Mo., in 1942, the fall after Mr. 
Nicholls died, the first Percy Nicholls Award ‘‘for notable scientific 
or industrial achievement in the field of solid fuels’? was presented. 
This award was established by joint action of the two divisions to 
commemorate the outstanding contributions that Mr. Nicholls had 
made in the science and technology of fuels utilization. 

Mr. Nicholls’ keen analytical mind served his chosen fields well. 
His talent for reaching the fundamentals of research problems quickly 
and surely gave him a rare ability to foresee difficulties and to reach a 
successful conclusion. His discussions at technical meetings were al- 
ways pointed and he could be relied upon to enliven any argument. 

He married Miss Georgia B.:- Arnold, Pittsburgh, Pa., on Dec. 25, 
1905, and was survived by her. 

Mr. Nicholls was reserved almost to the point of shyness. It was 
difficult for him to make friends, but those who knew him found his 
friendship warm and deep. He was a continual inspiration to the 
younger engineers working under his supervision. His demands on 
their abilities were great, but his approval of their work was a reward 
in itself. {Memorial prepared with the assistance of associates of om 
Nicholls in the Bureau of Mines.] , 


WILLIAM WESTERVELT NICHOLS (1870-1940) wl 


William Westervelt Nichols, widely known mechanical engineer, 
and vice-president of D. P. Brown and Company, Detroit, Mich., 


died suddenly of a heart attack in St. Petersburg, Fla., on Feb. 23, 


1940. 

He was born in Brooklyn, N. Y., on April 14, 1870, son of Isaac 
Williams and Louise (Westervelt) Nichols. He attended schools in 
Brooklyn, N. Y., and the Stevens High School, Hoboken, N. J. He 
served as machinist apprentice and assistant foreman with William 
Sellers and Company, Inc., Philadelphia, Pa., from 1887 to 1892, and 
then went to Birmingham, England, where he was inspector and fore- 
man for Grenfeld and Accles, Ltd. and works manager of the engi- 
neering and bicycle departments of its successor, Accles, Ltd. In 1898 
he went to Scotland as sales manager of the machine-tool department 
of P. and W. Maclellan, Ltd., Glasgow. 

Returning to the United States in 1901, he became superintendent 
for the Tabor Manufacturing Company, Philadelphia, Pa. After 
about two years thege he engaged in sales work for several companies, 
including the W. E. Shipley Company and Van Dyke-Churchill 
Company, Philadelphia, and Diamond Drill and Machine Company 
and Birdsboro Steel Foundry and Machine Company, Birdsboro, Pa. 
In 1905-1906 he was superintendent of the power-transmission de- 
partment of the Sellers company. He began his association with D. 
P. Brown and Company, of Philadelphia, Pa., and Detroit, Mich., in 
1907, as mechanical engineer in the Detroit office, and continued with 
the company throughout the remainder of his life, becoming assistant 
general manager, and in 1926, vice-president. 

Mr. Nichols contributed to the technical press and spoke before 
various societies on engineering subjects. His lectures in Czechoslo- 
vakia led to his being made an Officer of the Order of the White Lion 
of that country. An honorary degree in mechanical engineering was 
conferred upon him in 1932 by the University of Detroit (where he 
was an occasional lecturer) in recognition of his outstanding position 


in the field of industrial management and engineering, and also of 
great interest in the University’s school of engineering, and in i 
students and graduates. : 
He became an associate member of the ASME in 1903. Heallowed 
his dues to lapse in 1907, and was reinstated as a member in 1926. He 
served on the Executive Committee of the Detroit Section of the So- 
ciety in 1930, and again in 1932. He was also a member of the Institu- — 
tion of Mechanical Engineers, Society of Automotive Engineers, the 
Institute of Scientific Management, Warsaw, Poland, and Masary- — 
kova Akademie Prace, Prague, Csechoslovakia. He was 
man of the Port Development Commission of Detroit and of the As- 
sociated Technical Societies of that city, past-president of the Detroit _ 
Chapter of the Society of Industrial Engineers, and a member of the “ 
Engineering Society of Detroit. ee 
In 1896 he married Miss Lucy Sinnikson Parry, of Birmingham, + 


England, whose death preceded his by several years. A son, Philip — T/ 


EARL FRANCIS OGDEN (1916-1940) 


Cannell, of Three Rivers, Mich., survived them. 


Earl Francis Ogden was killed in an automobile accident on Oct. 19, 
1940. The son of Earl G. and Katherine (Weaver) Ogden, he was 
born on Oct. 16, 1916, in Louisville, Ky., and attended the du Pont 
Manual Training High School there. He then entered the Speed Sci- 
entific School of the University of Louisville, from which he was 
graduated in 1938 with the degree of BME. 

Following his graduation, Mr. Ogden entered the employ of the 
Joseph E. Seagram and Sons Company, and at the time of hisdeath _ 
was superintendent of power at the company’s distillery at Relay, — 
Md. 


He was a member of the ASME student branch at Speed Scientific 


School, and became a junior member of the Society in 1939. He was 
also a member of the local Alpha Pi fraternity, at Speed, now Theta 


i He belonged to the Presbyterian Church. 


Percy Talbert Oldham, manager, marine division, for Lukens Steel : 
Company of Coatesville, Pa., and its divisions, By-Products Steel 
Corporation and Lukenweld, died Jan. 18, 1948, of a heart attack at 
his home in Parkesburg, Pa. 

Mr. Oldham was born in Wheeling, W. Va., on Sept. 25, 1890, — 
and was the son of Cyrus D. and Caroline (Beardsley) Oldham. 

He was associated with Lukens Steel Company since 1915, when 
he joined the company as assistant construction engineer. He held 


PERCY TALBERT OLDHAM (1890-1948) 


_ this position until 1925, when he was transferred to the sales depart- 
ment as manager of flanging sales. 
also did special sales work at Lukens until 1938, when he was ap- 
- pointed manager of special sales for By-Products Steel. 


He occupied this position and 


In 1946 
he was appointed manager of the marine division for Lukens and its 
two divisions, 

Before joining Lukens, Mr. Oldham worked successively as assist- 
ant county surveyor of Belmont County, Ohio, in 1908; field engi- 
neer for Wheeling Corrugating Company at their Wheeling, W. Va., 
and Marins Ferry, Ohio, plants from 1910 to 1912; and supervising 
engineer with S. Diescher and Sons, Consulting Engineers, Pitts- 
burgh, Pa., from 1912 to 1915. 

Mr. Oldham became a member of ASME in 1930. He belonged 
also to The Society of Naval Architects and Marine Engineers, 
American Society of Naval Engineers, Propeller Club of the U. S., 
Port of Philadelphia Maritime Society, Engineers’ Club of Phila- 
delphia, and Whitehall Club of New York City. 

He is survived by his wife, the former Ada Jackson of Parkes- 
burg; by two children, Jack Oldham of Wilmington, Del., and Mrs. 
Doak O. Conn of Pottsville, Pa., and two grandchildren, as well as 
his mother, Mrs. C. D. Oldham, and a sister, Mrs. D. Earl Rogers, 


both of Wheeling, W. Va., and by another sister, Mrs. O. M. Moore, o Bis 


Pittsburgh, Pa. F 


MARTIN E. POPKIN (1891-1940) 


Martin E. Popkin, industrial engineer and economist, died of a 
heart attack on Jan. 29, 1940, at his residence, New York, N. Y., at 
the age of 48. During the life of the National Recovery Act, Mr. 
Popkin was executive director of the Industrial Recovery Association 
of Clothing Manufacturers. 

Mr. Popkin was born in Le Havre, France, on Nov. 22, 1891. He 
came to the United States in his youth and attended the Washington 
School at Kansas City, Mo. He received his college education at the 
Baron Rothschild Academy in Port Said, Egypt, from which he was 
graduated in 1911, and attended the University of Turin, Italy. .From 
1912 to 1917 he was employed in connection with various electrical 
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layouts and installations for the Twentieth Century Engineering Com- 
pany, Brooklyn, N. Y., and the Baldwin Engineering Company, 
Hartford, Conn. In 1917 he was in the laboratory of the Chemical 
Corporation Peram (Manufacturing Chemists), New York, N. Y. 
In 1918 and 1919 he was examiner in charge of the technical division 
of the U. S. Department of Labor in New York, and from 1919 to 1921 
was personnel director of the Franklin Baker Company, Brooklyn, 
N. Y. From 1922 to 1923 he was industrial engineer with W. L. 
Churchill, New York, N. Y. From 1924 to 1928 he was employed by 
J. Schoeneman, Inc., Baltimore, Md., as assistant general manager in 
charge of manufacturing and research. He was also consultant for 
the Warner Sugar Company, Miranda, Cuba, and adviser to the Cu- 
ban Government on sugar-mill waste disposal and the reclamation of 
inland waterways. In 1929 he entered into private consulting prac- 
tice, specializing in industrial design and production planning for the 
textile, apparel, machinery, paper products, chemical, sugar, and lum- 
ber industries, and was so engaged at the time of his death: He was 
the author of technical monographs for scientific publications. He 
also wrote several textbooks, including ‘‘Manufacture of Men’s 
Clothes” and ‘‘Personnel Management.” 

He became an associate member of the ASME in 1927, and was au- 
tomatically transferred to the grade of member in 1935. He was also 
a member of the American Institute of Electrical Engineers. 

Surviving were his widow, Mrs. Vera Sundelson Popkin, associate 
general agent of the Equitable Life Assurance Society of the United 
States, and a daughter, Joan. j 


JAMES ALEXANDER POWELL (1888-1948) : 


James Alexander Powell, chief mechanical engineer of Stone and 
Webster Engineering Corporation, died suddenly in his apartment 
at the Copley Plaza Hotel, Boston, Mass., June 8, 1948. He was bur- 
ied at Oakwood Cemetery in his native city, Raleigh, N. C., on June 
12. Memorial services were held later, in Boston and in Reading, Pa. 
Dr. Powell is survived by his wife, Mrs. Minnie (Steinmetz) Powell, a 
daughter, Marquart H. (Mrs. Harrison P.) Doty of New Rochelle, 
N. Y., a brother, T. C. Powell, and three sisters, Mrs. Gilbert Crabtree 
and Mrs. George Marsh of Raleigh, N. C., and Mrs. Sam Farabee of 
Lakeland, Fla. He is also survived by three grandchildren. 

It is indicative of the warmth and friendliness of his character, equally 
notable for firmness and mildness, that this eminent engineer, inter- 
nationally esteemed as a designer of power plants, was universally 
known as ‘‘Jimmie’’ Powell. He was Jimmie alike to his supervi- 
sors, his colleagues, and his subordinates, and many of his best friends 
would not recognize him by the name that titles this obituary. 

Jimmie was born in Raleigh, Dec. 24, 1888, the son of Thomas 
Milne arid Jennie (Jones) Powell. Many years of residence in Read- 
ing, Pa., and Boston, Mass., made him neither a Pennsylvania Dutch- 
man nor a Yankee. He remained a southern gentleman throughout 
his life; southern courtesy and moderation distinguished his business 
relations. 

Physically, Jimmie was a small man. When he matriculated at 
North Carolina College of Agriculture and Mechanic Arts, a 90-lb, 
16-year old freshman, the commandant of the Military Training 
Corps exclaimed in dismay, ‘‘What are we going to do with this boy!” 
Jimmie, however, was small in no other way, and no one with whom he 
had contacts was deceived for long by his diminutive physique or 
softness of speech. He was graduated with the degree of BE in 1908, 
and received his ME degree, by thesis, five years later. When he was 
awarded the doctor of science degree by his alma mater in 1932, the 
citation read, in part: “The number of central stations now gener- 
ating power efficiently and economically for the use of industry and 
commerce, and for the welfare of people generally, extends from Can- 


monials of your sound judgment and technical skill. 

“*You have been a pioneer in the development of various appliances 
in steam power-plant construction, and your courage in adapting 
new devices to increase efficiency and reduce the cost of operation 
has made you a recognized authority in this branch of mechanical en- 
gineering in this and other countries.” 

After a brief employment as an architectural draftsman in the of- 
fice of H. P. S. Keller in Raleigh, N. C., he became an apprentice en- 
gineer, assistant engineer, and later, engineer with the Westinghouse 
Machine Company, Pittsburgh, Pa., continuing from 1910 until 
1917, except for nine months as mechanical draftsman in the employ 
of Newport News Shipbuilding Dry Dock Company. While working 
in Pittsburgh, he married Minnie G. Steinmetz of Raleigh. 

He was engineer in charge of the jet condenser division of Westing- 
house in 1917 when he was emp!oyed as mechanical engineer by W. P. 
Barstow Management Association. There his work attracted the at- 
tention of Mr. E. M. Gilbert, with whom Jimmie was closely associ- 
ated for several years in organizations under various corporate 
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ada to the Gulf, and to foreign countries, and these are live testi- | 


names. In 1918 he became assistant manager and chief engineer of 
the condenser department of the Elliott Company, but returned a 
year later to the Barstow organization of which he became assistant 
chief engineer and vice-president in 1929. In 1933 he became vice- 
president and assistant chief engineer of E. M. Gilbert Engineering 
Corporation, and in 1938, vice-president of The Utility Management 
Corporation. 

During his association with the several Gilbert organizations, he 
achieved an international reputation as a designer of steam-power 
plants, including notable installations throughout the United States 
and in the Philippines. Among the more notable power stations de- 
signed under his supervision were the 1300-lb station at Holland, 
N. J., now known as the Gilbert Station, and the high-pressure plant 
of Metropolitan Edison Company in Reading, Pa. He held numerous 
patents on power-station equipment, and never became too involved 
in his executive duties to give close personal attention to the design of 
major power stations. In 1930 he represented the United States at 
the World Power Conference in Berlin, Germany. 

During these years in Reading, he built his ‘‘dream house” at Wyo- 
missing Hills, incorporating all those mechanical and electrical fea- 
tures for comfort that only an engineer could conceive. Although far 
from Reading in later years, Wyomissing Hills was Jimmie’s legal resi- 
dence, and the home to which he planned some day to retire. 

In 1941 Jimmie appeared to have realized all of the normal aspira- 
tions of an engineering career: vice-president of an important engi- 
neering organization, in complete charge of all of its design and con- 
struction activities, with an international reputation in the power field, 
and with all the emoluments and appurtenances of high executive posi- 
tion. In February of that year, however, to the astonishment of his 
friends and the dismay of his employers, he cast all this aside to start 
a new career at the bottom of the ladder. The few intimate friends 
who were aware of Jimmie’s motives for this sacrifice understood that 
it was merely another outstanding manifestation of his uncompromis- 
ing nobility of character. 

At that time, he entered the employ of: Stone and Webster En- 
gineering Corporation as an engineer in its mechanical division at _ 
Boston, without title or other visible indication of his eminence among © 
power engineers. He was, however, assigned responsibility for major 
jobs almost immediately. He was placed in charge of a 15,000-kw 
extension of the Peter O. Knight Station in Tampa, Fla., and con- — 
ducted major investigations for other utilities. In November, 1941, 
he was given the title of mechanical engineer. 

During the following three years he was in charge of the design of 
a number of new power plants and power-plant extensions, including 
installations for Central Illinois Electric and Gas Co., Tampa Elec- 
tric Company, Dow Magnesium Corporation, Humble Oil and Refin- 
ing Company, Kennecott Copper Company, Montaup Electric Com- 
pany, Arabian American Oil Company, United Fruit Company, 
Forstmann Woolen Company, Gulf States Utilities Company, and 
Marathon Paper Mills of Canada, Ltd. He was also responsible for a 
number of engineering investigations and reports. In February, 1945, 
he was appointed chief mechanical engineer. 

As head of Stone and Webster mechanical division, he had supervi- 
sory responsibility for all of that organization’s power-plant work, and 
during his brief incumbency as chief mechanical engineer, he had over- _ 
sight of the design of projects totaling more than 2,500,000-kw— 
nearly 5 per cent of the total installed capacity in the United States at 
the time of his death. 

In Boston, Jimmie was active in the work of AIEE and ASME, 
being chairman of the Boston Section of the latter in 1944-1945. He | 
was also a member of the Council of Engineering Societies of New — 
England, Inc. There had been a Massachusetts Society of Profes- 
sional Engineers in existence for several years but, in 1944, it had less 
than 20 members. In that year an effort was made to invigorate the 
organization, and Jimmie Powell called a group of engineers together 
to tell them of the formative years of the Pennsylvania Society, of 
which he was past-president, and to indoctrinate them in the need for a — 
strong professional society in every state. Largely through his ef- 
forts, a notable group of engineers was persuaded to undertake the 
work of building a society which would be creditable to the profes- 
sion, and Jimmie saw the membership grow from less than 20 to more 
than 500 in the next three years. He was also a member of Pi Kappa 
Alpha, Tau Beta Pi, Phi Kappa Phi, and the Engineers’ Club of Bos- : 
ton. 

Jimmie’s outstanding work in Boston, however, was not the build- 
ing of power plants nor the organizing of professional activities. hy 


engineers. His sage counsel and advice, and above all his inspiring ie a 
example as a man and engineer, have enshrined him in the heartsofa  __ 
new generation. [This memorial was prepared by WitL1AMF. Ryan, 
Engineering Manager, Stone and Webster 
Boston, Mass. Fellow ASME.] 


His 
outstanding achievement was in the role of guide and mentor to young et au 
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HOWARD W. PRICE (1888-1940) 


Howard W. Price, vice-president and general manager of the J. M. 
Huber Corporation, Borger, Texas, died on June 9, 1940. 

He was born at Randolph, Ohio, on Feb. 16, 1888, a son of B. 
Frank and Ruth (Meriam) Price. He attended the University of Mis- 
souri, receiving his ME degree in 1911. 

During the year in which he was graduated he had three months’ 
experience in charge of the Acceptance Test Light and Water Plant of 
_ Hudson, Ohio, conducted for the Bruce Macbeth Engine Company of 
_ Cleveland, Ohio. Later in the year he became secretary and treasurer 
of the Meriam Company, Cleveland, and was with them until 1918, 
_ spending much of his time in gas-engine research. From August, 
4 1918, to October, 1919, he was machinery supervisor for the 6th Dis- 
‘ trict of the U. S. Shipping Board Emergency Fleet Corporation, at 
_ Houston, Texas, in charge of engineering in connection with the in- 
_ stallation of machinery in all ships built in that district; he also was 
_ in charge of all dock and sea trials. In this period some thirty ships 
_ were completed and turned over to the Division of Operations. He 
_ then went with the United Oil and Natural Gas Products Corporation, 

of Monroe, La., as mechanical engineer in charge of engineering during 
the construction of a gasoline-extraction plant and carbon gas-black 
plant. In 1920 he became mechanical engineer and manager of the 
J. M. Huber Company of Louisiana, Inc., operating carbon-black and 
gasoline-absorption plants at Swartz, La., and Dola, W. Va. He was 
_ also consultant engineer in charge of design for various plants con- 
structed from November, 1922, to March, 1924. Mr. Price contin- 
ued with this company as chief engineer and general manager, and in 
1932 became vice-president as well. 
ne Mr. Price was a member of the ASME, having joined in 1924. He 
was also a member of the Cleveland Engineering Society from 1917 to 
1935, and belonged to Sigma Xi fraternity. 

In 1917 he married Eva Jane Reece of Cleveland, Ohio, who sur- 
_ vived him only a short time. To this union was born one child, Mrs. 
Clyde (Price) Reedy, who lives in Boulder, Colorado. 


pe MERVYN ALECK ap RHYS PRYCE (1905-1940) 


Mervyn Aleck ap Rhys Pryce, of the Royal Air Force, was killed in 
action in France on June 3, 1940. 

He was born at Mhow, India, on April 6, 1905, son of General Sir 
Henry Edward and Alice Louisa (Pughe) ap Rhys Pryce. He at- 
tended Marlborough College, Wilts, England, from 1919 to 1923, and 
Gonville and Cains College, Cambridge, from 1923 to 1926, receiving a 
BA degree from Cambridge University in 1926, with honors in engi- 
neering. 

His first engineering experience came in 1926-1927, when he was 
employed as junior construction engineer by the Caribbean Petro- 
- leum Company in the Mene Grande Field, Venezuela, building tanks, 
bridges, and roads, and laying pipe lines. For the next two years he 
- was production engineer successively for the Mene Grande, Laguinllas, 
and La Rosa fields in Venezuela. 

He next served with the Shell Oil Company in California, at Signal 
Hill and Santa Fe Springs, relieving production engineers on vacation. 
He then returned to Maracaibo, Venezuela, as production engineer for 
the Caribbean Petroleum Company and other Shell interests. For a 
brief period in 1932, he acted as managing director of Modern Air- 
ways, Ltd., and in October, 1932, he went to Trinidad to become at- 
torney and general manager of Petroleum Options, Ltd. Subse- 
quently he was chief petroleum engineer for Trinidad Leaseholds, 
Ltd., at Pointe-a-Pierre, Trinidad, where he remained until 1938, 
when he left to become general manager of Drilling and Petroleum 
Engineering Operations, Ltd., in Trinidad. 

At the outbreak of the second World War he went to England to 
join the RAF on Jan. 1, 1940, as a Pilot-Officer. By January 7 he had 
left for France, where he was killed during the German bombing raid 
on the Villa Coublay Aerodrome near Paris. 

A specialist in the economic and scientific production of petroleum, 
Mr. Pryce had contributed articles on the theory and practice of pe- 
troleum production to the technical press. 

He joined the ASME as a junior member in 1930, and became an 
associate member three years later. He was automatically transferred 
to the grade of member in 1935. He also belonged to the Institution of 
Petroleum Technologists, London. 

Hei is survived by. his father. 


John Neil Pyster was born at Carpinteria, Calif., 
son of John D. and Nellie (Lieb) Pyster. His public schooling was 
followed by a special course in engineering construction under a pri- 
vate tutor. His early work was for the Alcatraz Company in the 
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drafting room and machine shop, on construction, and as chief engi- _ 
neer. Then he was with the Southern California Edison Company, 
chief engineer of the Santa Barbara plant for nine anda half years,and _ 
of the Long Beach steam plant for a year and a half. 

In 1912 Mr. Pyster became superintendent of power for the Cerro _ 
De Pasco Mining Corporation at Lima, Peru, 8. A. He returned to 
the United States in 1917 to serve as consulting engineer to the U.S. _ 
Navy at Bremerton, Wash. After the war he spent seven years as 
chief engineer at the Raritan Copper Works, Perth Amboy, N. J. 
From 1926, until his retirement in 1945, he was consulting engineer 
for the Andes Copper Mining Company, subsidiary of the Anacenda ~ 
Copper Mining Company, at Chafiaral, Barquito, Chile, S. A. 

Mr. Pyster became an associate of the ASME in 1919. He was ac- 
tive in Chilean societies while in South America, and belonged to the 
Masons and Elks. 

He married Stella Whitford in 1895, and was survived by herand | 
two children, Robert Pyster, of Oakland, Calif., and Margaret Pyster, _ 
of Los Angeles, Calif. His death from a heart attack occurred on Jan. 
7, 1947, while he was visiting his daughter. He had resided in Oak- 
land, Calif., since his retirement. 


EARL J. W. RAGSDALE (1885-1946) 


Earl J. W. Ragsdale, chief engineer of the railway division of the _ 
Edward G. Budd Manufacturing Company (now The Budd Com- © 
pany), Philadelphia, Pa., died on Feb. 24, 1946. Sete, 

He was born on Feb. 16, 1885, in Healdsburg, Calif., son of James _ 
W. and Effie (McCormick) Ragsdale. He attended the Flushing 
High School, Flushing, L. I., N. Y., in 1901—1903, and the Technische © 
Hochschule, Charlottenberg, Germany, in 1908. In 1910 he secured a 
BS degree in naval architecture at the Massachusetts Institute of _ 
Technology. 

Following his graduation he was commissioned an officer in the | 
United States Army. He served as a second lieutenant in the Coast 
Artillery for three years, then was advanced to first lieutenant of — 
Ordnance and served in that Department until his resignation ascolo- _ 
nel of Ordnance in September, 1919. He was proof officer at the Sandy ~ 
Hook Proving Grounds, 1913-1914, and special assistant to the Chief | 
of Ordnance, 1915-1918. During this time he organized anc was head 
of the Trench Warfare Division, which included what became known 
as the Chemical Warfare Service, and the building of the Edgewood — 
Arsenal. In 1918 the War Industries Board appointed him officer in 
charge of work at the Bethlehem Steel Corporation. 5 

After leaving the Army Colonel Ragsdale spent two years as general 
manager and vice-president of the Keystone Die Casting Company, 
Norristown, Pa., before becoming research engineer for the Budd | 
Wheel Company and the Edward G. Budd Manufacturing Company. 
During the years 1922-1936 he made a study of the possible use of 
aluminum for automobile bodies and studied metallurgical advances 
in Europe; promoted the use of four-wheel brakes for automobiles; __ 
investigated the possible use of gas turbines, in which work he was 
associated with Nikola Tesla, who was retained by the company; 
and conceived the possibilities of structural employment of stainless 
steel and invented the SHoTWELD system. eB 

In 1931 he was made chief engineer of the railway division, which _ 
designed and built many modern streamlined trains under his direc- — 
tion. 
Colonel Ragsdale had taken out many patents in this and other 
countries. He became a member of the ASME in 1945. 


THOMAS FRANCIS RATAICZAK (1882-1940) 


Thomas Francis Rataiczak, chief engineer of the Hobart Manu- 
facturing Company, Troy, Ohio, died on Oct. 6, 1940. ‘ 
_ He was born in Stryker, Ohio, on June 19, 1882, the son of Thomas © 
and Ellen (Leavy) Rataiczak. He was educated at the Stryker 
High School, and at Ohio State University, receiving his ME degree © 
in 1908. In that year he was employed by the Money Metals 
Mining Company of Prescott, Ariz., as master mechanic, after a Re 
brief experience with the Columbus Railway and Light Company of | 
Columbus, Ohio. In 1910 he returned to the latter company as 
supervisor of construction of their power plant. In October, 1911, 
he was engaged by the Hobart Manufacturing Company of Troy, a 
as designing engineer. He later became experimental engineer, — 
then served as executive engineer for ten years, and finally chief 
engineer. 

Mr. Rataiczak joined the ASME as a member in 1921. He was fe 
a in. the Dayton, Ohio, local section of the Society, serving as a 


perenne in 1932 and 1933, and as elichitnines’ in 1934. 
He was a member of Sigma Xi and Tau Beta Phi. < 
On June 15th, 1909, he was married to Rose Marie Cannon in 
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: Columbus, Ohio. Mrs. Rataiczak died April 13, 1934. He is sur- 
vived by seven children, six daughters, and one son. VE een 
LOUIS EHRHART REBER (1858-1948) 


Louis E. Reber, engineer, educator, and dean emeritus of the 
University Extension Division of the University of Wisconsin, 
died in Palm Beach, Fla., after suffering a stroke, on May 12, 1948. 
Dr. Reber had come to Florida in 1941 from Nice, France, where he 
had lived since 1926. 

He was born in Nittany, Pa., Feb. 27, 1858, the son of Jacob and 
Elizabeth (Ehrhart) Reber. He entered Pennsylvania State College 
in 1876 and was graduated with honors in 1880 with a BS degree. 
After graduation he was made assistant in mathematics. He 
became a graduate student at Massachusetts Institute of Technology 
in 1883. He returned to Pennsylvania State College in 1884 to 
establish a department of mechanic arts, from which grew, during his 
term, the School of Engineering. In 1887 Mr. Reber attained the 
rank of professor and in 1879 was made dean. He was awarded an 
MS degree, 1887, and a DS degree, 1908, by Pennsylvania State 
College. 

From the position of dean of engineering in Pennsylvania State 
College, in 1907, he was appointed to assume the responsibilities of 
director, later of dean, of the extension division of the University of 
Wisconsin, holding this post until named dean emeritus in 1926. 
The university extension, which was originated at Wisconsin, was a 
plan aimed at providing educational opportunities to men and 
women unable to enroll as regular candidates for degrees. Dr. 
Reber was a pioneer in the development of this plan. 

In addition to his duties at the college, Dr. Reber found time to 
serve as Pennsylvania commissioner to the Paris Exposition in 
1889; assistant executive commissioner for Pennsylvania, in charge 
of manufacture, mines, and mining; and member of the jury of awards 
at the Chicago Columbian Exposition in 1893, and was appointed 
for the same work at the Louisiana Purchase Exposition at St. Louis, 
Mo., in 1904, where he was awarded a special gold medal for the best 
state mining exhibit. 

Aside from his academic and professional career, he also served the 
American Government during World WarI. He was granted a leave 
of absence to be associate director of the public-service reserve of the 
labor department of the United States Army, and later, director of 
education and training of the Emergency Fleet Corporation. After 
the Armistice, he was director of engineering and trade education 
of the Army Education Corps in France, and took direct charge of the 
Engineering College in the AEF University at Beaune, France. 
Sixty-three courses were offered; 110 teachers were selected from the 
Army. Laboratories—mechanical, electrical, civil, and mining— 
were equipped. © The placing of AEF engineering students in French 
and English universities and technical schools also came under 
Dean Reber’s supervision. The entire program was a great success 
and its organizer was made an officer of the French Academy. 

He became a member of ASME in 1891, and a Fellow in 1943. 
He was also a member of the Wisconsin State Board of Vocational 
Education, The Franklin Institute, the American Association for 
the Advancement of Science, the Society for the Promotion of Engi- 
neering Education (charter), and the National Society for the Pro- 
motion of Industrial Education. His activities in The National 
University Extension Association, of which he was founder, included 
first president of the organization in 1914-1915. 

Surviving him are his wife, Mrs. Helen Jackson Reber, whom he 
married in 1888, and two sons, Hugh J. Reber, New York, N. Y. , and 
Louis E. Reber, of Morenci, Ariz. 


3 
JOHN FRANCIS RHOADES (1884-1947) 

John Francis Rhoades, whose death occured on June 1, 1947, was a 
native of Rockland, Me., where he was born on Feb. 18, 1884. His 
parents were Daniel William and Elizabeth Relief (Cleveland) 
Rhoades. 

Mr. Rhoades supplemented his high-school education with special 
evening courses in mechanical and architectural engineering. He was 
employed by the Burgess Sulphite Fibre Company, Berlin, N. H., 
from 1906 to 1908, and for the next three years was with his uncle, L. 
W. Cleveland, electrical contractor, Portland, Me. 

In 1911 he began work for the Great Northern Paper Company, 
in Maine, as engineer and draftsman, and during seven years with the 
company he was engaged in the design, construction, and maintenance 
of buildings and equipment. He carried on similar work for the 
Brompton Pulp and Paper Company in East Angus, Que., Can.,in 1918 
and 1919. He became pulp and paper-mill engineer assistant for the 


in 1920. This led to his being appointed resident engineer for the 
Mead Pulp and Paper Company at Chillicothe, Ohio, in 1921, when 
that company extended its plant, its generating equipment being 
designed and constructed by the Management Engineering and De- 
velopment Company. He remained with the Mead Pulp and Paper 


Company and its successor, the Mead Corporation, until 1944, when ; 


he joined the engineering firm of Johnson and Wierk (now Alvin H. 
Johnson and Company, Inc.), New York, N. Y. He was with this 
organization until he entered the employ of Hardy S. Ferguson and 
Company in January, 1946, from which he retired in January, 1947. 
Mr. Rhoades had been a member of the ASME since 1922. He also 
belonged to the Royal Society of Arts, and to the masonic fraternity. 
He married Anna C. Bouffard, of Berlin, N. H., in 1900, and was sur- 
vived by her and a daughter, Elizabeth (Mrs. Fred Kerr), of Darling- 
ton, Md.; and by a sister, Mrs, Kenneth Elliott, of Watertown, Mass. 


ROBERT L. ROCKWELL (1886-1948) 


Robert L. Rockwell, a private consulting engineer, passed away © 


Feb. 11, 1948. 

He was born on Dec. 16, 1886, in Peabody, Marion County, Kan., 
the son of Robert N. and Clara (Woodrow) Rockwell. His profes- 
sional education was gathered at many schools. In 1916 he com- 
pleted-a practical calculus course at the extension division of the 
University of Wisconsin. 


He then went on to take courses in elec- _ 


trical engineering and mechanical and electrical machine design at the | 


Electrical Engineering Institute. He studied alternating-current 
machinery at the American School in 1915. 
ternational Correspondence Schools’ course in law for corporation 
officials and privately studied United States and Canadian patent 
laws and patent-office practice, as well as other special studies, so 
that he was equipped to become a registered patent attorney in the 
United States and Canada in 1932. 

In 1907 Mr. Rockwell was a night engineer at the Ontario Light and 
Water Company, and for the next three years was superintendent of 
the plant. Between 1912 and 1917 he had charge of the departments 
of electrical engineering, mechanical drafting, and machine design at 
the Seattle Engineering School, Inc., of Seattle, Wash. 

In 1917 he undertook his private engineering practice, designing 
and preparing detailed working drawings for special mechanical and 
electrical machinery. He was the originator of several patented 
inventions, and served frequently as expert witness in legal and patent 
court actions. 

He joined ASME as a member in 1923, and was active on several 
committees, and also served as chairman of the Washington Section. 

He was a member of the American Institute of Electrical Engineers, 
and the Society of American Military Engineers. 

He was married to Bertha Sedore of Ontario, Canada, in 1907. He 
is survived by his widow and by three children, Robert E., Capitola 
E., and Noel Rockwell. aitisen! 

WILBUR GEISMAR ROTHSCHILD (1908-1940) ban 

Wilbur Geismar Rothschild, engineer of mechanical tests, Inter- 
borough Rapid Transit Company, New York, N. Y., died on April 
29, 1940. 

He was born in Hoboken, N. J., on Feb. 8, 1908, the son of Louis 
and Fanny (Geismar) Rothschild. His education was received at 
the Hoboken (N. J.) High School, and at Stevens Institute of Tech- 
nology. He was graduated from Stevens in 1929 and received an 
ME degree. 

After his graduation, Mr. Rothschild was employed by the Inter- 
borough Rapid Transit Company of New York, N. Y., as a laboratory 
assistant. He was later promoted to the position of assistant engi- 
neer; then to the post of engineer of mechanical tests. This work 
covered tests on all types of power-plant equipment and materials. 

Mr. Rothschild became a junior member of the ASME in 1929. 


From December, 1935, to December, 1937, he was Junior Observer | 


to the Standing Committee on Power Test Codes. 


He is survived by his father and mother, and two sisters, Marian : A 


and Lillian. 


MAX ROTTER (1867-1940) 


Max Rotter, vice-president in charge of engineering of the Busch- 
Sulzer Bros.-Diesel Engine Company, St. Louis, Mo., died suddenly 
of a heart attack on Oct. 6, 1940. 

He was born in London, England, on Aug. 13, 1867, and was edu- 
cated in the schools of London; and in the Science and Art Depart- 
ment, South Kensington; and City and Guilds Institute of London. 

His engineering career began in England in 1883, where for eight 
years ne training specialized i in steam engines, power, and hydraulic 


In 1928 he took the In- | 
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machinery, including three years with Maxim Nordenfelt Co. (Hiram 
S. Maxim), Erith, Kent, England, in experimental work, and steam- 
power plant for Maxim’s airplane. ; 

He came to the United States in 1892, and began work here with the 
Walker Manufacturing Company of Cleveland, Ohio, in charge of the 
designing of hydraulic and special machinery. In 1894 he accepted a 
position with Fraser and Chalmers of Chicago, IIl., as mechanical engi- 
neer in charge of the development and introduction of new lines of 
heavy machinery. 

Upon the merger of Fraser and Chalmers into the Allis-Chalmers 
Company in 1902, he was for three years special engineer to the 
board of directors, engaged in the reconditioning of merged plants 
and the investigation of heavy-machinery developments in Europe, 
embracing Parsons steam turbines, M. A. N. large blast-furnace gas 
engines, Williams and Robinson highspeed steam engines, and Diesel 
engines. In 1904 he was transferred to the Milwaukee office of the 
Allis-Chalmers Company, first as engineer in charge of steam turbines 
and gas engines, and later as chief engineer of this department. 

In 1912 he accepted a position with the Busch-Sulzer Bros.-Diesel 
Engine Company, as chief engineer, and later served for many years 
as vice-president in charge of engineering, supervising the develop- 
ment of stationary, marine, and submarine-type Diesel engines. 
During the first World War, under Mr. Rotter’s direction, four sizes 
of the originally designed Busch-Sulzer submarine engines, ranging 
from 300 to 2500 hp, were successfully developed. 

Due to his 28 years of uninterrupted Diesel-engine experience, Mr. 
Rotter has long been known as the ‘“‘dean of American Diesel engineer- 
ing.’’ He faithfully worked on a number of committees of The 
American Society of Mechanical Engineers, of which Society he was 
a member since 1899. He served on the Power Test Codes Com- 
mittee No. 17 on Internal-Combustion Engines continuously as a 
member, from Dec., 1918, to Oct., 1940, and was chairman of this 
committee from May, 1928, to March, 1939. 

Max Rotter was by nature modest, possessed of high ideals of 
integrity, and not given to seeking personal publicity. He stead- 
fastly refused eaperinnttien for public appearances in person or in 
print. 

He was buried in aa weg Wis., and is survived by a son and a 
daughter, Mrs. Allan E. Magee, of Milwaukee. 


HARRY MELVIN RUGG (1879-1940) 


Harry Melvin Rugg, automotive engineer with the Pennsylvania 
Grade Crude Oil Association, Oil City, Pa., with offices in Detroit, 
Mich., was killed in an automobile accidént on July 17, 1940. 

Mr. Rugg was born in Lawrence, Mass., on Feb. 18, 1879, son of 
Melvin Eugene and Julia Anna (Sawyer) Rugg. He attended gram- 
mar and high school. His technical education was acquired through 
correspondence instruction and courses at N. Y. University, and 
University of New Hampshire. He also received training at the 
Coast Artillery School for Commissioned Officers, Fort Monroe, Va., 
in mechanical, steam, and electrical engineering. 

His early work was as draftsman and designer for Charles S. Good- 
ing, Boston, Mass., and the Mason Regulator Company, Dorchester, 
Mass. While he was engaged at the Mason Regulator Company he 
made the original designs for the first engine used in the Stanley steam 
motor car. In 1900 he was with the American Locomotive Company, 
Schenectady, N. Y., as engine man as well as draftsman and designer. 
From 1907 to 1908 he was chief draftsman with the Missouri, Kansas 
and Texas Railroad at Parson, Kansas. From 1908 to 1916 he was 
field engineer for Lamson Company, Boston, Mass., and Philadelphia, 
Pa., and from 1916 to 1918 was first lieutenant, Coast Artillery, having 
been graduated from the Engineering Section before the U. S. de- 
clared war. He then became instructor in Army Administration, 
Army Aviation School, Massachusetts Institute of Technology, 
Cambridge, Mass., and acting professor of Military Science at M.I.T. 
From 1918 to 1919 he was instructor in mathematics and engineering 
subjects in the Department of University Extension, State Board of 
K-ducation, Boston, Mass. In 1919 he became supervisor of tech- 
nical instruction for the YMCA in New York, N. Y., and from 
1921 to 1922 director of technical instruction in the Michigan State 
Auto School, Detroit, Mich. 

In 1912 he became part-time instructor in mechanical engineering 
and automotive and aeronautical engineering at the University of 
New Hampshire, Durham, N. H. 

From 1922 to 1929 Mr. Rugg was engaged in the business field: 
first, with Dodge Brothers, Detroit, Mich., in charge of experimental 
and research dynamometer laboratory; then with the Texas Com- 
pany of New York, N. Y., testing automotive lubricating oils; and 
lastly, with the Vacuum Oil Company of New York, N. Y., as assist- 
ant to the chief, Engineering Division, Automotive Department. 

Mr. Rugg suffered a nervous breakdown and serious illness in 1932 


and was not able to work again until 1936. He was then engaged as 
automotive engineer with the Pennsylvania Grade Crude Oil Associa- 
tion of Oil City, Pa. 

He became a member of the ASME in 1920. He allowed his 
membership to lapse in 1924, but was reinstated as a member in 1938. 
He was also a member of the Society of Automotive Engineers, the 
American Petroleum Institute, and the Engineering Society of De- 
troit, Mich. 

Mr. Rugg had’ been married twice. He was survived by two 
daughters, Sarah Evelyn and Viola Anna Louise, and a son; Fred- 
erick Daniel, by the first marriage, and his widow, Mrs. Frances Put- 
nam Copeland Rugg, whom he married at Salem, Mass., in 1932. 


JOHN MATTHEW SAALFRANK (1863-1944) 


John Matthew Saalfrank, who died in Philadelphia, Pa., on Feb. 3 ey 


1944, was born in Downingtown, Chester County, Pa., on March 1, 
1863, son of George Saalfrank. He supplemented his public-school 
education by courses in night school and through the International 
Correspondence Schools, and by private tutelage. 

He trained as a machinist with Sheppard Brothers in Philadelphia 
from 1885 to 1888, and worked at the trade for various companies, 
including the Washburn and Moen Manufacturing Company, Wor- 
cester, Mass.; Cross and Speirs Machine Company, and E. J. Manville 
Machine Company, Waterbury, Conn., on automatic machinery for 
making wire and sheet-metal goods; and Ansonia Brass and Copper 
Company, Ansonia, Conn. He was machine-shop foreman for the 
last-named company in 1901-1902, and for the E. J. Manville Ma- 
chine Company during the next six years. The DeLong Hook and 
Eye Co., Philadelphia, engaged him as mechanical engineer in 1909, 
and he continued there until about 1920, when he opened an office as 
consulting engineer in that city. He served many companies during 
the ensuing years of practice. He held patents on many tools and 
machines. 

He had been a member of the ASME since 1915, and was a 32nd 
degree Mason. 

Mr. Saalfrank married Nina Bartlett, of Westboro, Mass., in 1890. 
Her death occurred about six years prior to his. One son, Forrest W. 
Saalfrank, was killed in the Spanish-American War in 1898. An- 
other son, R. Bartlett Saalfrank, a member of the ASME, resides i in 
Philadelphia. 


EDWARD TATUM STREET (1884-1948) 


Edward Tatum Street, the president and sales manager of the 
Downingtown Manufacturing Company, designers and builders of 
papermaking machinery, Downingtown, Pa., died on Jan. 7, 1948. 

He was born in Cincinnati, Ohio, on Dec. 9, 1884, the son of Rev. 
David and Eunice (Fawcett) Street. He was educated at Wooster 
Academy, and later attended Oberlin Academy and College. 

After leaving school in 1905, he became an engineering apprentice 
at the Westinghouse Electric and Manufacturing Company in East 
Pittsburgh, Pa. Two years later he was sent out to the Chicago 
branch of that organization as a sales engineer. From 1909 to 1917 
he was a power salesman and electrical engineer for the Northern 
States Power Company at St. Paul, Minn. For the next two years 
he was superintendent of power at the Minnesota and Ontario Paper 
Company, International Falls, Minn., and in 1919 he became chief 
engineer of the Ruberoid Company of New York, N. Y., at Joliet, 
Ili. He held this position, which gave him the opportunity for ex- 
tensive travel in Europe, until 1929, when he joined the Downing- 
town company as a mechanical engineer te design and produce paper- 
making machinery. He rose to the position of chief engineer, and 
then was made president and sales manager. 

Mr. Street became a member of the ASME in 1940. He was also 
a member of the American Institute of Electrical Engineers, and of 
the Technical Association of the Pulp and Paper Industry. He was 
the first president of the Minnesota Joint Engineering Board. 

He married Christina Katherine MacLennan of Toulon, Ill., in 
1909. He is survived by his widow and three children, Katherine 
Reid, Eleanor Fawcett, and David Street. 


CLAYTON L. SULLIVAN (1890-1948) 


Clayton L. Sullivan was born in Geneva, Ohio, on April 11, 1890° 
the son of Charles Alfred Sullivan and Louella Adele (Perry) Sullivan- 
He was educated in the Seattle, Wash., public and high schools. He 
took courses in mechanical engineering and machine design at the 
University of Washington. 

In 1906 he became an apprentice and machinist with the Fox Saw 
Works of Seattle, and in 1912 became foreman of the machine and 
assembly departments of the Fox Cycle and Manufacturing Company, 
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For three years, beginning in 1915, he was foreman of the repair de- 
partment at the Mercer Cycle Shop. 

In 1918 he was made a member of the staff of the University of 

Washington at Seattle as a machinist in the engineering shops. In 
1925 he was appointed laboratory assistant in foundry, welding, and 
- machine-shop courses, and from 1935 to the time of his death was an 
_ instructor in the mechanical-engineering shops division of the School 
of Engineering at the University. He died on April 10, 1948, at the 
~ home of his sister, Mrs. H. Lu Osborn, Lynden, Wash. 
_ Mr. Sullivan became an associate of the ASME in 1946. He is 
: survived by his wife, Leethe Jenny Clark of LaConner, Wash., whom 
he married in 1911, a son, Byron C. Sullivan, Seattle, Wash., and a 
daughter, Evelyn S. Miller, Seattle, Wash. 


ROGER VERNON TERRY (1898-1948) 


Roger Vernon Terry, recipient of the Melville Medal for 1941 anda 
Fellow of the ASME, died of a heart attack on Jan. 9, 1948, while en 
route to New York, N. Y. He had made his home in Hilton Village, 
Warwick County, Va. 

He was born in Pittsylvania County, Va., Jan. 22, 1898, the son of 
Patrick Henry and Sarah Elizabeth (Dodson) Terry. He attended 
the University of Richmond, 1914-1915, and North Carolina State 
College, from which school he was graduated in 1918 with the degree 
of BSME; and an ME in 1921. He was awarded an honorary de- 
«gree of doctor of engineering in 1941 by North Carolina State College. 

ver - Upon graduation from college, he attended the Field Artillery 
aaa “ Central Officers Training School at Camp Taylor, Louisville, Ky., and 

oe was commissioned 2nd Lieutenant, Field Artillery, Reserve Corps, 
December, 1918. 

He entered the employ of the Newport News Shipbuilding and Dry 
Dock Company of Newport News, Va., in 1919 as a draftsman and 
computer in the technical division of the engineering department. 
He became chargeman in the hydraulic division in’ 1922, assistant 
engineer in 1923; assistant hydraulic engineer in 1926, hydraulic en- 
gineer in 1929, and assistant chief engineer in 1941. 

As a chief hydraulic engineer, he directed the designing of about 
_ fifty hydraulic turbines, including units for the Dnieprostroy Dam 
in Russia and for many in the U. S. including Boulder, Norris, 
_ Grand Coulee, and others. He patented and developed the New- 
port News type of automatic-adjustable-blade propeller turbine. It 
was for his paper ‘‘Development of the Automatic Adjustable-Blade- 
_ Type Propeller Turbine” on this invention that he was awarded the 
- Melville Medal. In connection with his work he traveled throughout 
the United States and in 11 foreign countries. 

He became a member of the ASME in 1931, and was elected to the 
grade of Fellow ten years later. He served on the Hydraulic Divi- 
sion Executive Committee; he was vice-chairman, ASME Virginia 
Section, 1939; and on research committees of the Power Test Codes 
_ and Standardization Committees. He also held membership in the 


and Marine Engineers, the Propeller Club, and the Engineers Club of 
the Virginia Peninsula. 

He is survived by his wife, Audrey V. Bonnewell, whom he married 
= in 1923, and two children, Audrey Jane and Roger V. Terry, Jr. 


THOMAS O. THOMPSON, JR. (1915-1944) 


Lieutenant Thomas O. Thompson, Jr., Air Corps, was reported 
eS missing in action on Jan. 22, 1944, while serving as pilot on a bombing 
- mission over Rabaul, New Britain Islands, in the Southwest Pacific 

area. He was called to active duty in January, 1942. He had taken 
a military training while attending college, and received his commission 
bs as a second lieutenant in the reserves. First sent to the Office of the 
_ Chief of Ordnance in Washington, D. C., he requested a transfer to 

ee the Army Air Force, received his wings in January, 1943, and flew to 
j s the South Pacific area.in July of that year. Subsequent to his loss, 
the Air Medal with one oak-leaf cluster, indicating a second award of 
the same decoration, was presented to his parents. 

_ Lieutenant Thompson was born in Kansas City, Mo., on June 2, 
ape 1915, son of Thomas O. and Mary (Sheedy) Thompson, of Redel, 
; E Johnson County, Kan. In 1919 the family moved to Wellsville, Mo., 
y a where he attended the parochial grade school and public high school. 

- He was graduated from the University of Missouri in 1937 with a 

_ BS degree in mechanical engineering, and entered the employ of the 

- Bailey Meter Company as service engineer in Texas and Mississippi, 
with headquartess in Houston, Texas. 

> He was a student member of the ASME at the University of 
_ Missouri, and transferred to junior membership following his gradua- 
z He belonged to the Tau Beta Pi and Pi Tau Sigma fraternities, 
and the Knights of St. Patrick. 
Lieutenant Thompson’s father died on 23, 1946. His 


mother, an older brother, Dr. Victor P. Thompson, of Webster Groves, 
Mo., and a sister, Leora (Mrs. Raymond C. Schulz), of Fayetteville, 
Ark., survive him. 


LYNDON SANFORD TRACY (1875-1943) 


Lyndon Sanford Tracy, who had been associated with the Solvay 
Process Company, Syracuse, N. Y., since his graduation from college, 
died at his home in that city on Feb. 6, 1943. He was a native of 
Syracuse, having been born there on Oct. 28, 1875, son of Osgood Vose 
and Ellen (Sedgwick) Tracy. He entered Sibley College, Cornell 
University, from the Syracuse High School, and received his ME de- 
gree in 1898. He was a member of Chi Phi fraternity, and was elected 
to the Sphinx Head Society and,to Aleph Samach. 

Mr. Tracy began work at the Solvay Process Company as a drafts- 
man, soon becoming assistant manager of the bicarbonate of soda de- 
partment. Subsequently he had experience as assistant engineer of 
tests, followed by seven years as assistant to the manager of the soda 
ash department. He was made manager of this department in 1907 
and continued in that position until 1920. During these years he was 
sent to Europe twice (1908-1909 and 1919) to visit Solvay plants and 
study methods of ‘alkali production, and other processes. 

In 1920 he was appointed assistant to the general manager of opera- 
tions; November, 1921, manager of the Syracuse plant; 1923, tech- 
nical assistant to the manager of operations; 1924, assistant manager 
in the technical department; 1925, office manager in the director of 
operations department; 1929, manager of production. 

Beginning in 1930, Mr. Tracy was assigned to special duties, re- 
porting to the vice-president. Five years later he became liaison 
technician between the production and engineering departments. 
During the last years of his life he had more time to devote to the 
study of brine-well technique, in which he had been particularly in- 
terested for a long time, and made outstanding contributions to the 
development of the process. 

He was also interested in the Onondaga Creek flood- prevention 
project for safeguarding the southern part of Syracuse, and in 1927 
worked with the chief engineer of the Syracuse Intercepting Sewer 
Board on the project. 

He helped organize Cavalry Troop D of the New York State Na- 
tional Guard in 1904, serving successively as second lieutenant and 
first lieutenant. He resigned from the troop in 1909. 

Mr. Tracy became a junior member of the ASME in 1900, and was 
advanced to the grade of member in 1915. He was a member of the 
Executive Committee of the Syracuse Section for several years in the 
early 1920’s, serving as chairman, 1923-1924, and subsequently as 
vice-president and president. He was a member of the Technology 
Club of Syracuse, its vice-president in 1933-1934, and .represented 
Syracuse Section of the ASME on its Board of Governors. His 
clubs included the Cornell Club of New York; Century and Univer- 
sity clubs, Syracuse; Onondaga and Skaneateles Country Clubs; and 
Iago Hunting Club. 

He married Maria Groome Knight, of Baltimore, Md., in 1908, and 
was survived by her and four children, Maria Groome, William 
Knight, and twin sons, Lyndon Sanford, Jr. and John Groome Tracy. 
Twin daughters died in infancy and another son when he was six years 
old. 

JOSEPH LEONARD TRECKER (1902-1947) ‘oie 

Joseph Leonard Trecker, president and director of the Kearney and 
Trecker Corporation, milling-machine manufacturers, died of a heart 
attack at the company’s plant in Milwaukee, Wis., on Oct. 7, 1947. 

He was born in West Allis, Wis., on Feb. 20, 1902, the son of 
Theodore and Emma (Pufahl) Trecker. Mr. Trecker’s father, Theo- 
dore, and E. J. Kearney founded the corporation in 1898 which has 
grown to be one of Milwaukee’s major industries. 

He attended Iowa State College from 1923 to 1926 where he studied 
engineering and economics. His work with the corporation started in 
1919 during the summer vacation, and for every vacation period to 
1924. He was assigned to do engineering detail work. He joined the 
corporation in 1926 as an engineer and was made a director in 1928, 
treasurer in 1934, vice-president in 1936, executive vice-president 
and director in 1942, and president in July, 1947. 

He was also vice-president and director of the Kearney and Trecker 
Corporation, a director of Controls Laberatories, Inc., and president 
of the Amtea Corporation. 

He was named consultant to the Secretary of War in 1941, later 
becoming organizer and chief of the subcontract branch of the Office 
of Production Management, and in the following years was a member 
of the machine-tool industry advisory committee of the War Produc- 
tion Board. 
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Mr. Trecker was elected an associate of the ASME, 1945. He 
belonged to the Machine Tool Builders Association of which he was 
president in 1945-1946; the American Society of Tool Engineers; 
and Sigma Alpha Epsilon fraternity. 

Surviving are his widow, Florence Volz Trecker, whom he married 


in 1926, two sons, Robert and Theodore, and a daughter, Joan; his 
father, three brothers, and two sisters. i 
SYBREN RUURD TYMSTRA (1884-1948) 


‘Sybren Ruurd Tymstra, associate professor of mechanical engineer- 
ing at the University of Washington, died at his home in Seattle, 
Wash., on March 23, 1948. 

He was born in Hallum, Netherlands, on Sept. 30, 1884, the son of 
Dr. Ruurd 8. Tymstra and Dr. Freda V. Wychel Tymstra, of Gron- 
ingen, Netherlands. Educated at the Ingenieurs Schule Zwichau, 
Saxony, Germany, he was awarded the ME degree in 1905. 

For the year after his graduation he took postgraduate work and 
during the summer he was employed by Noord Nederlandsche 
Yzermaatschappy, Winchoten, Netherlands, as a draftsman on the 
detailing of drawbridges. He came to the United States in 1906. 

For eight years after his arrival in the United States he served with 
the Solvay Process Company, Detroit, Mich., as a draftsman, de- 
tailer, and designer. From 1914 until 1927 he was with the Steere 
Engineering Company, also of Detroit. He held the position of chief 
draftsman and was promoted successively to shop managet, chief en- 
gineer, sales engineer, and vice-president in charge of engineering. 

In 1927 he was appointed consulting engineer to the Semet Solvay 
Engineering Corporation, New York, N. Y., and after two years he 
retired. Finding he was too young to enjoy retirement he joined the 
faculty of the University of Washington. He began as an instructor 
and soon became assistant professor of general engineering. In 1939 
he became associate professor of mechanical engineering, and in 1944, 
full professor of mechanical engineering. 

He joined the ASME as a member in 1940. He belonged to the 
Society for the Promotion of Engineering Education, Tau Beta Pi, 
Sigma Xi, and the University Research Society. 

He is survived by his wife, Edna Mary Tymstra, and a sister, Mrs. 
J. H. Schroeder of The Hague, Nethertands. 


THEODORE WACHS (1886-1948) 


Theodore Wachs, a mechanical engineer with the Ballinger Com- 
pany of Philadelphia, Pa., died on Feb. 8, 1948, at his home in Wayne, 
Pa. 

He was the youngest son of Edward Herman and Christine F. 
Wachs. His father was a pioneer engine builder and general machine- 
shop proprietor, and founder of the business which continues today 
as E. H. Wachs Company, makers of high-grade steam engines and 
other products. He was born in Chicago, IIl., on March 3, 1886. 

Like his five elder brothers, Theodore Wachs served a regular 
apprenticeship as a machinist, received his preparatory-school educa- 
tion in Chicago, IIl., public schools, and the Armour Scientific Acad- 
emy. After four years’ attendance at Armour Institute of Technology, 
in 1907 he was graduated with the BS degree in mechanical engi- 
neering. 

He immediately entered the motive-power department of Armour 
and Company, as an engineer of tests, and rapidly worked his way up 
to assistant superintendent of the department which handled all 
mechanical and power-plant activities of Armour and Company and 
its many subsidiary companies. 

After several years he entered the employ of Sears, Roebuck and 
Company, as an assistant to their general superintendent of factories, 
and in that capacity had a very varied experience in production and 
plant engineering in the 36 factories then owned and operated by that 
company. 

He became superintendent of one of the plants of the Chicago 
Pneumatic Tool Company at Franklin, Pa., and following that en- 
gagement, was employed simultaneously as works manager of both 
the Bauroth Machine and Tool Company and the Toledo Steel Barrel 
Company at Toledo, Ohio, until those properties were sold during 
the early days of World War I. 

Induced to return to Chicago and lend his assistance in his father’s 
old company, he spent the next twenty-two years as secretary of the 
E. H. Wachs Company, where his activities were general in connection 
with product design, sales, and operation. 

In 1937 he joined the Victor Division of the Radio Corporation 
of America as general plant engineer, consultant, and adviser to the 
plant managers and plant engineers of the six domestic and all foreign 
plants of the corporation, on all plant engineering, building construc- 
tion, and production-layout problems. He acted as sole represerfta- 
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development of the plant for table-model radio receivers at Blooming- | 
ton, Ind., as well as other important projects throughout the country. | 

He left RCA and for a year undertook the study of, and recom- e 
mendations for, the modernization of two furniture-manufacturing 
companies at Asheville and Black Mountain, N.C., for a friend and — 
associate of his early years. In the summer of 1947, he joined the 
organization of the Ballinger Company, where he was at the time of ‘ 


his death. 

He became a junior member of the ASME in 1911, associate mem- 7 
ber in 1918, and a member in 1919. 

He was married to Evelyn Barton Paddock in 1912, and is survived — 
by his widow, and three children, Daniel P., Theodore, Jr.,and Helen = 
Barton Wachs; and by three brothers, Charles, Edward, and Otto CV 

Frederick Arden Waldron, consulting engineer and inventor, died 
in the Elizabeth (N. J.) General Hospital on July 11, 1939, after . 
short illness. His home was in Westfield, N. J., and his 9ffice in New — < 
York, N. Y. 3 

He was born in Windsor, Vt., on Dec. 14, 1864, son of Charles E. f = . 
and Susan (Dutton) Waldron. After leaving grammar school he at- et 
tended the Boston Free Evening Drawing School, and servedanap- 
prenticeship in the machine shop of the Brainard Milling Machine _ 
Company, Hyde Park, Mass., until 1885. Foratimehewasincharge 
of building special machinery for John T. Robinson and Company, | 
Hyde Park, Mass., then went to Providence, R. I., where he was 
employed by the Brown and Sharpe Manufacturing Company and = tat 
Beaman and Smith as a draftsman. "eases = 

From 1887 to 1891 he was draftsman and designing engineer for i 
the Yale and Towne Manufacturing Company, Stamford, Conn.; then | 
he spent about two years each with E. D. Leavitt, consulting engi- 
neer, Cambridgeport, Mass., and the Geo. F. Blake Manufacturing — 
Company, East Cambridge, Mass., as draftsman and designer ; seal ; 
the latter place he was working on high-duty pumping engines. 

He returned to Yale and Towne Manufacturing Company in 1895 — 
and during the next 11 years served as superintendent of the ol 
block and door-check departments, and the power plant. In 1906- 
1907 he was engineer of works for the National Cash Register Com- — 
pany, Dayton, ane He then established his consulting-engineering _ 
office in New York, N. Y. An outline of the more important work for 
which he was responsible lists the following: ,design and construction — 
of complete line of chain and electric hoists for the Yale and Towne _ 
Manufacturing Company; design and manufacture of machinery for | 
electric welding of hoisting chains; design and construction of service — 
plant for Edison Electric Illuminating Company of Boston, Mass.; 
design, construction, and equipment of a new Boston home-office - 
building for the John Hancock Mutual Life Insurance Company; | 
special reports on economic and industrial problems for many engi- 
neering firms. He was advisory engineer for the Ross Rifle Company, 
Quebec, Canada, during World War I, and consulting engineer for 
the Canadian Car and Foundry Company in connection with Russian 
munitions contracts. He had patented a number of inventions re- 
lating to improvments in chain hoists, and other devices and processes. 
He was the author of ‘‘Simplified Factory Accounting and Routing,”’ 
published in 1925, and of many articles which appeared in ASME 

~publications, the technical press, and New York Sunday World. 

Mr. Waldron became a junior member of the ASME in 1890, and 
was promoted to the grade of member in 1896. He served as secre- 
tary and treasurer of a Special Committee on Meetings of the Society 
in New York in 1912, and as chairman the following year; chairman 
of the Committee on Industrial Building from 1914 to about 1920; 
and on the Membership Committee from 1920 to 1932 (with the ex- 
ception of one year), and was its chairman in 1920, 1925, 1931. 

He was one of the one hundred charter members of the National 
Museum of Engineering and Industry, incorporated in 1924, and 
served on its Board of Trustees in 1925-1926. He belonged to the 
Holland Society of New York, and to several clubs. 

He married Helen G. Horton in 1890. She and a daughter, 
Celestine Waldron, survived him; also two sisters, Mrs. Arthur V. 
Burr, of Randolph, Mass., and Mrs. Merton C. Alden, of Hyde Park, 
Mass.; and three brothers, Ralph L., of Hyde Park, Chauncey W., of 
Newtonville, Mass., and Harold B., of Pelham, N.Y. | 


eOTTO WECHSBERG (1881-1948) 


Otto Wechsberg, president and general manager of the Coppus 
Engineering Corporation, Worcester, Mass., died on March 4, 1948. 

He was born in Friedland, Moravia, Austria, May 25, 1881, the 
son of Sigmund and Rudolphine (Lowe) Wechsberg. He was edu- 
cated at the Classical High School and the Technical bar oa 
Vienna, Austria. He received an ME degree in 1905. 


FREDERICK ARDEN WALDRON (1864-1939) 
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Irom 1906 to 1911 he served with the Bruenn-Koenigsfelder 


a _ Maschinenfabrik, of Moravia, designing steam turbines and cén- 


trifuga! pumps. For the next three years he was manager of their 
branch office at Teplitz-Schoenau, Bohemia, Austria. 

Arriving in the United States in 1914, he became a designer of 
centrifugal pumps at the Gould Manufacturing Company, Seneca 
Falls, N. Y. In 1915 he went with the Southwark Foundry, Phila- 
delphia, Pa., in the same capacity. Later that year he was made 


a chief engineer and pump designer for the Advance Pump and Com- 


pressor Company, Battle Creek, Mich. 

It was in 1917 that he joined the Coppus Engineering and Equip- 
ment Company where he was to remain for the rest of his life. He 
started there as chief engineer, was promoted successively to the 
posts of assistant general manager, vice-president, and president and 
general manager. 

In 1917 he married Anna M. C. Coppus (deceased). They had no 
children. He was naturalized at Fitchburg, Mass., on June 29, 
1920. 

Mr. Wechsberg became a member of the ASME in 1921. 

He is survived by his mother, Mrs. Rudolphine L. Wechsberg. 


HERBERT ALBERT WEISS (1889-1948) 


Herbert Albert Weiss, who was head of the department of me- 
chanical and industrial engineering at the Clarkson College of Tech- 
nology in Potsdam, N. Y., died on March 15, 1948. 

He was born in Lyons, N. Y. on Sept. 10, 1889, the son of Albert T. 
Weiss, a mechanical engineer, and Clara Elizabeth (Prehl) Weiss. 
He was educated at Cornell University, receiving the ME degree 
in 1912; MME, Cornell University, 1930. 

Professor Weiss’s first position after completing his undergraduate 
training was at, the Georgia School of Technology in Atlanta, Ga. 
Until 1914 he was an instructor in drawing, mechanisms, and de- 
scriptive geometry. Then, for the next four years he was assistant, 
professor of drawing. In 1917-1918 he was director of the department 


of drawing, and then left for the University of Rochester, to become 


assistant professor of applied science, taking charge of the department 
of applied science in engineering for two years. 
In 1920 he went back to Cornell, this time as an instructor in 


machine design. At this time he engaged in research in the heat- 
treatment of high-manganese steel. He went to Clarkson College as 


assistant professor of mechanical engineering in 1929, and was in 


charge of the department of machine design until 1935. He was then 


advanced to the rank of associate professor, and acting director of the 
department in 1939. 
Professor Weiss became a junior of the ASME in 1915, an associate 


member in 1929, and was advanced to full membership in 1941. In 


1943 he was honorary chairman of the Student Branch at Clarkson. 
He belonged also to the Society for the Promotion of Engineering 


_ Education, and to Tau Beta Pi. 


He is survived by his widow, the former Anna Woggon of Rochester, 
and by a brother, Paul A. H. Weiss of Poughkeepsie, N. Y. 


RAYMOND EDGAR WHITE (1886-1947) 


Raymond Edgar White, technical director of the Hemphill Trade 
Schools, Inc., at Los Angeles, Calif., died on Nov. 4, 1947. 

Born in Indianola, Iowa, on March 9, 1886, he was the son of 
Lotan Edgar and Lucetta Margery (Owen) White. He received his 
technical education at Simpson College, where he took a three-year 
scientific course in mathematics and engineering, and then at Iowa 
State College, where he received his ME degree in 1909. 

In 1908 Mr. White accepted a position with the Mason Motor Car 
Company of Des Moines, Iowa, as a draftsman and assembler. For 
the next five years he worked for several automotive concerns, and in 
1913 became chief draftsman and equipment engineer for the Perfec- 
tion Spring Company in Cleveland, Ohio. For a year, in 1914-1915, 
he started off on his own as a machinist contractor, but in 1915 went 
into the employ of‘ Deusenberg Brothers of St. Paul, Minn., and 
Chicago, Ill., doing layout and detailing for racing cars and engines, 
and marine and aero-engines. When the company became the Deusen- 
berg Motors Corporation in 1918, he became chief of production in the 
planning department. 

From 1919 to 1925 he worked with the Page Company of Chicago, 
Ill., consulting engineers on product engineering, equipment engi- 
neering, and plant layout. After filling various positions elsewhere, he 
became managing director of the Hemphill Schools in Seattle, Wash., 
while he concurrently acted as chief engineer for the Estep Diesel 
Engine Company in the same city. Then in April of 1935 he became 
managing director of Hemphill Schools, Inc., centered in Long Island 
City, N. Y. At the time of his death he was technica! director of the 
schools in Angeles. 


Mr. White was elected to membership in the ASME in 1920. 
He is survived by his widow, the former Hazel Vondus Price. 
They had no children. 


GEORGE WASHINGTON WILDIN (1868-1939) 


George Washington Wildin, for more than 45 years actively and 
prominently identified with various railroads and other corporations 
in this country and Mexico in a mechanical-engineering and executive 
capacity, died at his home in Pittsburgh, Pa., on Feb. 28, 1939. 

The son of George Miller and Adeline (Engler) Wildin, he was born 
on Feb. 29, 1868, in Decatur, IIl., where his father was a successful 
manufacturer of farm machinery. In the early seventies the family 
moved to a farm in Kansas, and it was in that state that he received 
his education, first in the public schools, and later, after working asa 
carpenter for two years, at the Kansas State College, from which he 
was graduated in 1892 with a BS degree. During his junior and 
senior years he was assistant superintendent.of the workshops and 
instructor in surveying. His college vacations were spent as foreman 
of a construction gang, building iron, wood, and wire bridges for a 
Melvern, Kan., contractor, Joseph Farley. 

Following his graduation he entered the employ of the Atchison, 
Topeka & Santa Fe Railroad, Topeka, Kan., as mechanical drafts- 
man. After some time at this work he was transferred to the car-re- 
pair department, and later to the department of the engineer of tests. 
In 1894 he was sent to the shops at Raton, N. Mex., as machinist, 
later being promoted to locomotive fireman, working out of Raton. 
In January, 1896, he became locomotive engineer for the Mexican 
Central Railroad, San Luis Potosi, Mexico. In July of that year he 
went to Chicago, IIl., as machine-shop foreman for the Aermotor 
Company, a steel-windmill manufacturing concern, remaining there 
for one year, when he returned to Topeka as a machinist for the Santa 
Fe railroad. Later that year he became a locomotive engineer on the 
Chicago & Alton Railroad at Bloomington, IIl., and from there went 
to Savannah, Ga., in July, 1898, as machinist for the Plant System 
of Railways, later becoming general car and locomotive inspector, 
then mechanical engineer. 

In 1901 Mr. Wildin was appointed mechanical engineer for the 
Central Railroad of New Jersey, with offices at Jersey City, N. J., 
where he remained until 1904, when he resigned to accept the position 
of assistant mechanical superintendent of the Erie Railroad at Mead- 
ville, Pa.; in the same year he was promoted to mechanical superin- 
tendent for the Erie System. In January, 1907, he entered the em- 
ploy of the Lehigh Valley Railroad as assistant superintendent of 
motive power, located at South Bethlehem, Pa., where he remained 
until July. Than he went with the New York, New Haven and Hart- 
ford Railroad Company as mechanical superintendent at New Haven, 
Conn., which position he filled until 1916, when he became general 
mechanical superintendent, and in 1917 he was advanced to the posi- 
tion of general manager of the New Haven system. 

In 1918 he was appointed general manager of the Locomotive Stoker 
Company at Pittsburgh, Pa., a subsidiary of the Westinghouse Air 
Brake Company, but remained there for only a short time, becoming 
general manager of the parent company, with headquarters at Wil- 
merding, Pa. He held this position until July, 1926, when he was 
made assistant vice-president of the company, and vice-president of 
another of its subsidiaries, the Westinghouse Friction Draft Gear 
Company; he held these offices until November, 1929, then became _ 
Pittsburgh manager of the Cardwell Westinghouse Company. Sub- 
sequently he was appointed consulting engineer for the Westinghouse _ 
Air Brake Company at Pittsburgh, the position he held at the time of | 
his death. He had also served as general manager of the Westing- 
house Traction Brake Company. 

Mr. Wildin was elected to the grade of member in the ASME in 


1901. He was also a member of the American Institute of Electrical _ 


Engineers, and a number of railway clubs and associations, as well as ss 
numerous country and civic clubs. He was past-president of the © 


American Railway Association, Section 5, and of railway clubs in 


Pittsburgh and New York. He belonged to the Phi Kappa Phi a 
fraternity, and was a 32d degree Mason, Knight Templar, and = 
Shriner. 

In 1935 he was awarded the honorary degree of doctor of engineer- 
ing from Kansas State College. 

He married Josephine Fish, of Strong City, Kan., in 1902, ona fe 
was survived by her.—[Biography compiled from best obtainable in- 
formation, not all of which could be verified. } 

at 


FREDERICK NEWTON WILLSON (1855-1939) 
Frederick Newton Willson, professor emeritus of graphics a Ne 
Princeton University, whose death occurred on Nov. 15, 1939, was 
N. n Dec. 1855, son Thomas Newton and 
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Mary Caroline (Evarts) Willson. In 1872 he was graduated from the 
Troy (N. Y.) Academy, of which his father was the principal. Follow- 
ing his graduation he served for a short time as assistant bookkeeper 
in the Troy City National Bank, then entered Rensselaer Polytechnic 
Institute. He secured the CE degree in 1879, having left college for 
a time to teach mathematics at the Troy Academy during the illness 
of his father. He took a postgraduate course in psychology and 
philosophy under his friend, Daniel S. Gregory, president of Lake 
Forest University, at Lake Forest, Ill., after which he became as- 
sistant foreign correspondent of Drexel, Morgan and Co., New York, 
N. Y. 

Early in the winter of 1880 he was called to the College of New 
Jersey (Princeton) by President James McCosh, to organize courses 
in graphics as part of the John C. Green School of Science. In 1883 
he was made professor of descriptive geometry, stereotomy, and tech- 
nical drawing, a post created for him in this school. In 1896 Prince- 
ton University conferred upon him the honorary degree of Master of 
Arts, and in 1905 his title was changed to professor of graphics. In 
1922 the department of graphics and engineering drawing was es- 
tablished in the Princeton Engineering School, and Professor Willson 
was called upon to take the chairmanship and organize the depart- 
ment. He served as professor of graphics and chairman of the de- 
partment until he retired from active service in June, 1923, completing 
nearly forty-three years of university teaching. The courses that he 
taught included descriptive geometry, stereotomy, technical drawing, 
kinematics, and machine design. 

As a scholar in the field of graphical sciences, he was recognized as 
an eminent authority. He developed a collection of models which 
represented the surfaces with which his teaching was concerned that 
became a valued possession of the Princeton Engineering School. 
His treatise on graphics, descriptive geometry, and mechanical draw- 
ing, first published in 1897, and entitled ‘‘Theoretical and Practical 
Graphics,’”’ was given immediate recognition as an outstanding work. 
In his enthusiasm to utilize his writings he published excerpts from 
his book while he was still in the process of completing it. These 
excerpts, together with the book itself, constituted a series of eight 
texts on various phases of his subject. He later published ‘‘Para- 
phrased Proverbs,” in 1933, and ‘‘Graphics and Faith,” in 1936. 

Professor Willson married Miss Mary Hewes Bruere in 1884. She 
died nine years later, and in 1895 he married Miss A. Russell Albert- 
son, who died in 1929. His survivors included three daughters, M. 
Louise Willson, Elizabeth Willson (Mrs. Warren Buffum), and Edith 
Evarts Willson (Mrs. Harold F. Pellegrin); one son, Albert Newton 
Willson; and eight grandchildren. 

Professor Willson was an active member of many professional 
societies and made a particular point of attending every meeting 
possible. He became a member of the ASME in 1883, and was a 
Fellow of the American Association for the Advancement of Science, and 
a member of the American Society of Civil Engineers, Mathematical 
Association of America, and Phi Beta Kappa and Sigma Xi. 

His remarkable memory for names and faces endeared him to his 
professional associates and to his students. He was keenly interested 
in the development and careers of all of them. Earl Anderson, the 
originator of the ‘‘cage’”’ masts which were used for many years to 
support the fire-control tops of United States warships, was one of 
Professor Willson’s students, and his design for the mast had its in- 
spiration in one of the models that Professor Willson had used in 
class. This occurrence pleased and gratified Professor Willson al- 
most more than some of hisown achievements. = ~~ 
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He had also a deep interest.in his religion and served as Elder in the 
pina Presbyterian Church of Princeton for fifty-three years, 1886- 
1 L 

Professor Willson was known for his inexhaustible interest in his 
subject, and in his profession as an engineer. He was always char- 
acterized by his youthful enthusiasm, by the energy he displayed up 
to the very end of his life, by the scholarly approach he exhibited 
toward any problem, and by the comprehensive grasp of his subject; 
but, despite the contributions he made to the graphical sciences and 
to the art of teaching, he will be long remembered not for his writings 
nor for his professional achievements, but because of the loyalty and 
admiration he inspired in the hearts of those who had the good fortune 
to know him as no others could—his students. [Adapted from a 
memoir prepared by Puiiip Kissa, Princeton, N. J., for the Ameri- 
can Society of Civil Engineers. ] 


DWIGHT FORREST WINDENBURG (1895-1947) 


Dwight Forrest Windenburg, chief physicist of the Structural 
Mechanics Division, David Taylor Model Basin, Bureau of Ships, 
Navy Department, Washington, D. C., died suddenly on Nov. 14, 
1947. Although Dr. Windenburg did not become a member of the 
ASME until late in 1946, he had rendered valuable service on the 
Special Research Committee on Strength of Vessels Under External 
Pressure for fifteen years. In 1947 he was also appointed a member 
of the Special Research Committee on the Plastic Flow of Metals, and 
of the General Committee of the Metals Engineering Division. He 
was a member of the Philosophical Society of Washington, the Wash- 
ington Academy of Sciences, the Washington Society of Engineers, 
the Instrument Society of America, Sigma Xi, and Phi Beta Kappa. 

Dr. Windenburg was born in Lamont, Iowa, on May 14, 1895, son 
of Julius M. and Maude (Doak) Windenburg. He was graduated 
from the Lamont High School in 1912 but did not enter college im- 
mediately. He took his BA in physics and mathematics at Cornell 
College, Mt. Vernon, Iowa, in 1921, and served as instructor there in 
those subjects while working for his master’s degree, which he received 
in 1923. He was a teaching fellow in physics at the University of 
California the following year, and in 1925 became head of the mathe- 
matics department at the Polytechnic College of Engineering, Oak- 
land, Calif. After two years there he went to the Long Beach Junior 
College, Long Beach, Calif., to hold a similar position. 

He became head of the applied mechanics division at the Experi- 
mental Model Basin of the Navy Department in Washington in 1929, 
with the title of assistant physicist. Six years later he was advanced 
to the position of physicist, in charge of the structura! section, and 
subsequently he became senior physicist, in charge of the structural 
mechanics division of the new David Taylor Model Basin. In 1943 
his title became head physicist, and in 1945 chief physicist. 

He was the author, or co-author, of a number of papers which ap- 
peared in the ASME and other publications, dealing with the strength 
of thin cylindrical shells, unfired pressure vessels, and other struc- 
tures under external pressure. In recognition of his authoritative 
position in his field, Dr. Windenburg had been selected by the Library 
of Congress to contribute reviews for the Book List which is given 
international distribution by that agency. 

A PhD degree was conferred upon him by the Catholic University 
of America in 1939. 

Dr. Windenburg married Dorothy Ownby, of Mt. Vernon, Iowa, 
in 1923, and was survived by her. DeNey 


= 
poe 
= 
fe 
¥ 
4 
= 
ne 
‘ 


bok 


4 


veer 


Pk 


i 


‘ 


alt 


7 


ait! 


ALS 


# 


en 


SOCIETY RECORDS - 

(Including Indexes to Publications for 1949) 


Depositories for ASME Transactions in the United States . . . 


_ Depositories for ASME Transactions in Other Countries. . . . 


Indexes to ASME Papers and Publications . ..... . 


Regular Society Publications, 1949 . . ...... 


_ How to Find Papers Presented at 1949 ASME Meetings. . 


Publications Developed by the Technical Committees. 


Books and Pamphlets on Special Subjects . . . . . . 


Index to Transactions of the ASME,1949. . . . . 


_ Index to the Journal of Applied Mechanics,1949. . . .. . 


950 
1 


a of 
re 
SR 
Pie 
J 
| 


Transactions 


_ The American Society of Mechanical Engineers oer 


OFFICERS OF THE SOCIETY: 


James D. CunnincuaM, President T athe 4 OG 


Josepu L. Kopr, Treasurer C. E. Davins, Secretary 


en red of 


tal 
COMMITTEE ON PUBLICATIONS: 
Ronatp B. Smrtu, Chairman the | 
Joun Haypock Georce R. Ricu 
C. B. Campsety Paut T. Norton, Jr. or wolht 


HENDLEY BLackKMON—V 
R. E. Turner—VI 

R. G. Rossonc—VII 
M. A. Durtanp—VIII 


fwadash, ot 


YAA 


Published monthly by The American Society of Mechanical Engineers. Publication office at 20th and plogshomecsn Streets, Easton, Pa. The editorial 
Secemmnanes is located at the headquarters of the Society, 29 West Thirty-Ninth Street, New York 18, N. Y. Cable address, ‘“‘Dynamic,” New York. Price 

1.50 a copy, $12.00 a year for Transactions and the ournal o, Applied Mechanics; to members and affiliates, $1.00 a co AF .00 a year. Changes of ad- 

s must be received at Society headquarters three weeks before they are to be effective on the mailing list. Please sen d as oa as new address.... 
By-Law: The Society shall not be responsible for statements or opinions advanced in papers or...printed in its publications (B13, Par. 4)....Entered as 
sorone-<ines matter, March 2, 1928, at the Post Office at Easton, Pa., under the Act of August 24, 1912....Copyrighted, 1950, by The American Society 
of Mec eers. Reprints from this publication may be "made on condition that full credit be given the Transactions of the ASME and the 
ate of publication be stated. 


ecember 
ee t March, June, September, and D 
As: ° d the tenth of every month, excep ’ 
Published on 
3 
| 7 
4 
iboined 


——s for ASME Transactions in the United States 


) OUN D copies of the complete Transactions of The Ameri- /Uinois (continued) 
can Society of Mechanical Engineers will be found in the 
libraries in the United States and other countries which are listed _ oy ci 


on the following pages. 


Including Territories and Dependencies 


Auburn......... 


Birmingham 
University 


Fayetteville... .. 


alifornia 


Berkeley........ 


Los Angeles 
Oakland 


San Diego 


San Francisco. 


Stanford Univ... 


Bridgeport 
_Hartford 


District of Columbia 
Washington 


Gainesville. . 
J acksonville. . 


Savannah 


Hawaii 
Honolulu 


iy Chicago; Western Society of Engineers 


. Engineering Library, Alabama Poly. Inst. 


.Engineering Library, 


. Library, Stanford University 


. Library, University of Colorado 


... University of Florida 
....Free Public Library 


Evansville 
Fort Wayne 
Public Library Indianapolis 


Library, University of Alabama 
Terre Haute 


Library, University of Arizona 
Ames..... 


Des Moines 
Iowa City 


University 
kansas 


. Library, University of California 


Public Library 

Public Library 

University of Southern California 

Oakland City Library 

Teachers’ Professional Library 

Library, California Institute of 
Library, University of Santa Clara 

Public Library 


... Engineers Club of San Francisco 


Louisiana 
Baton Rouge 
New Orleans 


Mechanics Institute 
Public Library (Civic Center) vs. 


Public Library 
Colorado State College of Agriculture and 
Mechanic Arts 


Maine 


Public Library 

Public Library 

Public Library and Yale University 

University of Connecticut 

Silas Bronson Library 


College Park 
Massachusetts 


University of Delaware 


Wilmington Institute Free Library ie 


George Washington and Catholic Univer- _ 
sities; Library of Congress; National _ 
Bureau of Standards Library; Scientific — 
Library, U. S. Patent Office 


Springfield 
Tufts College 


Public Library 
Public Library | 


Carnegie Public Library 
Georgia School of Technology 
Public Library 


Grand Rapids. . 
Houghton 


Minnesota 
Duluth... 
John Crerar Library; Library, Illinois 
Institute of Technology; Museum of Sci- 
ence and Industry; Public Library of 


West Lafayette...Library, Purdue University a 


. .lowa State College 


Baltimore....... 


Northwestern University 
Public Library 

Public Library 
University of Illinois 


Publie Library 

Public Library and Indiana State Library 

Library, University of Notre Dame 

Rose Polytechnic Institute 

Public Library 

State University of we, 


Public Library, Huron Park 
Library, University of Kansas 
Kansas State College 

Wichita City Library 


weit 
sT 


University of Kentucky 
Speed Scientific School 
University of Louisville 


| 


Louisiana State University 
The Howard-Tilton Memorial Library 
Louisiana Engineering 


Public Library 


Tulane University 


. .University of Maine 


United States Naval Academy — 


. Engineers Club of Baltimore 


Johns Hopkins University 

Public Library 

Library, University of Maryland | 


Boston Public Library 

Engineering Societies of New England 
Northeastern University : 
Harvard University (Engineering Library) 
Massachusetts Institute of Technology 
Public Library 
Free Public Library 
Free Public Library 
Springfield City Library 

Tufts College 


.....-Free Public Library 


Worcester Polytechnic Institute _ 


University of Michigan 
Cass Technical High School 
Highland Park Public Library 
Public Library 
University of Detroit 
Michigan Staic College 
Public Library 


. -Public Library 


Michigan College of Mining & Technology 
Public Library 


Public Library 


Minneapolis...... Minneapolis Public Library (Engineering 


and Circulating Libraries) 
University of Minnesota 


St. Paul..........James Jerome Hill Reference Library 


Alabama 
Artzona 
eng 
Tucson....... 
Arkansas : 
Long Beach. . Kansas City.... 
 Colorade 
Worcester. 
Georgia Ann Arbor...... 
rice 
— 


TRANSACTIONS OF THE ASME 


Cleveland Engineering Society a: 
Fenn College 
Public Library 


. .Case Institute of Technology 4 G 


Columbian... University of Missouri The Ohio State Library 
Kansas City...... Public Library ie Ohio State University = Spa 
Missouri School of Mines and Metallurgy __ Public Library 

‘St. Louis......... Engineers Club of St. Louis; Public Library; Dayton..........Engineers Club of Dayton tig 
Washington University; Mercantile Li- Toledo........... Public Library 
brary University of Toledo 
Bozeman......... Montana State College Oklahoma 
Nevada Oregon 
Rene... University of Nevada Library Corvallis......... Oregon State College 
Portland......... Portland Library Association 
New Jersey Bethlehem....... Lehigh University Ligcemn Ser. 
Camden...... Free Public Library Libr 
Elizabeth........ Free Public Library Library 
Hoboken......... Stevens Institute of Technology Lewisburg. ....... Bucknell University 
Jersey City....... Free Public Library Philadelphia. ..... Drexel Institute 
Newark College of Engineering Franklin Institute = sa 
New Brunswick. . Rutgers University The Free Library ; 
Paterson.........Free Public Library : University of Pennsylvania oe 
Princeton... «.... Princeton University Pittsburgh....... Carnegie Free Library of Allegheny 
Trenton.......... Free Public Library ibe Carnegie Institute of Technology 
Carnegie Library (Schenley Park) 
New Mexico Engineers’ Society of Western Pennsylvania 
Albuquerque..... University of New Mexico University of Pittsburgh 
State College.....New Mexico State College = | Reading......... Public Library 
New York State College..... Pennsylvania State College 
New York State Lib Swarthmore...... Swarthmore College 
Pratt Institute Wilkes-Barre.....Public Library 
Buffalo Public Library Rhode Island te 
Cornell University __ Kingston......... Rhode Island State College 
Jamaica, L. I.....Queens Borough Public Library _ Sad Providence.......Brown University 
New York........ College of the City of New York __ , enor F Providence Engineering Society 
Cooper Union . 
York Museum of Science and Industry Slemson College. . Library, Clemson Coliege 
York University Library South Dakota 
Potsdam.........Clarkson College of Technology _ Brookings. .......Bouth Dakota State 
Rochester........ Rochester Engineering Society Tennessee 
Schenectady...... Union College Kingsport........ Public Library 
Syracuse.........Public Library Knoxville........ University of Tennessee 
Syracuse University Memphis......... Goodwin Institute 
R 
North Carolina ke Austin...........University of Texas 
cata Chapel Hill...... University of North Carolina ¥ : College Station. ..Texas Agricultural & Mechanical College 
Duke University Dallas Public Library 
North Carolina State College Southern Methodist University 
Fort Worth......Carnegie Public Library 
North Dakota State Agricultural College - Houston......... Public Library 
Grand Forks..... University of North Dakota Rice Institute 
Lubbock.........Texas Technological College 


Ohio Northern University 
Public Library Utah 


Public Library 


Engineers Club of Cincinnati CR lst 
Public Library pirat Vermont 
University of Cincinnati Burlington.... 


San Antonio... 


University of Akron Salt Lake City. 


...Carnegie Library 


.. University of Utah 
Public Library 


... University of Vermont 


‘ 
; 
~ 
+ 
Rik 
AS 
C. 


SOCIETY RECORDS 


ford West Virginia 
Blacksburg....... Virginia Polytechnic Institute _ Morgantown ory West Virginia University 
Charlottesville ... University of Virginia 
Lexington........ Virginia Military Institute 


Norfolk..........Publie Library 
Richmond........ Virginia State Library Libeary, University of Wiscon: 
Washington .Marquette University 
Pullman......... State College of Washington Public Library 
Seattle...........Engineers Club Vocational School Library ~~ 
Public Library rivedisM 


| 
3 
A 
va 


~ Depositories for ASME Transactions in Other Countries 


Argentina Boland (continua) 
Buenos Aires... .. Biblioteca de la Sociedad Cientifica Oxford.......---. Oxford University 


» The North-East Coast Institution of Engi- 
neers and Shipbuilders 
Public Library of Adelaide Sheffield........ .Sheffield Public Libraries Least 


Australia 


Public Library of Victoria 
University of Western Australia Library Germany 
Public Library of Sydney Dusseldorf....... Verein Deutscher Ingenieure 
Bucherei des Vereines Deutscher 
Rio de Janeiro .. .Bibliotheca da Escola Polytechnica Hanover......... Bucherei der Technischen Hochschule _ 
Bibliotheca Nacional Karlsruhe........Bucherei der Technischen Hochschule 
Sao Paulo........ Bibliotheca da Escola Polytechnica Munchen........ Bucherei des Deutschen Museums 
Stuttgart......... Bucherei der Technischen Hochschule 
Bngineering at Connie Calcutta......... Bengal Engineering College 
McGill University Poona........ . --Poona College of Engineering 
Rangoon......... University of Rangoon 


Toronto.......... University of Toronto, Library 
Vancouver....... University of British Columbia 


Ireland 
Belfast...........Queen’s University of Belfast i 
. Universidad de Chile, Facultad de Ciencias Italy foe: 


Fisicas y Matematicas (Engg. School) 


Torino...........Biblioteca, Politecnico 
Rome............Consiglio Nazionale delle Ricerche 
Napoli........... Facolta’ d’Ingegneria, Universita 
Havana..........Cuban Society of Engineers 
Mexico 
Mexico City.....Asociacion de Ingenieros y Arquitectos de 
Mexico 


Birmingham .....Birmingham Public Libraries Library Ingenieros Me- 


University of Bristol 

Cambridge....... University of Cambridge i canicos y Electricistas 
University of Leeds 

Liverpool........ Liverpool Engineering Society a Scotland 


Glasgow. . .....Royal Technical College 


Pubiie Libeary of Liverpool 
Mitchell Library 


London.........City and Guild Engineering College ae 
Institution of Automobile Engineers fk 


The British Coal Utilization Research As- South Africa 
gociation Cape Town......University of Cape Town 
The Institution of Mechanical Engineers Johannesburg. ...South African Institute of Engineers 
Institution of Civil Engineers 
e Junior Institution of Engineers Stockholm....... Kungl. Tekniska Hogskolans Bibliotek 

The Royal Aeronautical Society 
Manchester... .. .Manchester Public Libraries (Reference Wales 


ies 


> < 
an 


2 


? Fort: Wa ben 


Adelaide... 
Braz 
- 
Santiago.. 


he} 4 


“HIS and the following pages will serve as a guide to the cur- 
rent publications of the ASME, 


4 Regular Society Publications, 1949 


Mechanical Engineering, monthly (see index on page SR-51) 
ASME Transactions, monthly (see Index on page SR-71) 
Journal of Applied Mechanics, quarterly (see index on page SR-79) 
ASME Mechanical Catalog and Directory, 1950 edition. 


Applied Mechanics Reviews, monthly. wad: 
Publications Issued in 1949 


1948 ASME Transactions (bound form) yj 
Technical Papers of the Heat Transfer and Fluid Mechanics Institute 
Internal-Combustion Turbines 

Symposium on Water Hammer 


Materials Handling, 1949 
Ps 1948 Proceedings of the Oil and Gas Power Conference at 
oar Diesel Lubricating Oils and Basic Principles of Lubrication —_ 


The First 50 Years of Diesel Engines in America 


Engine Design 
1948 Oil Engine Power Cost Report 
Example Sections for a Smoke-Regulation Ordinance 
Symposium on Heat Cycle 
le Biography of Frank and Lillian Gilbreth 

Safety Codes and Standards 

1949 Addenda to Low-Pressure Heating; Locomotive, Miniature, 
| a and Power Boiler Codes; Unfired Pressure Vessel Code, Welding 


Qualifications, and Specifications for Materials 
1950 Unfired Pressure Vessel Code 
ae Plumbing Code 
aS Unified and American Screw Threads 
_ Nomenclature, Definitions, and Letter Symbols for Screw Threads 


Plain Washers 
Straight Cut-Off Blades for Lathes and Screw Machines 
T-Slots, Their Bolts, Nuts, Tongues, and Cutters 


Reamers 


: Graphical Symbols for Welding; and Instructions for Their Use 


Graphical Symbols for Plumbing 

Graphical Symbols for Pipe Fittings, Valves and Piping 
Graphical Symbols for Heating, Ventilating, and Air-Conditioning 
Letter Symbols for Gear Engineering 

Letter Symbols for Structural Analysis rangi rif 


Plant Layout Templates and Models 

Supplement No. 1 to 1939 Standard on Steel Pipe Flanges and 

Flanged Fittings 

Ferrous Plugs, Bushings, and Locknuts _ 
Brass or Bronze Screw Fittings 250 Lb 
Stainless Steel Pipe 

Power Test Codes 
Centrifugal, Mixed-Flow and Axial-Flow Compressors and Ex- 

hausters 


ES How to Find Papers Presented at 
1949 ASME Meetings 


HE technical programs of the meetings of the Society and of 
its Professional Divisions have been published in Mechanical 
Engineering and may be located by consulting the index on pages 
SR-51 to _— A majority of these papers were published, or will 


Gaseous Fluid Flow in Relation to Diesel and Internal-Combustion- 


Publications" 


be published, in Mechanical Engineering or the Transactions (in- 
cluding the Journal of Applied Mechanics) and may be located by 
reference to the indexes of these publications. 


Publications Developed by 
Technical Committees or 


HE Society’s technical committees, the first of which was 

organized many years ago and all of which have been con- 
tinuously at work on codes, standards, research, and other special 
reports, have developed a series of publications of permanent 
value to the membership. The following list is presented here 
for record and for ready reference. This list covers the works 
of these committees together with dates of publications and 
prices. A discount of 20 per cent is allowed to ASME members 
on all publications except where otherwise noted. 


Bott, Nut, AnD Rivet Proportions 
» Nor, anp River 


Large Rivets (B18.4—1937), $0.80 

Plow Bolts (B18f—1928), $0.45 

Round Unslotted-Head Bolts (B18.5—1939), $0.60 

Socket-Head Cap Screws and Socket-Set Screws (B18.3—1947), 
$0.60 

Slotted-and-Recessed-Head Screws (B18.6—1947), $1.00 

Small Rivets (B18a—1927 with 1942 Addendum), $0.40 

Tinners’, Coopers’, and Belt Rivets (B18g—1928, with 1942 Adden- 
dum), $0.45 

Track Bolts and Nuts (B18d—1930), $0.50 

Wrench-Head Bolts and Nuts and Wrench Openings (B18.2—1941) 
$0.80 


AMERICAN STANDARDS 


PipInG AND Pips Fittings 


Air Gaps and Backflow Preventers in Plumbing Systems (A40.4— 
1942 and A40.6—1943), $0.55 

Brass Fittings for Flared Copper Tubes (A40.2—1936), $0.45 

Bronze or Brass Screwed Fittings for 125 Lb (B16.15—1947) $0.65 

Bronze or Brass Screwed Fittings for 250 Lb (B16.17—1949), $0.35 

Cast-Iron Pipe Flanges and Flanged Fittings for 25 Lb Maximum 
Saturated Steam Pressure (B16b2—1947), $0.50 

Cast-Iron Pipe Flanges and Flanged Fittings Class 125 (B16a—1948), 
$0.65 

Cast-Iron Pipe Flanges and Flanged Fittings Class 250 (B16b—1944). 
$0.55. 

Cast-Iron Pipe Flanges and Flanged Fittings for Refrigerant Piping, 
Class 300 (B16.16—1948), $0.45 

Cast-Iron Pipe Flanges and Flanged Fittings for 800 Lb Maximum 
Hydraulic Pressure (B16b1—1931), $0.45. 

Cast-Iron Soil Pipe and Fittings (A40.1—1935), $0.80 

Cast-Iron Long Turn Sprinkler Fittings for 150 and 250 Lb Maximum 
Saturated Steam Pressure (B16g—1929) and Addendum (B16g1— 
1937), $0.60 

Cast-Iron Screwed Fittings for 125 and 250 Lb Maximum Saturated 
Steam Pressure (B16d—1941), $0.50 

Cast-Iron Screwed Drainage Fittings (B16.12—1942), $0.55 

Code for Pressure Piping (B31.1—1942), $2.50 

Supplement No. 2 to 1942 Code for Pressure Piping, $0.60 

Face-to-Face Dimensions of Ferrous Flanged and Welding End Valves 
(B16.10—1939), $0.65 

Ferrous Plugs, Bushings, Lock Nuts, and Caps (B16.14—1943), $0.50 

Malleable-Iron Screwed Fittings for 150 Lb Maximum Saturated 
Steam Pressure (B16c—1939), $0.60 

Pipe Threads (B2.1—1945), $1.50 

Scheme for the Identification of Piping slide eae $0.60 


SR47 


LA 
= 
a 
Py 
i= 
Appendix to Test Code for Steam 
; 
A 
Mars, 


Steel Pipe ices and Flanged Fittings for 150 to 2500 Lb Maximum 
Steam Service Pressure (B16e—1939), $1.50 

Supplement No. 1 to the 1939 Standard on Steel Pipe Flanges and 
Flanged Fittings (B16E6—1949), $0.40 

Stainless Steel Pipe (B36.19—1949), $0.30 

Soldered-Joint Fittings (A40.3—1941), $0.55 
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Abbreviations for Scieatifc and Engineering Terms (Z10.1— 1941) 
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$0.90 

Graphical Symbols for Welding and Instructions for Their Use 
(Z32.2.1—1949), $0.50 

Graphical Symbols for Plumbing (Z32.2.2—1949), $0.40 

Graphical Symbols for Pipe Fittings, Valves, and Piping (Z.32.2.3— 
1949), $0.40 

Graphical Symbols for Heating, Ventilating, and Air Conditioning 
(Z.32.2.4—1949), $0.40 

Letter Symbols for Chemical Engineering (Z10.12—1946), $0.50 

Letter Symbols for Gear Engineering (B6.5—1949), $0.30 

Letter Symbols for Hydraulics (Z10.2—1942), $0.45 

Letter Symbols for Mechanics of Solid Bodies (Z10.3—1948), $0.30 

Letter Symbols for Heat and Thermodynamics (Z10c—1943), $0.65 

Letter Symbols for Structural Analysis (Z10.8—1949), $0. 35 

Letter Symbols for Physics (Z10.6—1948), $1.00 

Time Series. Charts (Z15.2—1938), $1.50 atev 
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Indicating Pressure and Vacuum Gages (B40—1939), $0.50 bad “ee 


Preferred Thickness for Uncoated Thin Flat Metals (B32.1—1941), 
$0.30 

Inspection and Tolerances for Gears (B6—1946), $0.80 

Plant Layout Templates and Models (Published 1949), $0.40 

Preferred Standards for Large 3600-Kpm 3-Phase 60-Cycle Condens- 
ing Steam Turbine-Generators (published 1945), $0.30 

Operation and Flow Process Charts, 1947, $0.75 


AMERICAN STANDARDS— MISCELLANY 


Self-Appraisal Form for Use of Industrial Plants, 1947, $0.75 ii eae 
Shaft Couplings (B49—1947), $0.45 ics 
Spring Lock Washers (B27.1—1944), $0.35 se 
Spur Gear Tooth Form (B6.1—1932) $0.55 , 
Surface Roughness, Waviness, and Lay (B46.1—1947), $0.45 ery ¥ 
Toots AND Macuine Too. ELEMENTS 
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Milling Cutters (B5c—1930), $0.90 
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Reamers (B5.14—1949), $1.00 
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1939), $0.50 
Adjustable Adapters (B5.11—1937), $0.60 
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Circular and Dovetailed Forming Tool Blanks and Holding Elements 
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Markings for Grinding Wheels (B5.17—1949), $0.30 
Involute Splines, Side Bearings (B5.15—1946), $0.80 
Jig Bushings (B5.6—1941), $0.45 


Spindle Noses for Toolroom Lathes (B5.9—1948), $0.85 
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1949), $0.30 
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Tool Shanks and Tool Posts (B5.2—1943), $0.45 

Tool Life Tests (B5—1946), $0.55 

T-Slots, Their Bolts, Nuts, Tongues, and Cutters (B5a—1949), $0. 45 
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Fire Hose Coupling Screw Thread (B26—1947), $0.30 

Hose Coupling Screw Threads (B33.1—1947), $0.30 

Limits and Fits in Engineering and Manufacturing (B4.1—1947), 
$0.30 

Rolled Threads for Screw Shells of Electric Sockets and Lamp Bases 
(C44—1946), $0.45 

Unified and American Screw Threads (B1.1—1949), $3.00 

Nomenclature, Definitions and Letter Symbols for Screw Threads 
(B1.7—1949), $0.50 

Screw Threads for High-Strength Bolting (B1.4—1945), $0.30 

Screw Thread Gages and Gaging (B1.2—1941), $0.75 

Acme and Other Translating Threads (B1.3—1941), $0.55 

Tolerances, Allowances, and Gages for Metal Fits (B4a—1925), $0.60 


BOILER CONSTRUCTION CODE © 


To 
1949 Editions SIMBA 
Boilers of Locomotives, $1.00 


Low-Pressure Heating Boiler Code, $1.00 bstiqg 
Miniature Boiler Code, $0.75 
Power Boiler Code, $2.75 re 4 q 
Material Specifications, $5.00 af 
Suggested Rules for Power Boilers, $1.25 
Unfired Pressure Vessel Code, $2.25 
1950 Unfired Pressure Vessel Code, $3.00  esoga't insiadoa’S 
Welding Qualifications, $0.90 cl 
Boiler Code Interpretation Service, $5.00 annually 
API-ASME Code for Unfired Pressure Vessels 
1943 Edition, with 1944 Supplement, $2.00 


POWER TEST CODES AND AUXILIARY SECTIONS 


Test For RO 

Atmospheric Water-Cooling Equipment (1930), $0.55 Withers 

Cenirifugal, Mixed-Flow and Axial-Flow Compressors and Ex- 

hausters (1949), $1.50 
Coal Pulverizers (1944), $0.85 
Displacement Compressors, Vacuum Pumps, and Blowers (1939), 
$0.90 

Dust Separating Apparatus (1941), $0.90 

Evaporating Apparatus (1941), $0.60 

Feedwater Heaters (1927), $0.45 

Fans (1945), $1.00 

Gaseous Fuels (1944), $0.90 

Gas Producers (1928), $0. 

Hydraulic Prime Movers (1949), $0.85 

Internal-Combustion Engines (1949), $1.50 

Reciprocating Steam-Driven Displacement Pumps (1927), $0.80 “ 

Reciprocating Steam Engines (1949), $0.80 { 

Stationary Steam Generating Units (1946), $0.75 

Steam Condensing Apparatus (1938), $0.80 
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Steam Locomotives (1941), $0.65 
Steam Turbines (1949), $2.00 vetted 
Appendix to Steam Turbine Test Code (1949), $2.00 re yebteal 
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INSTRUMENTS AND APPARATUS 


General Instructions (1945), $0.55 

Definitions and Values (1945), $0.80 : 

Part 1—General Considerations (1935), $0.45 

Part 2—Pressure Measurement 

Chapter 1, Barometers; Chapter 6, Tables, Multipliers, and 
Standards (1941), $0.75 

Chapter 2, Static and Total Pressure, Static Holes and 
Tubes, and Impact Tubes, $0.75 

Chapter 3, Static Pressure Hole, Static Tube, or Impact 
Tube (1945), $0.75 

Chapter 4, Bourdon, Bellows, Diaphragm, and Deadweight 
Gages (1938), $0.75 

Chapter 5, Liquid Column Gages (1942), $0.75 


‘Part 3—Temperature Measurement 


Chapter 1, General; Chapter 5, Pyrometric Cones; Chapter 
6, Liquid-in-Glass Thermometers; and Chapter 7, Bour- 
‘ don-Tube Thermometers (1931), $0.75 
rt Chapter 2, Radiation Pyrometers (1936), $0.65 
Chapter 3, Thermocouple Thermometers or Pyrometers 
(1940), $0.75 
Chapter 4, Resistance Thermometers (1945), $0.80 ws 
— 8, Optical (1940), $0. 45 
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Part 4—Head Measuring Apparatus (1933), $0.45 

Part 5—Chapter 4, Flow Measurement by Means of Standardized 
Nozzles and Orifice Plates (1949), $2.75 

Part 8—Measurement of Indicated Horsepower (1941), $0.75 

Part 9—Heat of Combustion (1943), $0.50 

Part 11—Determination of Quality of Steam (1940), $0.55 

Part 12—Measurement of Time (1942), $0.50 

Part 13—Speed Measurements (1939), $0.55 

Part 14—Linear Measurements (1936), $0.65 

Part 15—Measurement of Surface Areas (1944), $0.75 

Part 16—Density Determinations (1931), $0.40 

Part 17—Determination of the Viscosity of Liquids _ $0.75 

Part 18—Humidity Determinations (1932), $0.60 ee 

Part 20—Smoke-Density Determinations (1945), $0.75 


RESEARCH 

Fluid Meters: 
Part 1—Theory and Application (1937), $3.2 
Part 3—Selection and Installation (1933), $1.75 

Report of the AGA-ASME Committee on Orifice Coefficients. 
(1935), $2.75 

Bibliography on Aircraft Plywood (1944), $1.00 

Bibliography on the Cutting of Metals (published 1945), $6.50 

Riveted Joints—A Critical Review of the Literature Covering Their 
Development, with Bibliography and Abstracts of the Most 
Important Articles (Published 1945), $4.50 

Sources of Information on Instruments (published 1945), $0.75 


ments), $3.00 

Safety Code for Cranes, Derricks, and Hoists (B30.2—1943), $1.80 

Safety Code for Elevators (A17.1—1937 with 1942 Supplement), 
$1.50 

Description and Schematic Layouts of Various Types of Undercar 
Safeties and Governors (published 1945), $0.40 

Handling and Socketing of Wire Rope (published 1945), $0.25 

Elevator Inspectors’ Manual (A17.2—1945), $1.50 

Safety Code for Conveyors, Cableways, and Related Equipment 
(B20—1947), $0.90 

Safety Code for Jacks (B30.1—1943), $0.40 

Safety Code for Mechanical Power-Transmission Apparatus (B15— 
1935) $0.45 

Compressed-Air Machinery and Equipment (B19—1938), $0.40 _ 


Biographies 


IOGRAPHIES issued under the sponsorship of the ASME 
Biography Committee are as follows: 


Autobiography of an Engineer, by W. LeR. Emmet (1940), $3.50 

Scientific Blacksmith (Autobiography of Mortimer E. Cooley—1947) 
$3.75 

Autobiography of John Fritz (1940), $3.25 

Biography of Fred J. Miller (1941), $1.25 

Frank and Lillian Gilbreth (1949), $5.50 


___ Engineering Profession in Transition (1947), $1.00. ToASME mem- 


_ Improved Application of Coal-Burning Equipment, $0.50 


Books and Pamphlets on Special 
Subjects 


Automatie-Control Terms (1946) (no discount allowed), $0.25 
Creative Engineering (1944), $0.50 

Creative-Thinking (1946) (no discount allowed), $0.25 
Cutter Life, Hardness, Distribution, and Honing, $0.50 
Design Data on Mechanics (1944), $1.50 

Design Data on Strength of Materials, Book 1 (1944), $1.50 | 
Diesel-Fuel Oils, Production, Characteristics, and Combustion, $3.50 
Dynamics of Automatic Control, $7.50 


bers, $0.50 
Engineering Societies Yearbook, $3.00 (no discount allowed) 
_ Flow of Water in Pipes and Pipe Fittings (1941), $8.00 ae 
_ Graphitization of Steel Piping (1944, 1945, and 1946), $3.00 | 


ISA Tolerance System (1942), $2.50 
Lectures on Development of British Gas-Turbine Jet Unit, $3.00 (no 
discount allowed) 
Internal-Combustion Turbines (1949), $2.25° 
Technical Papers of the Heat Transfer and Fluid Mechanics Institute 
(1949), $5.00 
Manual on Cutting of Metals (1939), $5.00 
Manual of Consulting Practice (1939), $0.40 
Materials Handling—1949 (1949), $2.00 (no discount allowed). 
Oil Engine Power Cost Report (1948), $2.50 
1948 Proceedings of the Oil & Gas Power Conference (1949), $2.00 
_ Diesel Lubricating Oils and Basic Principles of Lubrication (1949), 
‘The First 50 Years of Diesel Engines in America (1949), $2.00 + 
Gaseous Fluid Flow in Relation to Diesel and Internal-Combustion- 
Engine Design (1949), $2.00 
1947 Proceedings of Oil and Gas Power Division (1948), $3.50 


Mechanical Engineering, $4.50 each. Combination price, $7.50 
Reflections on the Motive Power of Heat (1943), $2.75 
A Study of Missiles Resulting From Accidental Explosion, $1.50 
Symposium on Heat Cycle (1949), $1.50 
Symposium on Water Hammer (1949), $3.00 
Tentative API-ASME Code for Petroleum Positive Displacement 
Meters, $1.00 
Theoretical Steam Rate Tables (1937), $1.25 
Unwritten Laws of Engineering (1944), $0.25 (no discount italia: 
Example Sections for a Smoke Regulation Ordinance (1949), $0.50 © 
— Transactions (bound) $15 ($7.50 to ASME members) 
1947 Transactions (bound), $15 ($7.50 to ASME members) 


Periodicals 


Mechanical Engineering (subscription price included in membership 

dues). Annual nonmember rates in United States, $7.00; to 

: Canada, $7.75; elsewhere, $8.50. 

# Transactions of the ASME, including the Journal of Applied Me- 
chanics. Annual nonmember subscription rate in United States. 
$12.00; elsewhere, $12.75 
Annual subscription rates to ASME members: 
$4.00 for 8 issues of Transactions 

2.50 for 4 issues of Journal of Applied Mechanics ae: 
6.00 for both publications oe 
Applied Mechanics Reviews 

Annual Nonmember subscription in U. 8. $12.50; elsewhere, $13. 

Annual subscription rate to ASME members in U. 8S. $9; else- 

where $9.50 

Mechanical and (distributed to meinbers only) 
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